


FLIGHT TXSTS OF EXZAUST GAS JET ?i?O?ULSION 

3;: 2en jamin  P i n k e l  and  L. B i c h a r d  T u r n e r  

F l i z h t  t e s t s  were conducted  on t b e  XP-41 ~ i r p l a n e ,  
e q u i p p e d  ?v i th  a P r a t t  & ?TLitney 31839-19,  1 4 - c y l i n d e r ,  
a i r - c o o l e d  c n q t n e ,  t o  d e t e r m i n e  t h e  i n c r e a s e  i a  f l i q h t  
s p e e d  o b t a i n a b l e  bv t h e  u s e  of i n d i v i d u a l  e x h s u s t  s t a c k s  
d i r e c t e d  r e a r w a r d l g  t o  o b t a i n  e x h a u s t - ? a s  t h r u s t .  S ~ e e d  
i n c r e a s e s  up t o  1 8  mSles p e r  h o u r  a t  20 ,000  f z e t  a l t i t u d e  
were  o b t a i n e d  u s i n s  s t a c k s  % a ~ ~ i n <  ax1 e x i t  a r e a  of  3 - 4 2  
s q u a r e  i n c h e s  f o Y  e z c 2  c ~ ~ l i n d e r .  A s l i y i i t  i n c r e a s e  i n  e l -  
g i x e  p o x e r  a:?& d c c r c a s e  in c y l i n d e r  t;empera,tu.re a t  a ~ ; i v o n  
m a n i f o l d  p r e s s u r e  were o b t a i n s $  7.vith t h e  i n d i v i d u a l  s t a c k s  
a s  compared wit3 a c o l l e c t o r - r f n ~  i n s t a l l a t i o n .  E x h a u s t -  
f l a m e  v i s i b i l L t r  n2,s q u i t e  l o w ,  p a r t i c u l a r l y  i n  t b e  r i c h  
r an ; e  of f u e l - a i r  r 3 , t i o s .  

The h i g h  s p e e d  of ;yesen t -day  a i r p l a a e s  s a T q e s t s  t h e  
p o s s i b i l i t y  oi' o b t a i n i n g  a p p r e c i a b l e  power 57 :-:cans o f  j e t  
p r o p u l s i o r , .  The <as i n  t h e  c ; ~ l i n d e r  of  a:: i n t e r n a l  com- 
b u s t i o n  e a q i n e ,  a t  t3.e t i n e  the e s h n u s t  v a l v e  o p e s s ,  i s  a t  
a G r e s s u r e  considerably h i y h c r  t 3 a n  a t m o s p k e r i c ,  a n d  t h e  
l z r q e s t  p a r t  o f  t h i s  < a s  i s  d i s c h t ~ r g e d  tL rou5h  t h e  e x h a u s t  
v z l v e  i ~ i t h  a v e l o c i t g  of t h e  o r d e r  of t3at of sound.  I n  
t b e . u s u a l  e x h u s t  i n s t a l l a t i o r  t h e  g s s e s  a r e  d i s c h s r q c d  
i n t o  a c o l l e c t o r  n3ore t b e  l a r g e s t  ?art  of  t 5 5 s  v e l - o c i t y  
i s  l o s t  a t  t h e  bends  a n d  a t  su$den  er_lnr-?;ements  or" t h e  ex- 
h s u s t  p i p e s .  

O z s t r i c h  ( r e f e r s n c e  1 )  ? r e s e n t s  t h e  r e s u l t s  o f  compu- 
t a t i o n s  t o  shov +%at c o n c i d e r a b l c  t h r u s t  horsepomer  c a n  be 
o b t a i n e d  a t  5ii;k a i r p l a a e  v e l o c i t y  b:r f i i sc 'nar9 in4  t h e  ex- 
3 a u s t  33s  r e a r m a r d l y  of t h e  a i r p l a n e ,  d i r e c t l y  f rom t h e  
e x h a u s t  p o r t  0 5  t h e  s e p n r n t e  c g l i n d e r s .  T h i s  r e s u l t  was 
s u b s t a l t i a t c d  by a more c o m p l e t e  a n a l y s i s  a a d c  a t  t h e  NACA 
a r d  t h o  lar-;e t h o o r e t i c a l  e s 3 n u s t  t h r u s t s  o b t a i n e d  i n d i -  



c a t e d  t h a t  t e s t s  t o  determine t h e  a c t u a l  cxhnus t  t h r u s t  
wore  j u s t i l i o d  ( r e f e r e n c c  2 ) .  

T e s t s  v e r c  nado ( r e f e r e n c e  3 )  on P, P r a t t  & B L i t n e y  
R1340E cn$ ine  p r o v i d e d  w i t h  inCiv idv-a1  e x h a u s t  s t a c k s  
mounted on a t h r u s t  s t a n d ,  i n  which t h e  s t a t i c  t b r u s t  g ro -  
 id-ed by t h e  r e a r w a r d  d i s c h n r q e  of e x h a u s t  < a s  was meas- 
u r e d .  The t i r u s t  horsepomer  a t  v a r i o u s  a i r p l a n e  v e l o c i -  
t i e s  c a l c u l a t e d  from t 2 e s e  measurements  a g r e e d  r e a s o n a b l y  
w e l l  w i t h  t h e  v a l u e s  o b t a i n e d  from t h e  a n a l ~ ~ s i s  and  i n d i -  
ca t ed .  t h a t  a c o n s i d e r a b l e  i n c r e a s e  i n  f l i q h t  speed  s h o u l d  
b e  o b t s i n e d  by u t i l i z i n g  t h i s  e x h u s t - < a s  t h r u s t .  

To d e t e r m i n e  t h e  i n c r e a s e  i n  f l i g h t  speed  a t  v a r i o u s  
a l t i t u d e s  e x p e r i m e n t a l i g ,  a n d  t o  i a v e s t i q a t e  t h e  y r o b l e a s  
a s h , o c i s t e d  a i t h  nn i n d i y i d u a l  e x h a u s t - s t a c k  i n s t a l l a t i o c  
S X C ~ .  a s  exh:xust-fl2,rne v i s i 5 i l i t y ,  f i r e  h a z a r d ,  n o i s e ,  r,nA 
t % e  d a n g e r  of carbon-monoxide ~ ~ o i s o n i n g  o f  tBe  f l i 9 h t  :?ex?- 
s o n n e l ,  i t  was d e c i d e d  t h a t  f l i < h t  t e s t s  s h o u l d  be con- 
d u c t  ed.  

T h i s  r e p o r t  ? r e s e n t s  t h e  r e s u l t s  of f l i g h t  t e s t s  on 
t h e  XP-41 a i r p l a n e  t o  d e t e r m i n e  t 2 e  i n c r e a s e  i n  f l i g h t  
s 2 e e d  t h a t  nag b a  o b t z f a e d  by d i s c h a r < i n <  t h e  e x h a u s t  ?;as 
r e a r n n r d l y  tS?rou.;b i n d i v i d u a l  s t a c k s .  

*he t e s t s  were ~ n d e  d u r i a $  ld?,rch z n d  8 ~ ~ i . l  1 9 4 0 ,  at 
t h e  Lan$ley  E:cmoria1 A e r o n ~ u t l c a l  L z b o r n t o r y  a t  LznP;le:r 
F i e l d ,  VT,. 

APPBAUTUS ABD TXSTS 

The t e s t s  mncic on t h e  X?-42 - i r p l c n e  ( f i s .  l ( s ) ) ,  
a s in7 l . e - sea t  S e v e r s k y  p u r s u i t  a i r p l a n e  equ ipped  w i t h  a 
? r n t t  15 T a i t n e p  R1830-1.9, 1 4 - c y l i n d e r ,  t vo - rov  r a d i a l  en- 
q i n e .  The e n ~ i n c  i s  zsrovided, w i t h  a two-speed a u x i l i a r y  
% l o w e r  i n  a d d i t i o n  t o  t h e  n a i n  S l o a a r ,  ~ , g d  had  a c r i t i c p . 1  
s l t i t u d e  of 20 ,900  f e e t .  

Z i g u r e  l ( b )  shoms t h e  e x i t s  of t:ie c o l l e c t o r  r i n s e  
I t  i i  o ~ o t e d  t h a t  t h e  d i s c l z r g e  i s  s u b s t a n t i a l l y  do~vnmard. 
The c o l l e c t o r - r i n f  i n s t a l l a t i o n  i s  t h a t  o r i 3 i n a l l - y  p r o v i d -  
e d  o n  t h e  a i r p l a n e ,  ~ i t h  t b c  e x c e p t i o n  t h t  one e x i t  h a s  
S e e n  r~oved. t o v a r d  t h e  c e n t e r  o f  t h e  f u s e l a s e  t o  a v o i d  
t r o u b l e  e x ~ e r i e n c e d  from t h e  d i s c h a r q e  of  t h a t  s t a c k  i n t o  
t h e  o i l - c o o l e r  d u c t .  



F i q u r e  2 sho~vs  t h e  i n ~ t ~ ~ l l a t i o n  n i t h  i n d i v i d u a l  ex- 
h n u s t  s t a c k s .  The s t a c k s  f rom t h e  c y l i a d e r s  a t  t 5 e  t o p  
of t h e  ezzyine were b rouqh t  dovrn a n &  t h e  ?as c i i s cha r3ed  
f rom t h e  s i d e  of t h e  fusel .ae;e i n  o r d e r  , t o  rv05.d d i s c b a r ? -  
i n g  i n  t h e  d i r e c t i o n  of t h e  c o c k p i t  c o v e r .  Because of  t h e  
l a c k  of s p a c e  a t  t h e  c o n l i n g  e x i t ,  t h e  s t a c k s  of t L e  t o p  
c y l i n d e r s ,  nos .  1 a n d  1 3 ,  were connec ted  t o  a common e x i t  
h a v i n ?  s u b s t a n t i a l l y  t h e  sa,ne a r e a  as a n  i n d i v i d u a l  s t a c k .  
C y l i n d e r s  n o s .  2 a n d  4 mere s i m i l a r l y  j o i n e d  t o  a coamon. 
e x i t  on t h e  o p p o s i t e  s i d e  of t h e  f u s e l a g e .  These c y l i n -  
d e r s  were chosen  bec3,use t h e i r  e x h a u s t  e v e n t s  do n o t  o v e r -  
l a p .  The remainin:  c y l i n d e r s  had  i n d i v i d u a l  e x h a u s t  
s t a c k s .  The end  of e a c h  exha l l s t  s t a c k  mas f l a t t e c e c ?  i n t o  
a s u b s t a n t i a l l p  e l l i p t i c a l  shape  it: o r d e r  t o  d e c r e a s e  t h s  
r a d i a l  A i c t a n c e  t h a t  e x h a u s t  s t a c k s  e x t e n d e d  from t h e  
f u s e l a ~ e .  The i n s i d e  c r o s s - s e c t i o n a l  a r e a  of t h e  s t a c k  
d e c r e a s e d  f r o n  4.07 s q u n r e  i n c k e s  t k e  round s e c t i o n  t o  
3.42 s q u a r e  i n c h e s  a t  t h e  e x i t .  A p a t t e r n  u s e d  f o r  t h e  
c o n s t r u c t i o n  of t h e s e  s t a c k s  i s  shown i n  f i 5 u r e  3. The 
e x 3 a u s t  s t a c k s  enexTed from t 3 o  co~wl inq  t h r o u q h  h o l e s  c u t  
i n  t h e  c o r l i n o ;  f l a - p s .  C lea rz i l ce  was n r o v i d e d  t o  a l l o w  
a p ~ r o x i r n n t e l y  l / l - i n c h  r e l a t i v e  rcovomezlt of t h e  s t a c k s  
a n d  c o a l i n g .  

A f t e r  t h e  t e s t s  ~ i t h  t h e  i r -d iv id .ua1  s t a c k s ,  a n o r -  
t i o n  of  e a c h  s t a c k  172s r e p o v e d  and  a n o z z l e  S a y i n ?  nn 
a r e a  of  1.77 s q u a r e  i n c h c c  uan welded i n  i t s  p l a c e .  Th9 
Io rm of t h e  n o z z l e s  i s  s i c ~ ~ n  i r  f i 5 n r e  3 .  The n o z z l e s  
i n s t a l l e d  i n  ? l a c e  a r e  sho~vn i n  f i q u r e  4 .  Vhere r e q u - i r e d ,  
t h e  c o e l i n ?  f l a p s  ?"yere r e p l a c e d  by nen  f i s p s  w i t h  h o l e s  
c u t  f o r  c l e a r a n c e s  b e t ? ~ c c n  t h e  f l z p s  and n o z z l e s  of  ap-  
p r o x i m a t e l y  1 / 8  i n c 2 .  370 r e d u c t i o n  trzs mrde i n  t h e  e x i t  
a r e a  of t h e  s t a c k s  f o r  t h e  c n l i n d e r s  c o r n e c t e d  i n  p a i r s  
( n o s .  1 3 ,  1, 2 ,  and. 4 ) ,  'uecr-tusr! of  t h e  j ~ o s s i b l e  dan9;er of  
o v e r h e z t i n q  nxd d e t o r a t i o n  a r i s i n ?  from t o o  much r e s i s t -  
a n c e  t o  t h e  e x h a u s t - g a s  f l ow.  

Tho f o l l o ~ r i n <  a r e  t h e  e x i t  a r c a s  of  t h e  v s r i o u s  i n -  
s t a l l a t i o n s  : 

E x i t  a r e a  p e r  c:rl inder 
( s q  i n . )  

A c o l l e c t o r  r i 3 g  
B i n d i v i d u a l  r t a c k s  
S i n d i v i d u s l  s t n c k s  

a, a x c e ~ t  f o r  c::linAers n o s .  13, 1, 2 ,  acd. 4 ,  vrhicL more 
c o s n o c t o d  i n  p a i r s  t o  s ~ ~ c : : s  3 a v i n q  c x i t  a r e a s  of  3.42 
s q  i n .  y e r  s t a c k .  



The t n o  i n d i ~ i d . u a 1  sta,c:s: i n s t a l l a t i o n s ,  3 a n d  C ,  m i l l  be  
d e s i q n a t e d  37 t h e  e x i t  a r e a s ,  3 .42  a n d  1.77 s q u a r e  I n c h e s ,  
r e s z e c t i v e l y .  

The e n q i n e  t o r q u e  was n e a s u r e d  i n  f l i q b t  by a P r a t t  
& V h i t n e y  t o r q u e  dgnamoneter .  The e n $ i n e  speed  mas Ideas- 
u r e d  by a c a l i b r a t e d  e l e c t r i c a l  tachornot e r .  The a i r p l a n e  
s p e e d  mas measured  by an  a i r - s p e e d  head  mounted on a boom 
a t t a c h e d  t o  t h e  win?. T h i s  a i r - s p e e d  head  mas c a l i b r a t e d  
bg f l y i n $  a l o n q s i d e  a Lockheed 1 2  a i r g l a n e ,  f o r  mhich t 3 e  
a i r - s p e e d  i n s t a l l a t i o n  had been p r e v i o u s l y  c a l i b r a t e d  
u s i u q  a t o v e d  s t a t i c  p r e s s u r e  bomb. The a l t i t u d e  v;ns 
measu red  w i t h  a Kollsman s e n s i t i v e  a l t i m e t e r  and  r e c o r d e d  
by t h c  p i l o t .  A s t a t o s c o p e  v n s  i n s t a l l e d  a n d  o p e r a t e d  
d u r i n g  tach ~3e rEod  of t e s t .  The s t a , t o s c o p e  d e f l e c t i o n  find 
t h c  a i r  s p e e d  :;?ere r e c o r d e d  p h o t o y r a p h i c n l l y ,  p r o v i d i n s  a  
c o n t i n u o u s  y rnph  ~ ~ 5 e n  t h e  equipment was x c t u n t e d .  N o t i o n  
p i c t u r e s  n c r e  t a k e n  of t b c  i3 rossure  gaTo of  t h o  t o r q u e  

' 6  dyn2umomef o r ,  (L c loc l r ,  and  t h e  t a c h o m e t e r  i n d i c z t o r .  Vhac 
24 t o a t  c o n d i t i o n s  mere s t a 3 i l i z e & ,  e i ~ h t  s e r i e s  of pho to -  

% r n p h s  of a b o u t  2  s e c o n d s '  d u T a t i o n  e a c h  were t c k e n  a t  15- 
s e c o r ~ d  i n t e r v a l s  b ~ r  t k e  nianunl c l o s i n q  o f  cn e l e c t r i c a l  
c i r c u i t  33- t h e  p i l o t .  X n h  of t k o  2-second motion-23ioturc 
r e c o r d s  c o n t a i n e d  aTproximnt  e l y  25 f r a m e s .  The avarn-;eS 
o f  t h e  e i q h t  s e r i e s  of e n g i n e  s n e e d ,  a i r  s p e e d ,  a n d  t s r q u e  
r e a d i n g s  mere talcen t o  r e p r e s e n t  t h e  t e s t  coilcl . i t ions.  

Rear  s p a r k - ? l u <  q a s k e t  t e m p e r a t u r e s  f o r  two c y l i n d e r s  
were  r e a d  by t h e  - p i l o t ,  a n d  t h e  ' n iyhe r  t e m p e r a t u r e ,  t h a t  
of GO. 5 c y l i n d e r ,  was r e c o r d e d .  The n n n i f o l d  p r e s s u r e ,  
c a r b u r e t o r - a i r  t e ~ p e r a t u r e ,  c - r l i nde r -head  t e a z e r a t u r e ,  o i l  
t e r r . p z r a t u r e ,  c a b i a  t e r n ~ e ~ a t u r e ,  in(7,icat  ed a t m o s p h e r i c  tom- 
p e r a t u r e ,  t a c h o m e t e r  n a g n e t o  t e m p e r a t u r e ,  a n d  e n q i n e  rpm 
~ e r e  r e c o r d e d  by t 5 e  p i l o t  i n n e d i a t o l y  a f t e r  t h e  l a s t  an- 
t o n a t i c  record .  of e a c h  run. The indicated a t n o s ~ h e r i c  
t e m c s r a t u r e  was a l s o  d e t e r m i n e d  a t  120  n i l e s  i c d i c a t e d  
s i r  s p e c d , , a n d  t 2 c  t r u e  a t m o s ? h e r i c  tsm;3eratare d s t o r m i a c d  
by e x t r a p o l a t i n g  n cu rve  of t e m p e r a t u r e  n q a i n s t  v e l o c i t y  
h e a d  t o  z e r o  a i r  spzed .  

I n  t h e  a b s e n c e  of ,EL r e l i a b l e  i n s t r u m e n t  f o r  n e a s u r i n g  
a i r - f u e l  r a t i o ,  t h e  s i x t u r e  mas a d j u s t e d  bg t h e  g i l o t  f o r  
rnaximura p o v e r  a t  p a r t  t i ~ r ~ t t l e ,  and. bv t h e  a u t o m a t i c  mix- 
t u r e  c o r t r o l  a t  h i i  t h r o t t l e .  . * 

A 1 1  t e s t s  mere made a t  a n  an?roxima, te  enTine  s g e e d  of - 9 

2550 rpn .  
i 

-, 



F l i ~ h t s  were xnde a t  t h e  f o l l o m i n g  c o n d i t i o n s :  

A l t i t u - d e  ( f t  ) 

C o l l e c t o r  r i n g  1 0 , 0 0 0  1 5 , 0 0 0  1 7 , 0 0 8  20 ,000  

I n a i v i d u a l  s t a c k s  w i t h  
n o z z l e s  1 0 , 0 0 0  -.. 1 7 , 0 0 0  20,OQO 

A t  e a c h  a l t i t u d e  t h e  t : i r o t t l e  w a s  v a r i e d   fro^ f u l l - o p e n  
t h r o t t l e  t o  d a r t  t h r o t t l e .  and  comple te  d a t a  t a k e n  f o r  
e a c h  s e t t i n q .  

A ca.rbor\_-moio:,:id.e n e t e r  was p l a c e d  i n  t h e  c o c k a i t  of 
t h e  a i r ~ l n n e  v i t h  indi.vid.ua1 s t a c k s  p r i o r  t o  t h e  main 
f l i g h t  t e s t s .  Carbon-aoeoxide c o n c e n t r o t i o n s  were meas- 
u r e d  i n  f l i q h t  w i t h  t3.e cockl2it  c o v e r  c l o s e d  ~ i t h  i n l e t  
z ? a n i f o l d  p r e s s u r e  of  30 i n c h o s  H$ f c r  l e v e l  z " l i % h t ,  a n d  
f o r  c l i m b  a t  150  m i l e s  p e r  h o u r  i o d i c a t e d  n i r  s p e e d ,  a n d  
i n  a ? l i d e  v i t h  13  i n c h e s  9q i n l e t  m a n i f o l d  ?ressi . lre w i t h  
t h e  c o c k p i t  c o v e r  oI2ened. 

s s f t e r  t h e  c o r n p l e t i o ~ l  of t h e  t ; e s t s  v i t h  t h e  i n d i v i d u a l  
s t a c k s  w i t h  1.77 s q u a r e - i n c h - e x i t  a r e a s ,  a  p o r t i o n  o f  t h e  
n o z z l e s  mas remove? i n  o r d e r  t h z t  no n 2 r t  of t h e  n o z z l e  
p r o j e c t e d  i n t o  t h ~  a i r  s t r e a n ,  t h u s  p r o v i d i n q  2 more 
s t r e a m l i n e d  i n s t a l l a t i o n .  T h r s e  t e n p e r n t u r e - s e n s i t i v e  
p z i n t s  v:hic:i c h l n q e  c o l o r  a t  2 8 g 0 ,  33g0 ,  and  734' P ,  r e -  
s p e c t i v e l y ,  v e r e  a p p l i e d  t o  p o r t i o n s , o f  t h e  f u s e l a 5 e  i n  
p r o x i m i t y  o f  t h e  e x h a u s t  s t r e a m .  The e n g i n e  wz,s opor -  
a t e d  on t h e  g round  a t  t~ x a n i f o l d  p r e s s u r e  of  30 i n c h e s  Hg 
a t  250'3 rpm t o  d e t c r r n i n  e  i f  any  a p p r e c i a b l e  h e a t i n q  of 
t h e  i u s e l a ~ e  o c c u r r e d .  

V i s i b i l i t p  t e s t s  o f  t h e  f l 3 n e  from t h e  i n d i a i d . u a 1  
s t r c k s  were r a d e  zt n i < h t  ~ . t  a  m a n i f o l d  p r e s s u r e  o f  3 3  
i n c h e s  Bq a t  z b o u t  2490 r p n .  Tke ~ i x t u r e  was v a r i e d  i'rom 
f u l l  r i c h  t o  l e a a ,  and  p h o t o q r a 2 h s  mere o b t a i n e d  a i t h  t h e  
. m i x t u r e  c o n t r o l  s e t  a t  t h e  l e a n  p o s i t i o n  f o r  c r u i a i n q .  

The v ~ ~ r i o u s  t e s t s  of d i f  f e r c n t  e x h a u s t  c o n d i t i o n s  mere 
mads  n t  t h e  szme . s r e s s u r e  -. a l t i t u 6 e s  bu t  b e c ~ ~ u s e  oT d i f f e r -  
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YLe cn.r;izle,._noyer m2s c o ~ r . e c t c d  f o r  t h e  -Goner a s s o c i -  
a t e d  w i t h  nc l= id . ca t a l  ~ ~ c c c l o r a t i o n  nnc'.. c1irr.b. 1, z r o p e l l e r  
e f f i c i e n c y  of 0.85  mas assumed f o r  t h i s  c o r r e c t i o n .  The 
a c c e l e r a t i o n  was c n l c u l 3 , t e d  from t h e  a i r - s p e e d  r e c o r d s ,  
a n d  t h e  r a t e  of ciiritb f rom t h e  s t n t o s c o p e  r e c o r d s .  I n  
e a c h  t e s t  a n  nve rnTe  a c c e l e r a t i o n  a n d  r a t e  of climb were  
o b t a i n e d  f o r  t h e  comple te  2-:i!inute run .  The r e c o r d e d  a i r  
s p e e d s  were c o r r e c t e d  ? o r  c o n p r e s s i b i l i t y .  

The c o l l e c t o r - r i n 3  i n s t a l l a t i o n  d i  s c h a r f  e d  s u 3 s t a n -  
t i a l l y  b o ~ v n v a r d l ; ~  cdnd p r o v f  dcd  no an l3 roc i ab le  t h r u s t  2oTer .  
By com:3arin~ ~ , t  a "Si.ren ~ , i r - p l a n s  v e l o c i t y  t h e  en : ine - sha f t  
h o r s e p o w e r  f o r  t h e  two i n d i v i d u a l  s t a c k  i n q t a l l t z t i o n s ,  v i t h  
t l l n t  f o r  t b e  c o l l s c t o r - r i n p ;  i n s t n f l a t i o a ,  a n  e s tu ina t e  i s  
03t ;a~lned-  of t h e  e x h a u s t - j a s  t h r u s t  3 o r s e ~ o t v e r  f o r  t h e  i n -  
d i v i ? - u a l  s t a c k  i ~ s t a l l a t i o n s ,  The c p p n r e n t  e x h a u s t - g s s  
*h:n;.ust vtts c a l c u l a t e d  bp r;.eans of  t h e  e q ~ ~ ? ~ t i o r  

where  

V i s  t h e  ~ i r p l a n e  speed. i n  m i l e s  ?:er hour  

a n d  

V t h e  prol3el . ler  e f f  i c i . e n c p  

T e n t  d z t a  f o r  a D r o p e l l e r  s i c i l a r  i n  d e s i q n  t o  'thblclt u s e 2  
i n  t h e  t e s t s  showei! v e r y  l i t t l e  v 3 , r i a t i o n  i n  e f f 5 c i e n c g  
o ~ e r  t3-e t e s t  ran";, anc  a  v a l u e  o f  0 .05  tr2::e~: f rom t h e s e  
d a t a  mas u s e d  i n  computing t h e  thrust .  

RESULTS ASD DISCUSSIOiT 

E f f e c t  of D i sc ' l a rge  from I c d i v i d u a l  Exhaust S t a c k s  
01  A i r 9 l a n e  Speed 

P i g u r e  5 shows t h e  d a t a  o b t t ~ i n e d  on a i r p l a n e  s p e ~ d  V 
f o r  v a r i o u s  v a l u e s  o f  b r a k e  klorse>oner  a n d  a l t i t u d e  - f o r  t h e  
c o l l e c t o r - r i n ~  i z s t a l l a t i o n ,  c o r r e l a t e 6  by p l o t t i c g  

1 %  i s  r o t e d  tba t  a 3 ; o ~ d  c o r r e l a t i o n  o f  t h e  da,ta ~ . t  v a r i o u s  



a l t i t u d e s  i s  ob ta iue6 . .  A s l i g h t  t r e n d  w i t h  a l t i t u d e  i s  
n o t e d ,  t 5 e  p o i n t s  f o r  20 ,000  f e e t  b e i n g  s l i ? 3 t l y  5 i ~ h e r  
t h a n  f o r  1 0 , 0 0 0  f e e t .  

T h i s  d i f f e r e n c e  nav  be  t h e  r e s u l t  of c'nanqes i n .  p r a -  
p e l l e r  e f f i c i e n c y  a i t h  t h e  d e n s i t g  of t h e  a i r ,  The d i f f e r -  
e n c e ,  however ,  i s  smal.1 a n d  i n d i c s t e s  t h a t  a c c u r a t e  cor -  / 
r e c t i o n  o f  d a t a .  a t  e a c h  . ;7ressnre  a l t i t u d e  f o r  s m a l l  v n r i -  
a t i o n s  i n  d e n s i t y  f rom t h e  s t e n d a r d  mag be made by means 
a f  e q u a t i o n  ( 1 ) .  

P i q u r e  6 shows t h e  a i r p l a n e  s p e e d  o b t a i n e d  f o r  t h e  
t h r e e  e x 3 a u s t  c o n d i t i o n s  a t  1 0 , 0 0 0 ,  1 7 , 0 0 0 ,  nnd 2 0 , 0 0 0  f e e t  
2 l t i t u d e .  A s m a l l  c o r r e c t i o n  f o r  n t m o s 7 h e r i c  d e n s i t y  mas 
a ~ ~ l i e d  i n  a c c o r d a n c e  w i t h  e q t r a t i o c  ( I )  t o  a d j u s t  t h e  d a t a  
t o  t h e  s t a n d a r d  d e n s i t y  c o r r e s p o n d i n g  t o  eacL p r e s s u r e  
a l t i t u d e .  

A t  f u l l w t h r o t t l e  o p e r a t i o n  ( a g p r o x i n s t e l y  44 i n .  H S ) ,  
t h e  i n i i i v i d u n l  s t ~ c k s  -3rovided 18- rc i les -yer -hour  i n c r e a s e  
i n  s p e e d  above  t h e  c o l l e c t o r - T i n s  i n s t a l l a t i o n  a t  20 ,000  
f e e t  , 15-mi los -pe r -hour  i i i c r e s s e  a t  1 7 , 0 3 0  f e e t  , a n d  13-  
mi les -per -3 .our  i n c r e a s e  a t  l C  , 03J  f e e t .  The naximum s p e e a  
o b t a i n e d  et 3.1-11-o~en t h r o t t l e  v i t i  t3.a s m ~ ~ l l e r - s t a c k - e x i t  
a r e o s  i s  s l i g h t l y  l e s s  t h a n  $ h a t  w i t h  t h e  l a r q e r - e x i t  a r e a s ,  
b u t  o c c u r s  a t  a reciuced c a g l n e  power.  F o r  e x a x p l c ,  ? i T u r e  
6 shows,  f o r  a c o r s t n n t  c a n i P o l d  p r e s s u r e  09 44 i n c h e s  H?, 
t h n t  t 'ac e a g i n o  ? o v e r  incre : iocs  s l i g h t l ~ ;  i n  chnnqing  f rom 
t h c  c o l l e c t o r  r i n q  t o  t h e  i n f i i v i d u a l  e x h a u s t  s t a c k s  w i t h  
t h e  3.42 s q u a r e - i n c h - e x i t  a r c o s ,  - a d  d o c r e a s e s  b:~ a b o u t  8 
3 c r c c n t  v h a r  t h o  s t a c k - e x i t  a r e a  i s  r e d u c e d  t o  i . 7 7  s q n c r e  
i n c h e s .  Boy t h e  spume e n g i n e  bralce LorscFotver .  t h e  s m a l l e r  
e x i t  s t n c k s  c a u s e d  an fncre: ise  of 5 m i l o s  yje18 hour  ovor  
t h c  a i r p l a n e  v e l o c i t y  c i t h  t h o  l a r q e r  e x i t  s t a c k s .  T3us 
n n  i n c r e a s e  iii e f f i c i c n c ? ~  ?;.as ob tg , i r ed  w i t h  t L e  1 .77  s q u a r e -  
i n c h - e x i t  s t nc ' r s  z t  t k e  cx2ense  of a r e d u c t i o n  i n  rnnxinurn 
o ~ q i l e  poiver. 

3 e c a u s e  o f  t b o . a b s e n c e  of d a t a  f o r  i n t c r m c d Z a t e  noz- 
z l e s ,  t h e  g o i n t s  on t h c  c u r v e s  for t h c  i n d i v i d u a l  s t a c k s  
a n d  t h e  s t a c k s  w i t h  n o z z l e s  f o r  44. i n c h e s  m a n i f o l d  p r e s -  
s u r e ,  c e r e  j o i n e d  r i t h  a  s t r a i 2 h t  l i n e .  S e t s e e n  t h e  two 
e x i t  a,rean a n  optimum a r e a  e x i s t s ,  a t  v:hich a naximun i n -  
c r e a s e  i n  e f f i c f e n c g  o r  s p e e d  a t  a y i v e n  e n g i n e  power i s  
o b t a i n e d  w i t h  no r e d u c t i o n  i n  naximun p o ~ e r .  I t  i s  n o t e d  
t h a t  ~ :?os t  o f  t h e  ?;ai:l ir_ t h r u s t  h a s  d r e a d ? .  been o b t a i ~ e d  
~ i t h  t h e  i n d i v i d u a l  s t a c k s  m i t h  3 .42 - squa re - inch -ex i t  a r e a ,  
a n d  t h a t  t h e  f u r t h e r  s;ain t o  be e x p e c t e d  from a r e d u c t i o n  



i n  o x i t  u r o a  i s  snal .1  and  n o u l d  r e s u l t  i n  an  i n c r e a s e  i n  
speed. o f  1-ess  t h c n  5 m i l z s  p e r  hour .  

Appa ren t  Exhaust-Gas T h r u s t  

F i ~ u r e  '7 (a) shows t h e  ng-jjsrent- exhaus t -<s , s  t h r u s t  of 
t i l e  i n d . i ~ r i d u s 1  e x 2 a u s t  s t a c k s  f o r  t h e  two e x i t  a r e a s  ? l o t -  
t e d  a q s i n s t  b r n k e  horsepower .  These c u r v e s  v e r e  c o n p u t e d  
f r o m  t h e  c u r v e s  of f i y u r e  6 .  The v a l u e s  f a r  t h e  XP-41 i n  
f i : ; u r e  ? ( a )  cnn be t c k e n  a s  a n  i n d i c a t i o n  o n l y  of the ap- 
p r o x i m a t e  ma5n i tude  o f  t h e  t h r u s t  as  d i f i ' e r e n c e s  i n  t h e  

$ 
dra-l; a.iid pro?)e!.ler e f f  i c i e a c y  of t h e  v a r i o u s  i r r s t x l l a t i o n s  
h z v e  n o t  'oeen e l i m i n a t e d .  F o r  exnmznle, t h e  dovotp.rtrd. d i s -  
ch3rq;e of t h e  exhzuo t  gas  f r o n  t h e  e x h a u s t  c o l l e c t o r  may 
s e t  up t u r b u l e n c e  i r ?  t h e  a i r  s t r e a m  2nd cause  some ? . ray ,  
w h e r e a s  t h i s  e f f e c t  i s  n o t  :?resent  i n  t h e  c a s e  of  t h e  t n o  
i n d i v i d u a l  s t q c k  i n s t a l l a t i o n s .  The flovi of h o t  oxhav-st  
?as  o v e r  t h o  f u s e l o ~ e  i n  t h e  T a t t e r  c z s e s  may ohanse  t 3 e  
f u s e l a g e  draq .  A l t S o u ~ h  i n  a l l  i n s t a l l a t i o n s  t h e  e x h a u s t  
e x i t s  ;T$re ex tends$-  i n t o  t h e  :iir s t r e a n  t o  c l e a r  t h e  a i r -  
2l::yle 31.6 red.uce f i r e  hnzc.rd,  t h e  d . l f i ' e r ec t  i n s t a l l a t i o n s  
h a v e  a d i f f e r e n t  e:cternni d r : ~ g  mhich i a  d i f f i c u l t  t o  e s t i -  
m l t e .  A 1 1  t h c s c  d i f f e r e n c a s  in dsnq a p ? c a r  i n  t k e  v a l u e s  
o f  t h e  n;2-p%rent e x h a u s t - q a s  t h r u s t .  

An i r c r e z s e  I n  al?;2arent e x h a u s t - g a s  t h r u s t  1 ~ 3 t h  a l t i -  
t u d e  f o r  a g i v e n  e n q i n e  powen, as  might be ex;?ected from 
t h e o r e t i c a . 1  c o n s i d o r a t i o n  ( r e f e r e n c e  l ) ,  i s  no ted .  F o r  a  
g i v e n  ;ewer, t l i e  c y l i n d e r  ? ? r e ? s u r e  a t  t h e  t i m e  of  e x h a u s t -  
v e l v e  o ~ e n i n q  v a r i e s  o n l y  s l i g h t l y  w i t h  a l t i t u d e  ; however ,  
t:ie r e d u c t i o n  i n  a t n o s ; h e r i c  i 2 re s su re  w i t h  a i t i t u d e  c a u s e s  
a h i g h e r  exlJansion r a t i o  f o r  t h e  d i s c h a r ~ e  f r o n  t h e  
c y l i n d e r  a n d  a y r e a t e r  c o n v e r s i q n  of ? o t e n t i a l  e n e r q y  t o  
k i n e t i c  ene r<y  i n  t h e  ?as s t r e a m .  

R e f e r e n c e  3 y i v e s  t h e  e x h a u s t - ? a s  t h r u s t  measu red  a t  
s e n  l e v e l  on a P r a t t  & Vbit:~e;? 1340H ep- ; ine  a i t h  i n d i ~ i d u -  
a1 u n r e s t r i c t e d  s t a c k s  ( a r e a  4 .2  sq i n . ) .  A t  f u l l - o p e n  
t h r o t t l e  ( 5 7 . 5  i n .  Bq i a i e t  3 a . n i f o l d  p r e s s u r e ) ,  a t h r u s t  
o f  0 .1  pound p e r  b r a k e  Zorsegomor w a s  o b t a i r e d .  U s i n g  
t h i s  v a l u e  f o r  t k r u s t ,  a p o i n t  i s  Xocs ted  on f i g u r e  7 ( a )  
a t  a oower corres13onding t o  a m a n i f o l d  g r e s s u r e  of  37.5 
i n c h e s  3% f o r  t h e  R-1850. T h i s  p o i n t  f a l l s  below t h e  
c u r v e s  f o r  t h e  k i s h e r  ~ ~ l t i t u d e s  as  m i ~ ; 3 t  5 e  e x p e c t e d ,  a n d  
i n d i c a t e s  t h a t  t h e  a c t u a l  t h r u s t  of t b c  exhaust s t a c k s  con- 
s t i t u t e s  t h z  l a r y e s t  p a r t  of  t h o  a p p a r e n t  t h r u s t .  



Fi:;are 7 ( b )  shovs  t h e  e x h a u s t - g a s  t h r u s t  p e r  s l u g  p e r  
s e c o n d  of  e x h a u s t  rz;a.s ob ta ined .  i n  t h e s e  t e s t s  compared wf.th 
t h e o r e t f c z l  v a l u e s  o b t a i n e d  from r e f e r e n c e  4 .  A v a l u e  ob- 
t a i n c d  from t h e  s t a t i c - t h r u s t  t e s t s  on t h e  P r a t t  8 T h i t n e p  
1340E e n y i n e  ( r e f e r e n c e  3.), i s  a l s o  shown. The t h e o r e t -  
i c a l  v a l u e s  r e p r e s e n t  t 3 e  t h r u s t  o b t a i n e d  when t h e  e x h a u s t  
5 2 s  i s  d l s c h s r g e d  d f r e c t l y  f r o n  t h e  c y l i n d e r  t h r o u g h  a con- 
voxSin% n o z z l e ,  and  t h e r e f o r e  do n o t  c o n t a i n  t h e  u s u a l  e n -  
crTy l o s s e s  n t  t h e  >ends  a n d  a r e a  c h a n s e s  i n  t h e  ex? iaus t  
p a s s a g e .  Tbe expe r imen ta l .  v a l u e s  a i l 1  p r o b a b l y  a p p r o a c h  
t h e  t h e o r e t i c n l  v a l u e s  a s  t h e  I -o s ses  i m  t h e  e x h a u s t  p o r t  
a r e  r educed .  S e c 2 u s e  of t h e  ' b e l i e f  t h a t  t h e s e  l o s s e s  i n  
t h e  ? r e s e n t  e x h a u s t  r o r t  a r e  h i g h ,  a l a r g e r  d i f f e r e n c e  be- 
t v 9 e n  t h e  t h e o s e t i c 3 , l  and  e x a o r i m e n t z l  t h r u s t  t h a n  i s  shown 
i n  f i 5 u r e  7 ( b )  wzs o x p e c t c d .  Tha t  s l a r ~ e r  d i f f e r e n c e  wus 
no: o b t ~ i l n e d ,  neg be e x p l a i n e d  by t h e  r a c t  t h c t  t h e  r e a s -  
u r o d  cxh3 .us t - th rus t  v a l u e s  c o n t a i n  t h e  d f f f o r e n c e  i n  dr2-9 
o f  t h e  e x h a u s t  s t a c k s ,  I t  i:: of  i n t e r e s t  t o  a o t e  t h a t  t h e  
a v e r s q c  alnparent  j e t  v e l o c i t i c s  a r c  i n  t h e  v i c i n i t y  of t:le 
v e l o c i t y  of sound  in exh,?ust  a5 2200" F n b s o l u t c ,  which 
i s  ap:3"roxinztcly 2200  f e c t  p e T  sccond.. 

Tho incrc :~ , se  i r  ex!inust t h r u s t  wi5h r e a u c t i o n  i n  es- 
h : ~ u c t - ~ s i t  a r e a  g o t e h  in f i y u r e  7 ( 3 ) ,  m n y  3s c x p l c i n c d  as 
f  01-lows : 

T h o  h i y h  p r e s s u r e  i i ~  t h e  c y l i a 2 . c r  ct t 5 o  t i m e  t h e  ex- 
h a u s t  v n l v o s  opcn ,  y e 2 r c s e 2 t s  :% l z r g e  smount of - p o t e n t i z l  
o n e r q g .  T h i s  p o t e n t i a l  e n e r 5 y  i s  c o n v c s t e d  i n t o  k i n e t i c  
2nd  t h e r n a l  e c e r 9 y  n s  t h e  g z s  d i s c h a r g e s  t b r o u q h  t h o  ex- 
~ ' L U S ~  s ~ r s t  em t o  2 . tmospber ic  ~ ~ ~ e s s - u - ~ e .  Thc . ; r en t e r  t h e  e f -  
f i c i e n c : ~  of t h e  d2schnrqo  p r o c e s s ,  t h e  ZnrJ;ei- t h e  conve r -  
s i o n  of " o t e i l t i s l  e n e r ~ p  i n t o  k i n e t i c  e n e r q r ,  and t h e  
";renter i s  t h e  t ' ? rus t  o f  t h e  exh:.,ust ~ 3 s .  S o n s i d c r n b l e  
l o s s  o l  l r i n c t i c  o n o r ~ y  o c c u r s  in t h e  i r r e q u l n r  e x 5 n u s t  
j3zssa4;e -betvieen t h o  e x h c u s t  v r i v o  p.na e x h a u s t - v ~ l v e  s e a t .  
nz6 i r  + h e  c x h n u s t  p o r t  I n  t h e  c - r l i n d 2 r  hcad .  Then t h e  
a r e 2  n t  t h c  c ~ h , ~ ~ u s t - s t : t c k  e x i t  i s  r e d u c c d ,  t h e  v e l o c i t y  
throu:h t h e  e x h ~ i u s t  v z l v e  quad ex:l?ust 7 o r t  i s  d e c r c a s e d  
: ~ i t h  2 r e d u c t i o n  cf t ' ia  l o s s  of k i n e t i c  c n e r g y  a t  t h e  
V - l v e .  T3e n v n i l ? b l c  p c t c x t i  ?ul encr:y i s  more o i ' f i c i c n t l y  
converted i i t  G v \ ? l o  c i  t a  a t  t L e  c x h ~ u s t - s t a c k  e x i t  b e c a u s c  of 
i t s  b e t t e r  s'cngc r,s q. c o z z l e  ? s  coriparcc? m i t h  t'no exLaus t  
1:asscye -?t the ~ : ~ l v c  nzld a n  inc ro r t s ed  t ? ~ r u s t  i s  o b t a i n e d .  

As t k e  s t a c k - e x i t  z r c z  i s  & c c r e a s c d ,  t l ie  t i n e  r e q u i r e d  
f o r  4isch:xrd;e of tk?e c~rl incl tcr  t o  a t n o s p h e r i c  p r e s s u r e  i s  
i n c r o a s c d .  A > o f a t  i s  r e n c ? c d ,  $ 2  rcducin. ;  exlz?,ust-st?.clr- 



e x i t  a r e % ,  where s u f f i c i e n t  t i n e  i s  n o t  a v a i l a b l e  f o r  t h e  
d r o p  of c ; ~ l i n d e r  p r e s s u r e  t o  n t rnosgher ic  axid a l a r g e  
amount 05' r e s i d u a l  gas  i s  t r a ~ ~ j s e d  i n  t h o  c ~ ~ l i n d e r  1.7  t 'ne 
c l o s i n g  of  t h e  ex3ausz  v a l v e  wit3 t h e  r e s u l t  t?ia,t a  l a r D ; e  
d r o p  i n  e n g l n c  ?otvor f o r  a q i v e n  man i fo ld  j?re?s-Lxre occ 'urs .  

A s  f o r  a l a r s e  p a r t  of t h e  d i s c h a r q e ,  p r e s s u r e  r a t i o s  
t h e o r e t i c a l l y  c a p a b l e  of p r o d u c i n ~  s u y e r t p n i c  v e l o c i t i e s  
a r e  i n v o l v e d ,  some improvement i n  t h r u s t  rias r e s u l t  when a  
2 i v e r ~ e : l t  p a s s a g e  i s  a t t a c 3 e d  t o  t h e  n o z z l e .  Bo i ?ensu r -  
a b l e  inprovement  c o u l d  3e  o b t a i n e d  i n  l ~ r e l i a i n a r ~  t e s t s  
v i t h  d i v e r ~ e n t  n o z z l e s  on a  s i n y l e - c y l i n d e r  t e s t  e n q i n s .  
3 ' -u r ther  t e s t s  a . re  p l a n n e d ,  

E f f e c t  of  S e p a r a t e  Exhaus t  Si;a.cks 
on Enyine  O p e r a t i o n  

3'is;ure 8 sho~ms t h e  bmep p l o t t e d  822 , in s t  m a n i f o l d  p r e s -  
s u r e  f o r  t b e  v a r i o u s  e x h ~ u s t  sys t ems .  The es0;ine v n s  
e q u i p p e d  'irit'3. n mzin 'olomer and  a  two-speed. :zu.xiliar;lr . 
b l o s e r .  The c u r v e s  a r e  b roken  where t h e  b l o v e r  c o n d i t i o n  
i s  c h a n ~ ; e d ,  

The v a l u e s  o f  t h e  e n < i n e  bmep w i t h  t h e  i n d i v i d u a l  
s t a c k s ,  e x i t  a r e a  3 .42  squ-zre i n c ' l e s ,  a r e  s e e n  t o  be 
s l i q h t l y  h i q h e r  t3a.n t h e  v a l u e s  mi tb  t h e  c o l l e c t o r - r i n q ;  
i n s t a l l a t i o n  f o r  a ~ i v z n  i n l e t  maaif  o l d  p r e s s u r e .  T h i s  
i n d i c a t e s  l e s s  r $ 2 s i s t : ~ n c e  t o  d i s c h a r < e  o f  t 5 e  exhnus t  qas 
o r  a r s d u c t i o a  i n  e f f e c t i v e  e x h a u s t  bnclr p r e s s u r e  f o r  t h c  
i n d i v i 9 u a l  s t a c k s  a s  compared w i t h  t h e  c o l l e c t o r  r ino;.  
T h i s  r e s u l t  may b r  e x g e c t e d  a s  t h e  s r e s s u r e  LC t%.~ c o l l e c -  
t o r  r i i iq  i s  sose~v:lnt g r e a t e r  t h z n  a t m o s p h e r i c .  The marked 
r e d u c t i o n  i n  bmep wit3 t h e  r e d u c t i o n  i n   tack-exit a r e a  t o  
1 .77 s q u a r e  i n c h e s  i s  n o t e d .  I t  s h o u l d  be p o i n t e d  o u t ,  
h o m e v e r ,  t h a t  t h o  e n 5 i n e  i n s t s l l n t i o n  vra,s n o t  d e s i $ n e d  
m i t l ?  e x h a u s t  t h r u s t  i n  mind ,  P-nd i n  o r d e r  t o  a v o i d  ob- 
s t r u c t i o n s  a c d  f i z td  opon inys  f o r  t h e  e x 3 z u s t  p i p e s ,  s ' h r p  
b e c d s  i n  t h e  p i p e s  were r e q u i r e d .  The n o z z l e s  were r e l i t -  
ed  t o  t h e  e x a r u s t  s t a c k s  sad a r i d g e  of r e l d  e x t e n d e d  i n t o  
t h e  pi-.;e. Then t h e s e  o b s t r n c t i o n s  a r e  removed a a d  when 
t h e  e x h ~ u s t  p o r t  i n  t h e  c ~ ~ l l n d e r  i s  d e s i g n e d  f o r  3 e t t e r  
f l o w ,  i t  w i l l  3e  ; ~ e r m i ~ s i b l e  t o  have ?lore restriction i n  
t h e  a r e a  a t  t'ze e x i t  05  t 3 e  e x h a u s t  s t a c k s  t h ~ n  a,t p r e s e n t ,  
n i t h  :lo l o s s  i n  maximun e a g i n e  gower ard a q a i n  i n  t h r u s t .  

Fig;;ure 9 sil-ovvs t h e  'izead t e m p e r a t u r e s  measured. on t h e  
r e a r  s p a r k - g l u r  q n s k e t  c f  110. 5 c j r l i i i de r  f o r  t h e  t h r e e  ex- 



h a u s t  c o n d i t i o n s .  The Yead t e m p e r a t u r e s  mere s l i ? h t l y  
l o v e r  f o r  t h e  i n d i v i d u a l  s t a c k s  w i t h  3.42-square- inch-  
e x i t  a r e a s  t h a n  f o r  t h e  c o l l e c t o r  r i n g ,  a q a i n  i n d i c a t i n ?  
s l i g h t l y  l e s s  e x h a u s t  back p r e s s u r e .  Tke r e d u c t i o n  of t h e  
e x i t  a r e a  t o  1 .77  s q u a r e  inc ' les  caused  an a p p r e c i a b l e  i n -  
c r e a  s e  i n  c y l i n d e r - h e a d  t e m p e r a t u r e s .  A L i  t e m p e r a t u r e s ,  
however ,  were n e l l  belom t h e  p e r m i s s i b l e  c r u i s i n g  temper-  
a t u r e  of 450' F .  

From t h e s e  t e s t s  i t  map be concluded t h a t  t h e  e x h a u s t -  
s t a c k  a r e a  of 3.42 s q u a r e  i n c h e s  n e r  c ; ~ l i n d e r  was s a t i s -  
f a c t o r y  i n  t h e  p r e s e n t  c a s e ,  a s  i t  p r o v i d e d  a l a r q e  e x h s u s t -  
9 a s  t h r u s t  ;vi th  no d.ecrease i n  maximum e n e i n e  _no.rver o r  i n -  
c r e e s e  i n  c y l i n d e r  t e m p e r a t u r e s .  The e x i t  a r e a  oT 1.77 
s q u a r e  i n c h e s  canno t  be c o n s i d e r e d  as s a t i s f a c t o r y  f o r  t 3 e  
p r e s e n t  a p p l i c a t i o n  as i t  r educed  t h e  maximum e n e i n e  ?ove r  
and  maximum f l i g h t  speed  w i t h  res13ect t o  t h a t  o b t a i n e d  v i t h  
t h e  3.42-square- inch e x i t s ,  an2- caused  c o n s i d e r a b l e  i n c r e e s e  
i n  c y l i n d e r  t c m p e r n t u r e .  The e f f i c i e n c y  was g r e a t e r  f o r  t h e  
1 .77 - squa re - inch-ex i t  a r e a  th?,n f o r  t h e  3.42-square- inch-  
e x i t  a r e a ,  a s  il, h i ~ h e r  ~ i r p l a a e  v e l o c i t a  was o b t a i n e d  f o r  a 
g iT?ec  b r z k e  horsepower.  P o s s i b l g  some i n t e r n e d i a t e  e x i t  
a r e a  ~ v o u l d  ~ i v e  t h c  rraximum performance.  

C O  Cont3minatiox-i of t k z  Cockpit  a n &  
E x h a u s t - F l a z s  Ti s i b i l i t g  

T e s t s  were mafie s i t h  t h e  i n d i v i d u - z l  s t s c k  i n s t a l l a -  
t i o n ,  e x i t  a r e a  3.42 s q u a r e  i n c h e s ,  a t  a number of f l i g k t  
c o n d i t i o n s  a i t h  n G G  m e t e r  5n t h c  c o c k p i t .  The f o l l o w -  
i n g  c o n c e n t r a t i o n s  of G O  r e r e  n e a s u r e 8 .  

I. Hi=h-speed l e v e l  f l i g h t ,  3n-inch H? m a n i f o l d  
p r e s s u r e ,  2430 rpm, co:vl f l a p s  o n e - t h i r d  open a t  10 ,000  
f e e t  z l t f t u d e .  

Lower r i g h t  s i d e  of cocBpZt - 0.005 p e r c e n t  C O  

Lower l e ? t  s i d e  of c o c k p i t  - O.Gl5 p e r c e n t  C O  

. A t  t3-e 2 i l o t ' s  fr ,cc - 0.30E3 - 0.0375 p e r c e n t  C O  

2. I n  c l imb  n t  2 a  I n d i c = t e d  c i r  s2eecl. of 1 5 0  c i l o s  
p e r  h o u r ,  30-inch Eg m a n i f o l d  p r e s s u r e ,  2400 r p n ,  cowl 
f l a p s  wide open. 

Lover r i g h t  s i d e  of c o c k p i t  - C.0050 p e r c e n t  C O  



Lone? l e f t  s i d e  of cockl2it  - 0.0175 p e r c e n t  G O  

A t  t h e  p i l o t ' s  f a c e  - 0.02  p e r c e n t  SO 

3 ,  i n  a g l i d e  n i t 3  t h e  c o c k p i t  cove r  open ,  1 0 - i n c 3  
Hg manif o l d  p r e s s u r e .  

Grow ( r e f e r e n c e  4 )  h a s  recommended t h a t  0.Q05 p e r c e n t  
C O  be s g e c i f i e d  as  t 3 e  maximum a l l o m a b l e  c c n c e n t r a f i o n .  
A l t 3 o u g h  a i l  t h e  measured G O  c o n c e n t r a 5 i o n s  exceed-ed t 3 e  
v a l u e  o f  0.305 p e r c e n t ,  i t  i s  r e a s o n a b l e  t o  exTect  t h a t  
vr i th  b e t t e r  i n s u l z t i o n  a < a i n s =  e x h a u s t  y a s  a n d  by v e n t i l a -  
t i o n  o f  t h e  c o c k c i t  i v i t h  n n c o n t a n i c a t e d  a i r ,  t i i s  condi -  
t i o n  can  be remedied .  

3To d e t e r a i n a t i o ~  was ~ a d e  of t L e  G O  c o s c e n t r a t i o n s  
w i t h  t h e  exha-ast  c o l l e c t o r - r i n s  i n s : p , l l a t i o n ,  so t h a t  no 
c o l c l u s i o n  can be q fven  n i t h  r e q a r d  t o  v h e t h c r  cont2mina- 
t i o n  of t h e  c o c k p i t  n a s  ~ , ~ - o r s e  r , i t h  i nd i . r i c?ua l  e t s c k s .  

The i n t e n s i t y  of t h e  e x h a u s t  n o i s e  ~ f i t h  i n d i v i d u a l  
s t a c k s  s e e n e d  o r l r  s l i ~ h t l p  < r e 2 t e r  t h e n  t h a t  of t h e  c o l -  
l e c t o r  r i n g  j u t  t h e  disc:qarges  r e r e  o h a r c e r  2nd ~ o r s  an- 
o n .  The e l e c t r i c a l  i n t e r f e r e n c e  on t h e  r,-<Cio v a s  a l s o  
Y r e a t e r  n i t h  t L e  i n d i v i d u ~ ~ l  s t ~ c k s  t b c n  w i t 2  t h e  c o l l e c t o r  
r i n q .  T3.e c a u s e  of t h i s  i n t e r f e r e n c e  hcs r o t  been d e t e r -  
a i aed i .  

3 
The t e s t s  h e r e i n  describ$f",,were nat5e r i t k  t i e  Lndi- 

v i + u a l  s t a c k s  ex t end in :  Lnto t i e  e i r  s t r e a ~  and  t h e  ex- 
h a u s t  d i r e c t e d  2.t a n  a n g l e  of 30' r e l a t i v e  t o  t h e  f u s e -  
l a s e  a x i s ,  ( S e e  Ii<s. 2 and  4 . )  B f t h  t 3 i s  a r r a n q e n c n t ,  
i t  i s  b e l i e v e d  t h a t  r o  e x c e s s i v e  > e a t i n g  of t h e  f u s e i a ~ e  
o c c u r r e d .  The e x h a u s t  s t a c k s  TTere l a t e r  c u t  Sack  i n t o  t h e  
coml inq  so t3at t h e y  d i d  n o t  e x t e n d  i n t o  t h e  a l r  s t r e a m ,  
a n &  e groxnd  t e s t  was made w i t h  s e v e r a l  t e m p e r a t u r e -  
s e n s i t i v e  ; 2a fn t s  zp i3 l ied  t o  t h o  f u s e l a ~ $ e  i a z e d i a t e l y  be- 
h i n d  t h e  exhau- s t - s t ack  e x i t .  The t e s t s  f n d i c a t e d  t h a t  9n -  
n o d i a t e l p  b e h i n d  t h e  ex;%zust s t c c k s  t h e  t c s p e r 3 , t u r c  on 
p o r t i o n s  of  t h e  s t n i r l e s s - s t a n i  b a l k h e a d  on t h e  n o s e  of 
t h e  f u s e i r g e  n n s  abcvc  37g0 7. P o r t i o n s  o f  t h e  d u r z l u n i n  
p a r t s  o f  t h e  f u s e l ~ , g e  b e 2 i n d  s e v e r a l  of  t h c  s t c c k s  were  
a l s o  above  338' F ;  w h e r e a s ,  S e h i n d  t h e  r e m a i n d e r ,  t e r p e r -  - 
a t u r e s  l e s s  t h e n  3380 F were a t t a i n e d . ;  "or  t l i e s e  more 
s t r e a m l i n e d  i n s t a l l a t i o n s ,  t e s t s  s h o u l d  ts made f o r  exces -  
s i v e  h e a t i n ?  of t h e  f u s e l a g e  ar-d s t a i n l e s s - s t e e l  s h i e l d s  



a p p l i e d  a h e r e  n e c e s s a r y .  . A i r p l a n e    re lo cities w i t h  t h i s  
m o d i f i c n t i o n  kave  a o t  bee@ d e t e r n i n e d  as  y e t ,  a l t h o u g h  
f u r t h e r  t e s t s  a r e  p l a n n e d .  

F i ~ u r e  10 s h o n s  a n h o t o 4 r a p b  t a k e n  a t  n i y h t  114th t h e  
e n ~ i n e  o p e r a t i n g  a t  7 0  i n c 2 e s  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  t h e  rn ix ture  c o n t r o l  s e t  i n  t h e  l e a n  c r u i s i n ?  p o s i t i o n .  
I t  v a s  f o u n d  n e c e s s a r y  t o  i y n i t e  a p h o t o - f l a s h  b u l b  t o  
o b t a i n  t i e  o u t l i n e  of t 'ne a i q l a n e  i~ t h e  p i c t u r e .  A t  
f u l l  r i c h  n i x t u r e  t k e  e x h a u s t  d l  s c 5 a r z e  was p r a c t i  c a l l p  
i n v i s i b l e  t o  t h e  eye .  As t h e  n i x t u r e  w a s  leaned.  t 'ne d i s -  
c h a r g e  b r i g h t e n e d  and  t u r c e d  t o  a b l u e  c o l o r .  A t  no t i n e  
was t h e  l i q h t  v e r y  i c t e n s e .  The f l a m e  e x t e n d e d  f o r  a d i s -  

- t a n c e  of e p p r o x i m a t e l y  1 f o o t  from t h e  e x h a u s t  s tac l r .  

D i s c u s s i o n  of Se l>a ra t  e  S t a c k  I n s t a l l a t i o n  

Tn t h e  ? y e s e n t  i n s t a l l a t i o n ,  j e c a u s e  o f  t h e  Lack ol 
s p a c e ?  t h e  e x h a u s t  of f o u r  of t h e  c y l i n d e r s  was c o n n e c t e d  
i r ,  p a i r s .  T'ne t h r u s t  of t h e s e  cyllnCl.ers vras ? r o b a b l y  con- 
s i d e r a 3 l r  l e s s  t h a n  t h a t  of t h e  c s i i r d e r s  p r o v i d e d  w i t h  
s e p a r a t e  e x h a ~ ~ s t  s t a c k s  3eca:lse of  t,>e l o s s  of e n e r g y  a t  
t h e  bend ai:d z t  t h e  sudnen a r e a  en i a rqemen t  a t  t h e  j unc -  
t i o n  of t h e  b r a n c h e d  s t a c k s .  I n s t 2 l l a t i o n s  of t h i s  t y 2 e  
s 3 o u l d  'oe avo2 ded .  If  u:zavoidable ,  onl;. c y l i n d e r s  v i t h  
nono~re r l a~ l3 ix . lq  e x i n u s t - v c l v e  t i m i z g  s h o u l d  be c o n n e c t e d  
t o:ether.  

The f  o l lo tv ing  d i f f e r e n c e s  betweea a s e2ara . t  e  e x h a u s t -  
s t a c k  i n s t a l l a t i o n  a n d  a c o l l e c t o r - r i n ?  i n s t a l i a t i o n  w i t h  
r e g a r d  t o  e x h a u s t  t h r u s t  s h o u l d  be a p p r e c i a t e d .  

I t  i s  r e c a l l e d  t h a t  when a p r e s s u r e  r a t i o  o f  more t h a n  
a ? g r o x i m z t e l g  2 : l  e x i s t s  a c r o s s  a s i m p l e  o r i f i c e  i n  t L e  
c y l i n d e r  w a l l ,  t h e  v e l o c i t y  of d i s c h a r 5 e  of  t h e  exha,ust  
%as t h r o u g h  t h e  o r i f i c e  e q u a l s  t h e  v e l o c i t y  of sound.  I n  
aSLdi t ion ,  t k e  i : ressure  a t  t h e  o r i f i c e  e x i t  i s  q r e a t e r  t h a n  
a t r ? o s p h ~ r i c  znd i s  a p p ~ o x i a a t  e l y  oi ie-half  t h e  p r e s s u r e  i n  
t h e  c y l i n d e r .  T k r u s t  i s  p r o v i d e d  bg t h e  e x c e s s  p r e s s u r e  
above  a t r n o s n i e r i c  a n d  by t b e  momentum of t h e  < a s  a t  t h e  
n o z z l e  e x i t .  I f  a comnound r o z z l e  i s  u s e d ,  c o m p r i s i n g  a 
c o n v e r q e n t  s e c t i o n  P o l l o v e d  by a, p r o p e r l y  d e s i y n e d  d i v e r @  
q e n t  s e c t i o n ,  t h e  p r e s s u r e  a t  t h e  e x i t  n i l 1  be a t n o s p h e r i c  
a n d  t h e  d i s c h a r y e  v e l o c i t ~ r  r ill  j e  g r e a t e r  t h a n  t h a t  of  
sound .  The t h r u s t  o b t a i n e d  i n  t h i s  c a s e  m i l l  be ~ r e a t e r  
t h a r  t h a t  o b t a i n e d  w i t h  t h e  s i m p l e  n o z z l e ,  As t h e  p r e s s u - r e  
i n  t h e  c - r l i n d e r  v a r i e s ,  hornever,  t h e  e x i t  a r e a  of t h e  d i -  



v o r . < e n t  s e c t i o n  must a , lso  be v a r i a b i e  t o  o b t a i n  t h e  maxi- 
mum t h r u s t .  

The e x h a u s t  p a a s a g e  E I , ~  t h e  convent ion2 , l  e x h a u s t  v a l v e  
mag be p i c t u r e d  a s  a s i m p l e  n o z z l e .  A t  3 i g h  bmep t h e  prea-  
s u r e  i n  $he c y l i n d e r  a t  t h e  t i m e  t h e  e x h a u s t  v a l v e  o p e n s  
i s  < r e s t e r  t h a n  L O O  pounds p e r  s q u a r e  i n c h .  V i t h  a n  etmos- 
p h e r i c  p r e s s u r e  of 7 ~ o u n d s  p e r  s q u a r e  i n c h  ( a ; ~ p r o x i m a t e l g  
20 ,000  f e e t  a l t i t u d e ) ,  t h e  v e l o c i t y  t h r o u s h  t h e  v a l v e  w i l l  
b e  of  t h e  o r d e r  of t h a t  of' sound  d u r i n g  t h e  t i m e  o f  reduc-  
t i o n  of t h e  p r e s s u r e  from above  100  pounds p e r  s q u a r e  i n c h  
t o  nbou t  14 3ounds  p e r  sa+ua,re i n c h .  s t h e m a . i . . a s ~ , / r - s - * .  
t i o n  ,I.-,I__ of _ t h e  e x h a u s t  %as i s d i  schar3"emd t th r -~u_~h< .  thg, c,vr?&&rt~9y.. 
~viFTi a +Zo?cZtp' of  a p p r o x i m i t  61;. 2290 f e e t  pe r?  _second ( the*  
v'Fs*L*~-eF*g~~nd. i n  exhaus! j a g  _ a t  22,?04__E: wal~so$t 4, An 
e x  - ' I I ~ - - & s  ;, b @ v e l o $ e d  a t  t h e  e x i t  r ~ h i c h  i s  c o n v e r t -  
e d  i n t o  i nc rea , s ed  v e l o c i t y  i n  a c c o r d a n c e  m i t h  t h e  lam t h a t  
f o r c e  i s  e q u a l  t o  r a t e  of c h a 2 ~ e  i n  momentum. I n  t h e  usu-  
a l  c o l l e c t o r - r i n g  i n s t a l l a t i o n ,  t h e  l a r T e s t  ?ar t  o f  t h e  
v e l o c i t y  q e n e r a t e d  bg t h e  c y l i n d e r  p r e s s u r e  i s  l o s t  i n  t h e  
s h a r p  bends  a n d  sudden e n l a r q e m e n t s  i n  p i p e  a r e a  i n h e r e n t  
i n  e x h a u s t  s y s t e m s  of t 3 i s  t y p e .  To r e g e n e r a t e  a - r e l o c i t y  
e q u a l  t o  tb .a t  of  soimd,  f o r  example ,  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 ~ ,  i t  would be n e c e s s a r g  t o  i n s t a l l  a n o z z l e  
p r o v i d i n g  a n r e s s u r e  i n  t h e  c o l l e c t o r  r i n g  t n i c e  a tmos-  
p h e r i c  v i t h  a v e r y  a p p r e c i a b l e  l o s s  i n  e n g i n e  p o v e r .  The 
i m : ? o s s i b i i i t z  of a q a i n  p r o v i d i n g  t h e  t h r u s t  f rom t h e  e x i t  
of a collector rZn$ v h i c h  mas p r o v i d e d  by t h e  c y l i n d e r  
p r e s s u r e  vr i thout  c o n s i d e r ~ ~ b l c  l o s s  i n  e n g i n e  power,  i s  a?- 
p a r e n t .  The i n a d v i s a b i l i t y  n i t b  r c g z r d  t o  e x h a u s t  t h r u s t  
o f  c o n l e c t i n g  a number of c y l i n d e r s  t o  a  comnon m a n i f o l d ,  
i s  a l s o  a p p a r e e t .  

A i i ozz l e  on t'.e end. of an infii-csid-ixal e x h a u s t  s t a c k  
d i f f e r s  f rom z. n o z z l e  on t h e  end of a c o i l e c t o r  rLn5 i n  
i t s  e f f e c t  on e n g i n e  power. I n  t h o  f o r n e r  c a s e ,  n l t h o u 3 3  
t h e  r o z z l e  r e s t r i c t s  t h e  f l o w ,  t 3 e  a y l i ~ d e r  p r e s s u r e  c a r  
d i s c h a r g e  t o  a t m o s p k e r i c  p r e s s u r e  if suf  f i c i c n t  t i n e  i s  
a v z i l a b l e .  A n o z z l e  on a c o l i e c t o r + r i c ~  e x i t  i n c r e a s e s  
t h e  v e l o c i t y  of d i s c h a r y e  a t  t h e  expense  o f  a c o n s t a n t  i n -  
c r e a s e d  g r e s s u r e  i n  t h e  c o l l e c t o r  r i n g ,  a n d  t h o  c y l i n d e r  
p r e s s u r e  c a 3  C i s c h a r g e  o n l y  t o  c o i l e c t o r - r i n q  p r e s s u - r e .  

The g u i d i n ~  2 r i n c i p l e  i n  o b t a i n i n g  e x h a u s t - ? a s  t h r u - s t  
n i t h  naximum e f f i c i e n c y  i s  t o  c o n v e r t  as  much as p o s s i b l e  
of t h e  a a s t e  p r e s s u r e  i n  t h e  c y l i 3 d e r  50 v e l o c i t x  of d i n -  
c h a r g e .  To t h i s  e n d ,  t h e  e x h a u s t  sys tem s h o u l d  be d e s i g n c d  ." * t r l t b  as  few bcnds  and su6den a r e a  e n l ~ v r ~ e r c e n E s  a s  p o s s 5 b l e .  



N e c c s s a r a  l e n d s  s h o u l d  be ~ r s d u a l  and f o l l o m e d  by a s t r a i g h t  
n o r t i o n  o f  p i p e  e x t e n d i n ?  r e a r w a r d  as  n e a r l y  p a r a l l e l  t o  
t h e  6 i r e c t i o n  of f l i g h t  s s  p o s s i b l e .  

COXCLUS IONS 

The  f o l l o v i n ~  c o n c l u s i o n s  xay 3e d r a m  f o r  t h e  a i r -  
p l a n e  u s e d  i n  t h e s e  t e s t s :  

( 1 )  I n c r e a s e s  i n  naxinum speeO of  1 3 ,  1 5 ,  and  1 8  ' 
I 

m i l e s  p e r  hopr  a t  1 0 , 0 0 0 ,  1 7 , 0 0 0 ,  and 20 ,000 f e e t  a l t i t u d e ,  
r e s p e c t i v e l y ,  n e r e  o b t a i n e d .  w i t h  i n d i v i f i u e l  s t a c k s  f o r  
e a c h  c y l i c d e r  d i s c h a r $ i n $  r e a r v a r d l y  a s  com?ared 7 2 t h  t h e  
c o l l e c t o r - r i n g  i n s t a l l a t i o n ,  

(2) O f  t h e  two s e t s  of s t a c k s  t e s t e d ,  t k e  s t a c k s  
h a v i n g  e x i t  a r e a s  of  3.42 s q u a r e  i n c h e s  n e r  c y l i n d e r ,  n e r e  
b e t t e r  t h a n  t h e  s t a c k s  h a v i n g  e x i t  a r e a s  of 1.77 s q u a r e  
i n c h e s ,  i n  t3at t h e  maximum speeds  T e r e  s l i ~ ; h t l g  h i g h e r  
a n d  t h e  c y l i n d e r  t e m p e r a t u r e s  a e r e  c o n s i d e r a b l y  l o v e r  m i t h  
t h e  l a r g e r  e x i t  a r e a s .  Tke c y l i n d e r  t e m p e r a t u r e s  m i t h  t h e  
s t a c k s  hav iaq  t h e . i s r g e r  e x i t  a r e a s  n e r e  s l i < h t l y  l e s s  t h a n  
t h e  t e m ? e r a t u r e s  f o r  t h e  c o l l e c t o r - r i n g  i a s t a l l a t l o n  a t  t h e  
same e n z i n e  ?one r ,  

( 3 )  F o r  an  i c l e t  nanifoLC p r e s s u r e  of 44 i n c k e s  Hg 
a t  20 ,000 f e e t  a l t f t u d e  (160 3.3 o e r  sq  i n .  bmep) a t  2550 
rpm, no l o s s  i n  9 o ~ e r  was e x p e r i e n c e d  xvith t 3 e  s t c c k s  3av- 
i n 9  e x i t  a r e a s  of 3.42 s q u a r e  i n c h e s  p e r  c y l i n d e r .  V i t h  
k a l f  t h i s  e x i t  a r e a  f o r  10  of t h e  1 4  c y l i n d e r s ,  a p n r o u i -  
m a t e l y  8 -pe rcen t  l o s s  i n  paver Tvas e x p e ~ i e n c e d -  a t  t h e  szme , 

c-:%ine speed  and  i n l e t  m a n i l o i d  F r e s  s u r e .  

( 4 )  Exhaus t  v i s i 3 i l i t : r  n a s  quit.. !.ow, maximxxm v i s i - .  
b i l i t : ~  o c c u r r i n g  i n  t h e  l e a n - ~ i x t u r e  r a r g e .  I n  t h e  r i c h -  
m i x t u r e  r anqe  t h e  e x h a u s t  f l ame  ~ 2 , s  p r a . c t i c a l l y  i n v i s i b l e .  

Lang ley  Yemoriai  A e r o n a u t i c a l  L a b o r a t o r y ,  
E a t i o n a l  d d v i s o r ; ~  Go9mtt tee f o r  A c r o n s u t i c s ,  

L a r ~ l e y  F i e l d ,  V a .  
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Figure 5.- Power-speed 
characteristics 
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Figure 9?* Effect of exhaust restriction 
on engine temperature. 






