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SUMMARY 

T h i s  i n v e s t i g a t i o n  p r e s e n t s  t h e  r e s u l t s  of t e s t s  made 
on a r a d i a l  e n g i n e  t o  d e t e r m i n e  t h e  t h r u s t  t h a t  can be ob- 
t a i n e d  from t h e  e x h a u s t  g a s  when d i s c h a r g e d  f rom s e p a r a t e  
% s t a c k s  and  when d i s c h a r g e d  from t h e  c o l l e c t o r  r i n g  w i t h  
v a r i o u s  d l s c h a r s e  n o z z l e s .  The e n q i n e  mas p r o v i d e d  w i t h  a 
p r o p e l l e r  t o  a b s o r b  t h e  power a n d  w a s  moueted on a t e s t  
s t a n d . e q u i p g e d  w i t h  s c a l e s  f o r  measu r ing  t h e  t h r u s t  and  
e n g i n e  t o r q u e .  

The r e s u l t s  i n d i c a t e  t h a t  a t  f u l l  open t h r o t t l e  a t  

5 
s e a  l e v e : l ,  f o r  t h e  e n g i n e  t e s t e d ,  a  g a i n  i n  t h r u s t  h o r s e -  
power of 1 8  p e r c e n t  u s i n g  s e p a r a t e  s t a c k s ,  and  9.5 p e r -  
c e n t  usink'-a c o l l e c t o r  r i n g  a n d  d i s c h a r q e  n o z z l e ,  can be  

* e x p e c t e d  a t  an  a i r  speed  of 5 5 0 ' m i l e s  p e r  h o u r .  

INTBODUCTION 

The e x h a u s t  g a s  c o n t a i n s  an amount o f  e n e r g y  e q u a l  t p  
5 0  p e r c e n t  o f  t h e  e n e r g y  of  t h e  f u e l .  I t  h a s  been p ro -  
p o s e d  ( r e f e r e n c e  1 )  t h a t  d i s c h a r g i n g  t h e  e x h a u s t  g a s  r e a r -  
w a r d l y  p r o v i d e s  a means of" c o n v e r t i n g  $art of t h e  enerfSy 
i n  t h e  e x h a u s t  g a s  i l l t o  t h r u s t  h o r s e ~ o w e r .  Two me.thods of 
o b t a i n i n g  e x h a u s t  j e t  r e a c t i o n  a r e :  

1. D i s c h a r ~ i n g  t h e  e x h a u s t  g a s  f rom s e g a r a t e  s t a c k s  
a t t a c h e d  t o  e a c h  c y l i n d e r .  

a 2 .  D i s c h a r g i n g  t h e  e x h a u s t  g a s  f rom a n o z z l e  a t -  
t a c h e d  t o  t h e  e x i t  of an  e x h a u s t  c o l l e c t o r  r i n g .  

.& 

I n  t h e  f i r s t  method t h e  h i g h  p o t e n t i a l  e n e r g y  i n  t h e  
c y l i n d e r  i s  c o n v e r t e d  i n t o  k i n e t i c  e n e r g y  i n  p a s s i n g  
t h r o u q h  t h e  v a l v e .  The p u r p o s e  of t h e  e x h a u s t  s t a c k  i s  t o  

I r. d i r e c t  t h e  e x h a u s t  $ a s  r e a r w a r d l y  w i t h  a s  l i t t l e  l o s s  i n  
k i n e t i c  enerTy a s  p o s s i b l e ,  Some f u r t h e r  i n c r e a s e  i n  



t h r u s t  may be o b t a i n e d  by a t t a c h i n g  n o z z l e s  t o  t h e  e n d s  of 
t h e  s t a c k s .  

I n  t h e  s e c o n d  method,  t h e  g r e a t e r  > a r t  of t h e  d i s -  
c h a r g e  r e l o c i t y  t h r o u g h  t h e  e x h a u s t  v a l v e  i s  l o s t   hen t h e  
g a s  e n t e r s  t h e  e n l a r ~ e d  c r o s s  s e c t i o n  of  t h e  c o l l e c t o r  
r i n g  w i t h  a  r e s u l t a n t  c o n v e r s i o n  o f  k i n c t i c  ene rgy  i n t o  
t h e r m a l  ene rgy .  I n  o r d e r  t o  a g a i n  o b t a i n  a  h i q h  v e l o c i t y  
of  d i s c h a r ~ e ,  . i t  i s  n e c e s s a r y  t o  p r o v i d e  a n o z z l e  a t  t h e  
e x i t  of  t h e  c o l l e c t o r  r i n r  w i t h  i t s  a t t e n d i n s  i n c r e a s e  i n  
back p r e s s u r e  and  l o s s  i n  e n g i n e  power.  O b v i o u s l y ,  f rom a 
power r e c o v e r y  , c o n s i d e r a t i o n ,  t h e  f i r s t  method i s  s u p e r i o r  
t o  t h e  second .  hgethod 1, however ,  h a s  t h e  d i s a d v a n t a g e  of 
g r e a t e r  < l a r e ,  n o i s e ,  a n d  d a n g e r  f rom t h e  e x h a u s t  s a s e s ;  
and  ' i n  ma,ny i n s t a l l a t i o n s  method 2 would be ? r e f e r a b l e  be- 
cRuse of  t h e s e  p r a c t i c a l  c o n s i d e r a t i o n s .  

P r e s e n t  i n f o r m a t i o n  on t h e  t h r u s t  o f  t h e  e x h a u s t  g a s  
j e t s  h a s  been  o b t a i n e d  m a i n l y  by c a l c u l a t i o n .  The c a l c u -  
l a t e d  t h r u s t  f o r  s e p a r a t e  e x h a u s t  s t a c k s  i s  g i v e n  i n  r e f -  
e r e n c e  1. 

Some e x p e r i m e n t a l  i n f o r m a t i o n  on t h e  t h r u s t  ? r o v i d e d  
by t h e  e x h a u s t  g a s  h a s  been  r e p o r t e d .  F l i g h t  t e s t s  on a n  
a i r p l a n e  equ ipped  w i t h  a  Bo l l s -Royce  en$:ine ( r e f e r e n c e  2) 
and  on a  C u r t i s s  XP-40 e q u i p n e d  w i t h  a n  A l l i s o n  e n g i n e  i n -  
d i c a t e  a  , a i n  i n  speed  of -6 m i l e s  Z e r  h o u r  at an a i r  s p e e d  
of 3 2 5  m i l e s  p e r  hour .  Both e n g i n e s  a r e  i n - l i n e  l i q u i d -  
c o o l e d  e n y i n e s .  I n  t h e  c a s e  of  t h e  Rol l s -Royce  e n g i n e ,  
t h e  e x h a u s t  p i p e s  were c o n n e c t e d  i n  > a i r s ,  e a c h  p a i r  hav- 
i n ?  a common d i s c h a r q e  g a s s ~ c e .  The chambers  i n  ea,ch s i d e  
of t h e  ea ; ine  provided .  a t  t h e  j u n c t i o n  of t h e  p i p e s  i n  
each  p a i r  ?vere c o n n e c t e d  by a p a s s a c e .  I n  t h e  c a s e  of t h e  
A l l i s o n  e n s i n e ,  e a c h  s e t  o f  t h r e e  a d j a c e n t  c y l i n d e r s  was 
c o n n e c t e d  t o  a  s e p a r a t e  m a n i f o l d  p r o v i d e d  w i t h  a  r ea rmard -  
l y  d i  s c h a r g i n g  p o r t .  

The p r e s e n t  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of t e s t s  made 
on a r a d i a l  e n g i n e  mounted on a  t h r u s t  s t a n d  t o  d e t e r m i n e  
t h e  t h r u s t  t h a t  c a n  b e  o b t a i n e d  from t h e  exha.ust g a s  when 
d i s c h a r g e d  from s e p a r a t e  s t a c k s  a n d  vhen d i s c h a r 3 e d  from 
t h e  c o l l e c t o r  r i n g  w i t h  v a r i o u s  d i s c h a r g e  n o z z l e s .  

APPAMTUS ARD METHOD 

A P r a t t  C% IPhitney 1343-8 e n ~ i n e  was u s e d  f o r  t h i s  i n -  
s e s t i - < a t i o n .  This e n s i n e  h a s  a compress ion  r a t i o  of 6 ,  a n d  



i s  r a t e d  a t  550  b r a k e  ho r sepower  a t  2 , 1 0 0  r e v o l u t i o n s  p e r  
m i n u t e .  T h i s  e n g i n e  w a s  o p e r a t e d  m i t h  f u e l  i n j e c t i o n  i n t o  
e a c h  c y l i n d e r .  I n  t h e  t e s t s  m i t h  t h e  s e p a r a t e  s t a c k s ,  
v a l v e  o v e r l a p  w a s  u s e d ; ' w h i l e  i n  t h e  t e s t s  w i t h  t h e  c o l -  
l e c t o r  r i n g ,  t h e  normal  t i m i n g  m a s  u s e d .  A 9- foo t  ad- 
j u s t a b l e  p r o p e l l e r ,  w i t h  a p i t c h  s e t t i n g  t o  s i v e  t h e  r a t e d  
e n g i n e  speed  a t  f u l l  open t h r o t t l e ,  a b s o r b e d  t h e  power.  
The e n q i n e  was mounted on a n  o u t d o o r  t e s t  s t a n d  which  w a s  
p r o v i d e d  w i t h  s c a l e s  f o r  measu r ing  e n c i n e  t o r q u e  and  t h e  
t h r u s t  ( f i g .  1 ) .  

I 

The s e p a r a t e  e x h a u s t  s t a c k s  ( f i ~ .  2 )  mere 2-1/2 i n c h  
0 . D .  s t e e l  t u b i n s  a b o u t  1 5  i n c h e s  l o n g .  These t u b e s  d i d  
n o t  e x t e n d  s t r a i g h t  back  b u t  mere ben t  r a d i a l l y  ou tward  a t  
a n  a n g l e  of 15O w i t h  t h e  a x i s  of t h e  c r a n k s h a f t .  S h o r t .  
elbolvs which d e f l e c t e d  t h e  e x h a u s t  g a s  normal  t o  t h e  c rank-  
s h a f t  were f a s t e n e d  t o  t h e  s e p a r a t e  s t a c k s  t o  a p p r o x i m a t e  
a c o n d i t i o n  of  no e x h a u s t  g a s  t h r u s t .  F o r  t h e  c o n d i t i o n  
of e x h a u s t  g a s  t h r u s t ,  s n a l l  b l o c k s  w i t h  a  f r o n t a l  area 
e q u a l  t o  t h a t  of  t h e  s h o r t  e lbows  mere f a s t e n e d  t o  t h e  
s e p a r a t e  s t a c k s  t o  compensate  f o r  t h e  i n c r e a s e d  d r a q  of t h e  
e lbows  ( f i g .  2 ) .  

The e x h a u s t  c o l l e c t o r  r i n g  f o r  t h i s  e n g i n e  c o n s i s t e d  
of  two s e m i c i r c u l a r  m a n i f o l d s  w i t h  a  common o u t l e t .  The 
a r e a  of t h e  o u t l e t  was a p p r o x i m a t e l y  24 s q u a r e  i n c h e s .  
The open ing  p o i n t e d  r a d i a l l y  ou tward  a n d  30' t o w a r d  t h e  
r e a r .  The m a n i f o l d  w a s  mounted on t h e  e n s i n e  w i t h  t h e  
o u t l e t  a t  t h e  same h e i g h t  as  t h e  p r o p e l l e r  hub. The e lbow,  
shown i n  f i g u r e  3 a ,  mhen a t t a c h e d  t o  t h e  r i n g  o u t l e t ,  d i s -  
c h a r g e d  t h e  e x h a u s t  <as no rma l  t o  t h e  c r a n k s h a f t  which  r ep -  
r e s e n t e d  t h e  n o - t h r u s t  c o n d i t i o n .  The d i r e c t i o n  o f  t h e  
d i s c h a r g e  f o r  t h i s  elbom p a s s e d  t h r o u g h  t h e  p i v o t  f o r  t 3 e  
dynamometer s c a l e  i n  o r d e r  t h a t  t h e  f o r c e  p r o v i d e d  by t h i s  
d i s c h a r g e  mould n o t  a f f e c t  t h e  dynamometer s c a l e  r e a d i n g .  
The t h r u s t  e lbow,  shown i n  f i g u r e  3 b i  mhen a t t a c h e d  t o  t h e  
m a n i f o l d  d i s c h a r s e d  t h e  e x h a u s t  % a s  p a r a l l e l  t o  t h e  p r o p e l -  
l e r  a x i s .  The n o z z l e s  shown i n  f i g u r e  3 c  mhen c o n n e c t e d  
t o  t h e  t h r u s t  elbom i n c r e a s e  t h e  e x h a u s t  $ a s  v e l o c i t y  a t  
t h e  expense  of  i n c r e a s e d  back  p r e s s u r e .  The d i s c h a r g e  noz- 
z l e s  a n d  elbows h a d  t h e  f o l l o w i n g  e x i t  a r e a s :  

B o - t h r u s t  el$ow - - - - - . -  - 
: 

24.0 sq .  i n .  

T h r u s t  e lbow - ' -  - - - - - - 24.0 



F i g u r e  4 sho~vs  t h e  e n g i n e  e q u i p p e d  m i t h  t h e  e x h a u s t  c o l -  
l e c t o r  r i n g ,  t h e  t h r u s t  e lbow,  2nd a n o z z l e .  

A t a c h o m e t e r  f o r  ineasur ing  the .  e n ~ i n e  s p e e d  a n d  manom- 
e t e r s  f o r  measu r ing  t h e  i n l e t  m a n i f o l d  p r e s s u r e  a n d  d i s -  
c h a r g e  p r e s s u r e  were  used .  A v i a t i o n  g a s o l i n e  h a v i n g  a  
knock  r a t i n r  of  1 0 0  o c t a n e  was u s e d  i n  t h e  t e s t s .  

The method of  o b t a i n i n s  t h e  e x h a u s t  g a s  t h r u s t  con- 
s i s t e d ,  i n  g e n e r a l ,  of makin< a r u n  w i t h  t h e  t h r u s t  de- 
v i c e  a n d  n i t h  t h e  n o - t h r u s t  d e v i c e  f o r  a r a n < e  of  e n s i n e  
p o ~ v e r s  i n  which t h e  t h r u s t  s c a l e ,  dynamometer s c a l e ,  r ev -  
o l u t i o n s  p e r  m i n u t e ,  i n l e t  m a n i f o l d  p r e s s u r e ,  a n d  e x h a u s t  
p r e s s u r e  mere r e a d .  I n  t h e  a b s e n c e  of  an  a i r - f u e l  r a t i o  a , 
m e t e r ,  t h e  a i r - f u e l  r a t i o  was h e l d  a p p r e x i m & t e l y  c o n s t a n t  
by l e a n i n s  t h e  m i x t u r e  t o  t h e  p o i n t  a t  n h i c h  f u r t h e r  l e a n -  
i n 5  r e s u l t e d  i n  a l o s s  of power.  ( A p l o t  was r a d e  of  i C d  

t h r u s t  a < a i n s t  e n g i n e  power f o r  t f ie  t h r u s t  and  n o - t h r u s t  
d e v i c e s ,  and  t h e  d i f f e r e n c e  i n  t h r u s t  f o r  t h e  same e n g i n e  
power wa,s t a k e n  a s  t h e  t h r u s t  p r o v i d e d  by t h e  e x h a u s t  g a s .  
T e s t s  mere made o n l y  on days  i n  n h i c h  t h e  wind v e l o c i t y  
mas v e r y  low. 

As t h e  e x h a u s t  g a s  t h r u s t  i s  o b t a i n e d  by t a k i n ~  t h e  
d i f f e r e n c e  betmeen two n e a r l y  e q u a l  q u a n t i t i e s ,  l a r g e  e r -  
r o r s  might  be  e x p e c t e d .  Fo r  t h i s  r e a s o n ,  s e v e r a l  d e t e r -  
m i n a t i o n s  were made m i t h  e a c h  t h r u s t  d e v i c e .  

A p r o p e l l e r  e f f i c i e n c y ,  of 8 0  p e r c e n t  w a s  a s -  
sumed i n  t h e  c o m p u t a t i o n s ,  

RESULT S AND D I S  cus 

S e p a r a t e  S t a c k s  

F i x u r e  5 shows t h e  r e s u l t s  of one of  t h r e e  d e t e r m i n a -  .. 6 

t i o n s  of e x h a u s t  $as t h r u s t  u s i n g  s e p a r a t e  s t a c k s .  The 
u p p e r  cu rve  i s  t h e  t o t a l  t h r u s t  o b t a i n e d  w i t h  t h e  e x h a u s t  
j e t  i s s u i n g  t o w a r d  t h e  r e a r .  The l o w e r  c u r v e  i s  t h e  L 

t h r u s t  o b t a i n e d  w i t h  t h e  e x h a u s t  j e t  d e f l e c t e d  no rma l  t o  



t h e  c r a n k s h a f t .  The d i f f e r e n c e  r e p r e s e n t s  t h e  e x h a u s t  g a s  
t h r u s t  a n d  i s  a s n a l l  p e r c e n t a g e  of t h e  t o t a l  t h r u s t .  
These  c u r v e s  shorn t h e  n e c e s s i t y  o f  o b t a i n i n g  d a t a  w i t h  
very .  s m a l l  d i s p e r s i o n .  Some d i f f i c u l t y  i n  o b t a i n i n g  smooth 
c u r v e s  mas e x p e r i e n c e d  due t o  a t e n d e n c y  of  t h e  e n g i n e  t o  
I t  h u n t  . 

The g a s  t h r u s t  o b t a i n e d  i n  t h r e e  d e t e r m i n a t i o n s  i s  
p l o t t e d  i n  f i g u r e  6 a g a i n s t  e n g i n e  b r a k e  ho r sepower .  
A n a l y s i s  shows t h a t  f o r  a g i v e n  r a t e  of  a i r  and  f u e l  con- 
sumpt ion  t h e  e x h a u s t  g a s  t h r u s t  i s  a  f u n c t i o n  of t h e  g a s  
t e m p e r a t u r e  a t  t h e  t i m e  t h e  d i s c h a r g e  v a l v e  opens  a n d  of 
t h e  r a t i o  of  t h e  c o r r e s p o n d i n s  c y l i n d e r  p r e s s u r e  t o  a tmos-  
p h e r i c  p r e s s u r e .  I f  i t  i s  assumed t h a t  t h e  r a t i o  of  t h e  
c y l i n d e r  p r e s s u r e  a t  t h e  t i m e  of e x h a u s t  t o  t h e  m a n i f o l d  
p r e s s u r e  i s  a c o n s t a n t  f o r  a g i v e n  e n g i n e  a n d  vaLve t i m i n g ,  
t h e n  t h e  e x h a u s t  g a s  t h r u s t  i s  a  f u n c t i o n  of t h e  r a t i o  of 
t h e  m a n i f o l d  p r e s s u r e  t o  a t m o s p h e r i c  p r e s s u r e .  The ex- 
h a u s t  g a s  t h r u s t  horsepower  a s  a p e r c e n t a q e  of t h e  p r o p e l -  
l e r  t h r u s t  ho r sepower  i s  p l o t t e d  i n  f i g u r e  7 a g a i n s t  a i r -  
p l a n e  v e l o c i t y  f o r  two v a l u e s  o f  t h e  r a t i o  of m a n i f o l d  
p r e s s u r e  t o  a t m o s p h e r i c  p r e s s u r e ,  P,/P,. The e x h a u s t  .%as 
t h r u s t  ho r sepower  w a s  c a l c u l a t e d  from t h e  g a s  t h r u s t  i n  
f i g u r e  6 ' b y  means of  t h e  r e l a t i o n ,  

TV t h r u s t  horsepower  = --- 
875 

( 1 )  

where T i s  t h e  exhaus t  < a s  t h r u s t  i n  pounds and V i s  
t h e  a . i r p l a n e  v e l o c i t y ,  m i l e s  p e r  h o u r .  T h i s  f i g u r e  shows 
t h a t  t h e  e x h a u s t  < a s  t h r u s t  horsepower  a t  f u l l  t h r o t t l e  
and  550  m i l e s  p e r  h o u r  a i r p l a n e  v e l o c i t y  i s  1 8  p e r c e n t  of 
t h e  p r o p e l l e r  t h r u s t  ho r sepower .  

These  d a t a  mere o b t a i n e d  w i t h  t h e  e n s i n e  f i t t e d  w i t h  
cams h a v i n g  ar, o v e r l a p  p e r i o d  of 130'. However, t h e  ove r -  
l a p  s h o u l d  have p r a c t i c a l l y  no e f f e c t  on t h e  t h r u s t  f o r  a  
g i v e n  e n g i n e  power a s  any  d i s c h a r g e  of  < a s  t h r o u ~ h  t h e  ex- 
h a u s t  v a l v e  d u r i n g  t h e  c h a r s i n 9  p r o c e s s  mould o c c u r  w i t h  a 
r e l a t i v e l y  low v e l o c i t y .  

C o l l e c t o r  Ring 

The t e s t  w i t h  t h e  e x h a u s t  g a s  c o l l e c t o r  r i n q  a n d  noz- 
z l e s  was made w i t h  t h e  e n g i n e  f i t t e d  m i t h  t h e  s t a n d a r d  cams 
r n t h e r  t h a n  t h e  v a l v e  o v e r l a p  cams b e c a u s e  of t h e  l a r ? e r  
r e d u c t i o n  i n  e n g i n e  power m i t h  i n c r e a s e  i n  back p r e s s u r e  



\-:hick aF,s e x p e r i e n c e d  v i t h  t h e  va,lve o v e r l a p  cams. The 
l a t e r  c l o s i n g  o f  t h e  exhaus? v a l v e s  m i t h  v a l v e  o v e r l a p  
p e r n i t s  f l o w  of e x h a u s t  S a s e s  f rom t h e  m a n i f o l d  back  i n t o  
t h e  c y l i n d e r s  a t  i n l e t  m a n i f o l d  p r e s s u r e s  below t h e  ex- 
h a u s t  back p r e s s u r e  and  i n c r e a s e s  t h e  amount of r e s i d u a l  
g a s e s .  

Fi:;ure 8 shows t h e  r e s u l t s  of two d e t e r m i n a t i o n s  of 
t h e  t h r u s t  o b t a i n e d  bg d i s c h a r g i n g  t h e  e x h a u s t  g a s  r e a r -  
w a r d l y  f rom t h e  e x ~ i a u s t  m a n i f o l d  u s i n g  t h e  t h r u s t  elbow 
( f i g .  3 % ) .  These  r e s u l t s  a r e  a b o u t  t w o - f i f t h s  of  t h e  
t h r u s t  q a i n e d  by u s i n g  s e p a r a t e  e x h a u s t  s t a c k s .  T h i s  
t h r u s t  i s  o b t a i n e d  m i t h  no d e c r e a s e  i n  d i s c h a r g e  a r e a  a n d  
a n e g l i q i b l e  i n c r e a s e  i n  back  p r e s s u r e  i n t r o d u c e d  by t h e  
bend o f  t h e  elbow. 

Fic;ure  9 shows t h e  v a r i a t i o n  of e x h a u s t  g a s  t h r u s t ,  
maximum b r a k e  ho r sepomer ,  a n d  e n g i n e  s p e e d  w i t h  e x h a u s t  
back  p r e s s u r e  o b t a i n e d  by u s i n g  v a r i o u s  d i s c h a r g e  n o z z l e s  
w i t h  t h e  e n g i n e  o p e r a t i n g  a t  f u l l  open t h r o t t l e .  P a r t  o f  
t h e  r e d u c t i o n  i n  e n g i n e  gower i s  t h e  r e s u l t  of t h e  de- 
c r e a s e d  e n g i n e  s p e e d  a n 6  c o u l d  o b v i o u s l y  be r e s t o r e d  by 
chang inq  t h e  ~ r o p e l l e r  p i t c h .  The e n g i n e  power was cor -  
r e c t e d  t o  a c o n s t a n t  e n g i n e  speed  ( 2 , 1 6 0  r . p ,m . )  a n d  man- 
i f o l d  p r e s s u r e  a n d  t h e  l o s s  i n  power caused  bg back  p r e s -  
s u r e  was o b t a i n e d  by s u b t r a c t i n g  t h e s e  c o r r e c t e d  e n g i n e  
p o n e r s  from t h e  e n g i n e  power w i t h  a t m o s p h e r i c  back p r e s -  
s u r e .  The l o s s  i n  eng ine"  power i s  < i v e n  i n  f i g u r e  10  a s  a 
p e r c e n t a g e  of t h e  i n d i c a t e d  horsepower  of t h e  en-"; ine,  A, 
and  i s  p l o t t e d  a g a i n s t  t h e  r a t i o  of t h e  i n c r e n s e  i n  back  
p r e s s u r e  t o  m a n i f o l d  p r c s s u r c ,  fLPb/pm. 

P a r t  of  t h i s  goner  l o s s  i s  t h e  r e s u l t  of t h e  a d d i -  
t i o n z l  T-ork of  t h e  p i s t o n  i n  d i s c h a r g i n g  t h e  e x h a u s t  < a s  
a g o i n s t  t h e  h i g h e r  back p r e s s u r e ,  Ep, and  t h e  r e m a i n d e r ,  

E r ,  i s  cnused  by  t h e  r e d u c t i o n  i n  e n g i n e  c h a r s e  r e s u l t i n 5  
from t h e  i n c r e a s e d  we i~qh t  of  r e s i d u a l  g a s .  

The f o l l o w i n g  e q u a t i o n s  can be  u s e d  f o r  c a l c u l a t i n g  
Ep ""d Er.  



r i s  t h e  c o m p r e s s i o n  r a t i o .  

P e l ,  e x h a u s t  b a c k  p r e s s u r e .  

P m ,  i n l e t  m a n i f o l d .  p r e s s u r e .  

I ; i n d i c a t e d  h o r s e p o n e r .  

N ,  number of c y c l e s  p e r  s e c o n d .  

P o ,  a t m o s ~ h e r i c  p r e s s u r e ,  

Ye, t h e  r a t i o  of  s n e c i f i c  h e a t s  o f  e x h a u s t  q a s e s .  

The c r l c u l e t e d  v a l u e s  o f  (Ep + E r ) / l  n r e  shown,  i n  fiq- 
u r e  1 0 ,  p l o t t e d  a ~ ~ i n s t  AP%/P, f o r  v a r i o u s  v a l u e s  of 

P , / P ~ ,  The e x p e r i m e n t a l  p o i n t s  ?-re s c a t t e r e d  b u t  a D p e a r  

t o  i n d i c a t e  f a i r  n < r e e m o n t  t ~ i t h  t h e  c s l c u l a t e d  v a l u e s .  

The g a s  t h r u s t  shovn  i n  f i q u r e  9 w a s  d i v i d e d  by  t h e  
i n d i c a t e d  h o r s e g o m e r  a n d  i s  shown i n  f i g u r e  11 p l o t t e d  
a g a i n s t  t h e  r a t i o  of  t h e  i n c r e a s e  i n  b a c k  p r e s s u r e  t o  a t -  
m o s s h e r i c  p r e s s u r e  Ap,/PO. 

The t h e o r e t i c a l  t h r u s t  mas c s l c u l s t e d  f rom t h e  f o l -  
l o w i n g  e q u a t i o n  nnd i s  ~ l s o  shown i n  f i g u r e  11. 

efla;/2)LL , !P - - 4 - , 3 . .  
!t ! 

A &  
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, m h e r e  



T i s  t h e  e x h a u s t  g a s  t h r u s t .  

I ,  i n d i c a t e d  h o r s e p o w e r .  

We, mass f l o w  o f  e x h a u s t  <as.  

J ,  m e c h a n i c a l  e q u i v a l e n t  of  h e a t .  

, a c c e l e r a t i o n  o f  q r a v i t g .  

C , sZ2ec i f i c  h e a t  o f  e x h a u s t  g a s e s  a t  c o n s t a n t  
'e p r e s s u r e .  

T e l  
, t e m p e r a t u r e  o f  e x h a u s t  g a s e s .  

V e  , v e l o c i t y  o f  e x h a u s t  g a s e s  b e f o r e  t h e  n o z z l e ,  
1 

I n  c a l c u l a t i n g  t h e  v a l u e  of T/I f r om t h e  a b o v e  equa-  
t i o n ,  t h e  a s s u m p t i o n  mas made t h a t  t:he f u e l - a i r  r a t i o  m a s  

C .  

0 . 3 8 ,  1.vhich c o r r e s g o n d s  t o  t h e  optimum nomer c o n d i t i o n ;  
a n d  t i e  v a l u e  o f  8, mns o b t a i n e d  f rom a c a l i b r a t i o n  
c u r v e  o f  t h e  e n q i n e  f o r  t h i s  f u e l - a i r  r a t i o .  The v a l u e  of 
T I '  

n n s  assumed t o  5 e  1 , 9 6 0 "  F .  a b s .  The a q r e e m e n t  be-  
--+p e~ + .- 2,. -A -. 

tween  t 5 e  ex:3erimental  a n d  t h e o r e t i c a l  c u r v e s  i s  good  i n  
v iew of  t h e  a s s u m p t i o n s  made i n  c a l c u l a t i n <  t h e  l a t t e r  
c u r v e .  

F o r  a c o n s t a n t  f u e l - a i r  r a t i o  i t  i s  r e a s o n a b l e  t o  ex- 
p e c t  I a n d  T e l  t o  r e m a i n  c o n s t a i t  w i t h  chanqe  i n  

i n l e t  m a n i f o l d  p r e s s u r e .  Fro:. e q u a t i o n  ( 4 )  i t  i s  e v i d e n t  
t h a t  I s L o u l d  the:? be t l i e  same f o r  t h e  same v a l u e  o f  
P e l / p o  r e z a r d l e s s  o f  a l t i t u d e  -3 rov ided  Y e  and  f u e l - a i r  

r a t i o  a r e  h e l d  c o n s t a n t ,  B e f e r r i n q  t o  e q u a t i o n s  (2) and 
( 3 )  i t  i s  s e e n  t h a t  when > l o t t e d  a s  shown i n  f i g u r e  1 0  
t h e  l o s s  i n  power  w i t 2 1  i n c r e a s e  i n  back p r e s s u r e  i s  a l s o  
i n d e p e n d e n t  o f  a l t i t u d e ,  

F i g u r e  1 2  shows t h e  n e t  t h r u s t  h o r s e p o w e r  a s  a  p e r -  
c e n t  of t h e  o r i g i n a l  i n d i c a t e d  h o r s e > o v e r  p l o t t e d  a g a i n s t  
t h e  r a t i o  o f  t h e  i n c r e a s e  i r ,  e x h a u s t  b a c k  p r e s s u r e  t o  a t -  
m o s p h e r i c  p r e s s u r e  f o r  two v a l u e s  o f  t h e  r a t i o  o f  t h e  man- 
i f o l d  p r e s s u r e  t o  t h e  a t n i o s ~ h c r i c  y r e s s u r e .  

The q u a n t i t y  EHPo i s  t h e  o r i g i n a l  S r a k e  horsego~xrer  

w i t h  t h e  nor,mal c o l l e c t o r  r i n ?  d i  s q p a r g e  c o n d i t i o n .  The 
I t  l i n e  marked z e r o  e x h a u s t  .?as  t h r u s t  i n d i c a t e s  t h e  v a l u e  of 



7 B H P ~ / I ~ .  The c u r v e s  marked l l e x p e r i m e n t a l "  and  " t h e o r e t -  

i c a l "  mere o b t a i n e d  from s i m i l a r l y  marked c u r v e s  i n  f i z -  
u r e s  1 0  a n d  11. I t  i s  s e e n  i n  f i g u r e  1 2  t h a t  a t  low a i r -  
p l a n e  v e l o c i t i e s  a  l a r g e  p a r t  of  t h e  e x h a u s t  < a s  t h r u s t  i s  
o b t a i n e d  by d i s c h a r g i n s  t h e  e x h a u s t  gas r e a r w a r d l y  w i t h  no 
i n c r e a s e  i n  e x h a u s t  back p r e s s u r e .  

A t  e a c h  a i r p l a n e  v e l o c i t y  t h e r e  i s  a n  optimum e x h a u s t  
back p r e s s u r e  ( f i g .  1 2 )  a t  which  t h e  n e t  t h r u s t  ho r sepower  
i s  a maximum. The d i f f e r e n c e  between t h e  maximum n e t  
t h r u s t  horsepomer  and  t h e  o r i g i n a l  t h r u s t  horsepomer  ( n o  
e x h a u s t  t h r u s t )  as a p e r c e n t a g e  of t h e  o r i g i n a l  t h r u s t  
ho r sepower  i s  shown i n  f i g u r e  1 8  p l o t t e d  a g a i n s t  t h e  a i r -  
p l a n e  v e l o c i t y  f o r  two v a l u e s  of P,/P,. The optimum 
v a l u e s  of  A P ~ / P ~  a r e  a l s o  shown. A s  p r e v i o u s l y  p o i n t e d  
o u t ,  t h e s e  c u r v e s  a r e  i n d e p e n d e n t  of  a l t i t u d e  p r o v i d e d  
t h a t  t h e  f u e l - a i r  r a t i o  a n d  t h e  v e l o c i t y  of  e x h a u s t  g a s  i n  
c o l l e c t o r  r i n g  a h e a d  of  t h e  n o z z l e  a r e  e q u a l  t o  t h e  v a l u e s  

\ . 11 n h i c h  were o b t a i n e d  i n  t h e  t e s t s .  

F i g u r e  1 3  shows t h e  f o l l o w i n $  p e r c e n t a g e  i n c r e a s e  i n  
I *  n e t  t h r u s t  ho'rsepower a t  a n  a i r  speed  of 550 m i l e s  p e r  

h o u r .  

E x p e r i m e n t a l  9 p e r c e n t  11 .5  p e r c e n t  

T h e o r e t i c a l  7 p e r c e n t  1 2  u e r c e n t  

Comparison of t h e s e  v a l u e s  w i t h  t h e  v a l u e s  o b t a i n e d  f rom 
f i g u r e  7 f o r  t h e  same a i r  s p e e d  shows t h e  marked s u p e r i o r -  
i t y  of s e p a r a t e  e x h a u s t  s t a c k s .  

Some d i f f e r e n c e  e x i s t s  between t h e  optimum v a l u e  of 
Apb/p0 o b t a i n e d  f rom t h e  e x p e r i m e n t a l  and  t h e o r e t i c a l  
c u r v e s .  T h i s  i s  n o t  v e r y  s e r i o u s  as t h e  v a l u e  of  t h e  n e t  
t h r u s t  horsepomer  i s  n o t  v e r y  s e n s i t i v e  t o  chanqe i n  back  
p r e s s u r e  i n  t h e  v i c i n i t y  of  optimum back p r e s s u r e .  

I t  may r e a d i l y  be shown t h a t ,  f o r  .a g i v e n  f u e l - a i r  
r a t i o ,  r a t i o  of  t h e  we igh t  of e x h a u s t  < a s  . p e r  u n i t  t i m e  $0  

• a i n d i c a t e d  h o r s e p o w e r ,  and  n o z z l e  d i s c h a r g e  c o e f f i c i e n t ,  
t h e  i n c r e a s e  i n  e x h a u s t  back  p r e s s u r e  a s  a r a t i o  of  a tmos-  
m o s p h e r i c  p r e s s u r e  Apk/po i s  a f u n c t i o n  of t h e  r a t i o  of 

s t h e  d i s c h a r g e  n o z z l e  a r e a  t o  t h e  m a n i f o l d  e $ i t  a r e a  a h e a d  



of t h e  n o z z l e  A % / A ~  and  t h e  q u a n t i t y  I / A ~  Po where I 
i s  t h e  i n d i c a t e d  ho r sepower ,  A 1  i s  t h e  m a n i f o l d  a r e a  
a h e a d  of t h e  n o z z l e ,  a n d  Po i s  a t m o s p h e r i c  p r e s s u r e .  
Po r  a g i v e n  f u e l - a i r  r a t i o ,  t h e  r a t i o  of  t h e  we igh t  of ex- 
h a u s t  g a s  p e r  u n i t  of t i m e  t o  t h e  i n d i c a t e d  horsepower  
depends  o n l y  on t h e  i n d i c a t e d  t h e r m a l  e f f i c i e n c y ,  and  should  
no t  v a r y  a p p r e c i a b l y  between modern e n g i n e s .  The f u e l - a i r  
r a t i o  f o r  t h e  p r e s e n t  t ~ s t s  i s  e s t i m a t e d  a t  0.08. 

F i g u r e  1 4  shows t h e  v a l u e s  of A P ~ / P ~  p l o t t e d  a g a i n s t  
I / A ~ P ,  f o r  v a r i o u s  v a l u e s  of  A,/A, o b t a i n e d  i n  t h e ' p r e s -  
e n t  t e s t s .  These  c u r v e s  p r o v i d e  a means f o r  e s t i m a t i n g  
t h e  n o z z l e  a r e a  t o  o b t a i n  a q i v e n  i n c r e a s e  i n  e x h a u s t  back 
p r e s s u r e .  

The p r e s e n t  t e s t s  a r e  i n  t h e  n a t u r e  of a p r e l i m i n a r y  
s t u d y  t o  show t h e  magni tude  of t h e  je ' t  p r o n u l s i v e  f o r c e  
t h a t  n i g h t  be e x p e c t e d .  The method o f  measurement i s  n o t  
s u f f i c i e n t l y  a c c u r a t e  t o  d e t e c t  s m a l l  changes  i n  t h r u s t .  
A f u r t h e r  s t u d y  i s  r e q u i r e d  u s i n g  more a c c u r a t e  m e a s u r i n g  
means t o  show t h e  e f f e c t  o f  e x h a u s t - p i p e  l e n g t h  a n d  diam- 
e t e r , ,  b e n d s ,  s h a p e  and  s i z e  of exhaus t  n o z z l e s ,  t h e  e f f e c t  
,of j e i n i n s  t h e  s t a c k s  of v a r i o u s  numbers of  c y l i n d e r s ,  a n d  
t h e  e f f e c t  of  e x h a u s t - v a l v e  o p e n i n g  t i m e  on e x h a u s t - g a s  
t h r u s t .  

CONCLUSIONS 9 

1. S e p a r a t e  e x h a u s t  s t a c k s  p r o v i d e d  c o n s i d e r a b l y  
h i g h e r  power r e c o v e r y  t h a n  a n  e x h a u s t  c o l l e c t o r  r i n s  
e q u i p p e d  w i t h  a  d i s c h a r g e  n o z z l e .  A t  Pm/Po = 1.16  ( f u l l  
open t h r o t t l e  a t  s e a  l e v e l  f o r  t h e  p r e s e n t  e n g i n e )  a g a i n  
i n  t h r u s G  horsepower  of 1 8  p e r c e n t  u s i n g  s e p a r a t e  s t a c k s  
and  9.5 p e r c e n t  u s i n g  a c o l l e c t o r  r i n g  and  n o z z l e  can  be 
e x p e c t e d  at  an  a i r  speed  o f  550 m i l e s  p e r  h o u r .  

2 .  A l a r g e  p a r t  of t h e  e x h a u s t  t h r u s t  nhen u s i n g  a  
c o l l e c t o r  r i n q  i s  o b t a i n e d  by d i s c h a r g i n s  t h e  e x h a u s t  g a s  
r e a r w a r d i y  w i t h  no i n c r e a s e  i n  back p r e s s u r e .  

3 .  The amount '  of back p r e s s u r e  r e q u i r e d  f o r  maximum 
n e t  t h r u s t  horsepower  -when u s i n g  a c o l l e c t o r  r i n s  a n d  noz- 
z l e  i n c r e a s e s  a s  t h e  a i r p l a n e  v . e l o c i t y  i n c r e a s e s .  

Lang ley  Memorial  Aeronau t i . ca1  L a b o r a t o r y ,  
N a t l o n a l  A d v i s o r y  Committee f o r  A e r o n a u t i c s ,  
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Figure 2.- An exhaust stack for gas t h r u s t  and no thrust csndi%ions. 

(a) No thrust elbou (b) T h r u s t  s f b o g  

( G )  NozzPes 

Figure 3 , -  E l b o ~ s  and n o z z l e s  used w i t h  tho e~hausf c s l l e c t ~ r  r i x ~ g ,  





Fig. 5 
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7 i p r e  6.- E f f e c t  of engine power on e$aust gas t h r u s t .  
Separa te  s t a c k s .  2 ' ' I'  ' 
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Figure  7.- E ~ z a u s t  .jet t h r u s t  horsepower a t  var ious  power out  p u t s  and 
a i r  speeds.  rl , p r o p e l l e r  e f f i c i e n c y -  80 pe rcen t ,  



Figs ,  

d 
I3 0 2 4 6 .  8 10 12 

Back -pressure, in.  9g 
Pigure 9.- E f fec t  of b a c ~  pressure  on exhaust gas t h r u s t ,  

engine power, and engine speed. 
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Figure 3.- l f f e c t  of engine power on exhaust gas t h r u s t .  Exhaust 
.:ianif old with elbow. 
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Figure 10.- Bffect of ratio of increase in baclr pressure to mani- 

fold pressure on engine power loss per indicated 
horsepower. 

Figure 11.- Rffect of ratio of increase in back pressure to at- 
moepheric pressure 011 axhaust eas thrust per inii- 
c a t e 3  norsepower. 
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N.A.C.A. Fig. 12 
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Figure 12.- Effect of ratio of increase in back pressure to atmospheric 

pressure on nct thrust horsepower per inlieate3 horsepower. 
q,propeller efficiency=80 percent, 



N.A.C.A. 7ig. 13 

0 l i ) U  2dO 3 00 400 500 
Airplane spee2,m.p.n. 

digure 13.- Variat ion of percentage increase  i n  m a x i m  n e t  t h r u s t  horse- 
power with a i rp lane  ve loc i ty  f o r  c o l l e c t o r  r i n g  equipped 

with nozzle. 
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