


ENGINE OPERATION IX FLIGHT FOR I,fINIIiUM FUEL CONSUMPTION 

By J. George R e u t e r  

Engine and a i r p l a n e  per formance  d a t a  have been g a t h -  
e r e d  from v a r i o u s  s o u r c e s  and  a n a l y z e d  t o  d e t e r m i n e  i n d i -  
c a t i o n s  of  t h e  most economica l  methods of f l i g h t  o p e r a -  
t i o n  from a c o n s i d e r a t i o n  of f u e l  e x p e n d i t u r e .  The a n a l y -  
s i s  i n c l u d e s  t h e  i n f l u e n c e  of such  f a c t o r s  a s  f u e l - a i r  
r a t i o ,  e n g i n e  s p e e d ,  e n g i n e  knock,  a l t i t u d e ,  c y l i n d e r  
c o o l i n g ,  s p a r k  t i m i n g ,  a n d  l i m i t s  of  c r u i s i n g  b r a k e  mean 
e f f e c t i v e  p r e s s u r e .  . 

The r e s u l t s  i n d i c a t e  t h a t  t h e  c h e a p e s t  power i s  ob- 
t a i n e d  w i t h  a p p r o x i m a t e l y  c o r r e c t  m i x t u r e  a t  low e n g i n e  
speed  and  h i g h e s t  p e r m i s s i  b l e  m a n i f o l d  p r e s s u r e .  I f  more 
power i s  d e s i r e d ,  t h e  methods of o b t a i n i n g  i t  a r e ,  i n  o r -  
d e r  of f u e l  economy: ( a )  I n c r e a s i n g  t h e  e n g i n e  s p e e d  and  
m a i n t a i n i n g  s a f e  c y l i n d e r  t e m p e r a t u r e s  by c o o l i n g ;  ( b )  
r e t a r d i n g  t h e  s p a r k  o r  c o o l i n g  f u r t h e r  t o  p e r m i t  h i g h e r  
m a n i f o l d  p r e s s u r e ;  and  ( c )  r i c h i n g  t h e  m i x t u r e .  

The a n a l y s i s  f u r t h e r  shows t h a t  t h e  naximum t i m e  en- 
d u r a n c e  of f l i ~ h t  o c c u r s  a t  t h e  a i r  s p e e d  c o r r e s p o n d i n g  
t o  minimum t h r u s t  ho r sesower  r e q u i r e d  and w i t h  minimum 
p r a c t i c a b l e  e n g i n e  speed .  Maximum mi leaPe  p e r  pound of 
f u e l ' i s  o b t a i n e d  a t  s l i g h t l y  h i g h e r  a i r  speed .  The f u e l -  
a i r  r a t i o  s h o u l d  be a p p r o x i m a t e l y  t h e  t h e o r e t i c a l l y  c o r -  
r e c t  r a t i o  i n  b o t h  c a s e s .  F o r  an e n g i n e  equipped w i t h  a 
g e a r e d  s u p e r c h a r g e r ,  a s  i n  t h e  example p r e s e n t e d ,  and  w i t h  
knock as  t h e  l i m i t i n g  c o n d i t i o n ,  a  comparison of o p e r a t i o n  s x  

a t  s e a  l e v e l  and  a t  6 ,000 f e e t  shows f l i g h t  a t  a l t i t u d e  t o  
be  more economica l  on t h e  b a s i s  of b o t h  r a n g e  and  endur-  
ance .  

INTRODUCTION 

The p r e s e n t - d a y  r e q u i r e m e n t s  of l e n g t h  and endurance  
of  f l i g h t  have made f u e l  economy a s u b j e c t  of c d n s i d e r a b l e  
i m p o r t a n c e  i n  b o t h  m i l i t a r y  and commercial  s e r v i c e .  A 



g r e a t  d e a l  of d i s c u s s i o n  of t k i s  s u b j e c t  h a s  a p p e a r e d  from 
t i m e  t o  t i n c ;  i n  such  d i s c . u s s i o n ,  t 3 e  p r o b l e n  I s  t r e a t e d  
m a i n l y  from t h e  s t a n d p o i n t  of t h e  m a n u f a c t u r e r  and  t h e  de- 
t a i l s  of f l i g h t  o p e r a a t i o n  a r e  c o n s i d e r e d  t o  be more o r  l e s s  
s e c o n d a r y  and i n c i d e n t a l .  A l a r < e  p a r t  of t h i s  p roblem may 
be s o l v e d  i n  t h e  a i r c r a f t  f a c t o r y ;  y e t ,  w i t h  a  wel l -c ies iqned  
a i r p l < - ~ n e  and. e n g i n e ,  muck of f u e l  c o s t  l i e s  w i t h i n  t h e  con- 
t r o l  of t h e  p i l o t ,  who h a s  a t  h i  s command v a r i o n s  means of 
power c o n t r o l  a n d  knock s u 2 p r e s s i o n  e a c h  of wkich imposes  
i t s  own e x p e n d i t u r e  of f u e l .  As t h e  power r e q u i r e m e n t s  i n  
f l i ~ h t  a r e  i n c r e a s e d ,  c e r t a i n  s a c r i f i c e s  i n  f u e l  economy 
must be made i n  o r d e r  t h a t  t h e  h a z a r d s  of  knock a n d  exces -  
s i v e  e n s i n e  t e m p e r a t u r e s  a n d  p r e s s u r e s  may be  a v o i d e d .  
Common methods o r  s a f e g u a r d i n g  t h e  e n q i n e  from t h e s e  haz-  
a r d s  a r e  t h r o t t l i n g  and  r i c h i n q  t h e  m i x t u r e .  O t h e r  n e t h o d s ,  
l e s s  commonly use6.,  a r e  e n g i n e  c o o l i n q  a n d  s p a r k  c o n t r o l .  
The i n f l u e n c e  of each of t h e s e  f a c t o r s  on f u e l  economy i s  
a  m a t t e r  of  common knowledqe,  b u t  t h e  r e l a t i v e  rnasn i tudes  
have  a p p a r e n t l y  n o t  been g e a e r a ' l y  a p p r e c i 2 t e d .  The p u r -  
p o s e  of t h e  p r e s e n t  p a p e r  i s  t o  : ) r e sen t  a q u a n t i t a t i v e  a n a l -  
y s i s  of  t h e  r e l a t i v e  e f f e c t s  on f u e l  consun;pt ion of t h e s e  
v a r i o u s  methods of s a f e g u a r d i n ?  t h e  e n z i n e  i n  f l i q h t .  

The a i r p l a n e  chosen  f o r  t 3 i s  ana1ys i . s  i s  a M a r t i n  
XB-LO equ ipped  w i t h  two T r i q h t  2-1820-G e n q i n e s ,  e a c h  de- 
v e l o p i n g  850 h o r s e ~ o w e r  a t  2 , 1 0 0  r.p.m. a t  s e a  l e v e l .  Be- 
c a u s e  of t h e  l a c k  of I ~ n o c k  d a t a  on t h e  R-1823-G e n s i n e  o r  
on o t h e r  e n S i n e s  of  t h e  s a n e  t y p e ,  t h e  d a t a  on t h e  v a r i a -  
t i o n  o f  maximum p e r m i s s i b l e  m a n i f o l d  p r e s s u r e  ( a s  l i m i t e d  
by k n o a k )  w i t h  e n g i n e  conditions were  o b t a i n e d  from t e s t s  
on s i n g l e - c y l i n d e r ,  l i q u i d - c o o l e d  t e s t  e n g i n e s  ( r e f e r e n c e s  
1, 2 ,  and  3 ) .  These  d a t a ,  w i t h  t h e  e x c e p t i o n  of t h o s e  of 
r e f e r e n c e  3 ,  were  c o r r e c t e d  t o  t h e  compres s ion  r a t i o  ( 6 . 4 5 )  
of t h e  2-1820-G e n g i n e  b ; ~  a metliod p r o ? o s e d  by B o t h r o c k  
( r e f e r e n c e  1) a n d  i n c o r p o r a t e d  tvi th  t h e  B - 1 8 2 3 4  c z l i b r a t i o n  
d a t a .  The e f f e c t  o f  t e n p e r a t u r e  r i s e  a c r o s s  t h e  s u p e r -  
c h a r g e r  was inc luded . '  A Z t h o u ~ h  t h e  p r o c e d u r e  of a p p l y i n g  
s inq le -c : ? l i ndc r  d a t a  t o  t h e  m u l t i c y l i n d e r  eng rne  mag be d, 
q u e s t i o n a b l e  f rom a q u a i i t i t a t i v e  p o i n t  of v iew,  t h e  t r e n d s  
s h o u l d  be fundamen ta l  t o  a l l  e n s i n e s  of t 5 e  q s n e r a l  t y p e  
b e i n q  c o n s i d e r e d .  S p e c i f i c  fuel-consump Lion v a l u e s  f o r  j 

a l l  m a n i f o l d  p r e s s u r e s  and  e n g i n e  s g e e d s  mere d e t e r m i n e d  
w 

b~ n method s u 2 q e s t e d  by Schey  3nd C lx rk  i n  r e f e r e n c e  4 .  
C o n v e r s i o n s  of horsepower  t o  a i r  s?eed  were  iflade on t h e  
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b a s i s  of p r o p e l l e r  t e s t s  by Biermann a n d  Hartman ( r e f e r -  
e n c e  5 )  and  of c h a r t s  published by Veick  i n  r e f e r e n c e  6 .  

. - Curves  i n v o l v i u $  c y l i n d e r  t e m p e r n t u r o s  and  e n s i n e  c o o l i n g  
were  computed f rom c u r v e s  p r e s e n t e d  i n  r e f e r e n c e  7, i n  
v h i c h  p a r a m e t e r s  mere der ived .  i n  c o o l i n g  t e s t s  of a Wright  
1820-G c y l i n d e r .  

AXALYSIS A N D  DISCUSSION 

F a c t o r s  A f f e c t i n g  Power L i m i t a t i o n s  

Imposed by Eng ine  Knock 

F u e l - a i r  r a t i . 0 , -  The e f f e c t  of f u e l - a i r  r a t i o  on t h e  
s p e c i f i c  f u e l  consu-mption of an 1820-C s i n g l e - c y l i n d e r  
t e s t  u n i t  i s  shown i n  f i g u r e  l ( a ) ,  which was t a k e n  from 
r e f e r e n c e  4 .  The s g e c i f i c  f u e l  consumpt ion  i n c r e a s e s  n i t h  
t h e  m i x t u r e  s t r e n q t h  from i t s  minimum v a l u e  a t  a f u e l - s i r  
r a t i o  of 0 .065 t o  a  v a l u e  6 3  p e r c e n t  h i i h e r  a t  a f u e l - a i r  
r a t i o  of 0 .19 .  U n f o r t u n a t e l y ,  t h e  m i x t y r e  t h a t  g i v e s  t h e  
b e s t  s p e c i f i c  economy a l s o  p r o d u c e s  h i g h  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 s  shown i n  f i g u r e  l ( b )  f o r  b o t h  c o n s t a n t  
power and  c o n s t a n t  t h r o t t l e .  These  c y l i n d e r - h e a d  tempera-  
t u r e s  were computed from e q u a t i o n s  p r e s e n t e d  i n  r e f e r e n c e  
7 f o r  t i e  1 8 2 0 4  c ; i l inder .  T i s u r e  l ( c ) ,  which was t a k e n  
f rom r e f e r e n c e  3 shows t h a t ,  n i t h  z p p r o x i m a t e l y  t h i s  same 
m i x t u r e ,  p e r m i s s i b l e  m a n i f o l d  p r e s s u r e s  as  l i m i t e d  by 
knock  , a r e  minimum. T h i s  m i x t u r e ,  t hough  d i s a d v a n t a g e o u s  
f rom c o n s i d e r a t i o n  of  c y l i n d e r  t e m p e r a t u r e s  a n d  k n o c k ,  
1 v i l 1  h e r e i n a f t e r  be c a l l e d  t h e  optimum n i x t u r e  b e c a u s e  of 
i t s  f a v o r a b l e  f u e l  economy. 

F i g u r e  2 ( a )  shows t h e  e f f e c t  of f u e l - a i r  r a t i o  on t h e  
c o o l i n g  c o s t  i n  horsepower  of m a i n t a i n i n g  a c g l i n d e r - h e a d  

0 t e m p e r a t u r e  of 350 F. on a V r i g h t  1829-G c y l i n d e r .  The 
t e m p e r a t u r e  of 350' 2 .  i s  c o n s i d e r e d  as an a v e r a s e  t e m r e r -  
a t u r e  o v e r  t h e  lzead s u r f s c e ,  t h e  h o t t e s t  p o i n t  b e i n g  50' 3'. 
h i q h e r .  The maximum c o s t ,  o c c u r r i n ~  a t  a f u e l - a i r  r a t i o  
s l i q h t l y  h i g h e r  t h a n  t h e  o-+?timum m i x t u r e  and  a t  maximum 
power ,  i s  o n l y  1 . 5  p e r c e n t  of t h e  t o t a l  b r a k e  ho r sepower  
p e r  c ; ~ l i n d e r .  I n  f i g u r e  2 ( b )  may be s e e n  t h e  c o m p a r a t i v e  
cosg  of r i c h i n g  from t h e  optimum m i x t u r e  t o  a f u e l - a i r  
r a t i o  of 0.10. The f u e l - f l o w  r a t e  w i t h  t h e  optimum mix- 
t u r e  i s  6 2  p e r c e n t  of  t h a t  w i t h  t h e  r i c h e r  q i x t u r e ,  a n d  
t h e  i n c l u s i o n  o f  t h e  c o s t  of c o o l i n g  t o  m a , , ~ ~ t a i n  c o n s t a n t  
c y l i n d e r - h e a d  t e m p e r a t u r e  l e a v e s  t h i s  campar i  son  p r a , c t i  c a l -  
iy unchanged ,  a s  shown i n  t h e  f i g u r e .  T3e e x t r a v e s a n c e  of 
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c o o l i n <  p i t h  r i c h  m i x t u r e s  i s  a p p a r e n t .  I f  t h e  c o ~ v l i n q  i s  
p r o v i d e d  w i t h  c o n t r o l l a b l e  f l a p s ,  t h e  n e c e s s a r y  c o o l i n g  
may be o b t a i n e d  by opening  t h e  f l a p s .  Data  i n  r e f e r e n c e  8 - ,  

show t h a t  a p r e s s u r e  drop  e q u a l  t o  t h e  t o t a l  v e l o c i t y  head  
of t h e  f r e e - a i r  s t r e a m  i s  a v a i l a b l e  f o r  c o o l i n q  w i t h  a 
pump e f f i c i e n c y  of l i t t l e  l e s s  t h a n  1.3. F i g u r e  3 shows 
t h e  v a r i a t i o n  w i t h  a i r  speed  of t h e  v e l o c i t y  head  of t h e  
f r e e - a i r  s t r e a m  a t  s e a  l e v e l  and at 6 ,000  f e e t .  The nec- 
e s s a r y  p r e s s u r e  d rop  f o r  c o o l i n g  ( f i g .  2 ( c ) )  i s  shown i n  
f i g u r e  3  t o  be a v a i l a b l e  a t  a i r  speeds  a s  l o w  a s  1 3 0  m i l e s  
p e r  h o u r  a t  s e a  l e v e l  o r  a t  a b o u t  145 m i l e s  p e r  h o u r  a t  
6,'300 f e e t .  

~23 ine -3 .ggwera tu res  and  c o o l i n g . -  F i q u r e  4  shows t h e  
e f f e c t  o f  e n g i n e  s p e e d  and e n ~ i n e  t e m p e r a t u r e s  on maximum 
p e r m i s s i b l e  m a n i f o l d  p r e s s u r e s  as  l i m i t e d  by e n g i n e  knock. 
The i n c r e a s e  i n  a l l o w a b l e  m a n i f o l d  q r e s s u r e  w i t h  d e c r e a s e  
i n  i n l e t  and  c y l i n d e r - h e a d  t e m p e r a t u r e s  i s  q u i t e  marked. 
P i g u r e  4 ( a )  mas o b t a i n e d  from r e f e r e n c e  2  and f i g u r e  4 ( b )  
from r e f e r e n c e  1. The assumed l i n e a r  r e l a t i o n s h i p  i n  f i g -  
u r e  4 ( a )  i s  s u b s t a n t i a t e d  by E d g a r ' s  d a t a  a s  shown i n  r e f -  
e r e n c e  1. 

Coolin$ h a s  p r e v i o u s l y  been shown t o  be  e c o n o m i c a l l y  
s u p e r i o r  t o  m i x t u r e  r i c h i n g  i n  a v o i d i n g  e x c e s s i v e  e n g i n e  
t e m p e r a t u r e s .  F i g u r e  4(n) i n d i c a t e s  t h a t  t h e  m a n i f o l d  
p r e s s u r e  a n d ,  c o n s e q u e n t l y ,  t h e  power nay be i n c r e a s e d  by 
r e d u c i n g  t h e  c y l i n d e r - h e a d  t empernture .  T h i s  g o n e r  i n -  
c r e a s e  i s  o f f s e t  t o  some e x t e n t  by t h e  i n c r e a s e d  d r a g  
horsepower  i n v o l v e d  i n  c o o l i n g  t o  lower  c y l i n d e r  tempera-  
t u r e s .  I t  must be r e c a l l e d  t h a t  t h e  d r a g  horsepower  shown 
i n  f i g u r e  2 ( a )  v a s  n e c e s s i t a t e d  by t h e  ma in tenance  of a 
c o n s t a n t  c y l i n d e r - h e n d  temper2"ture.  The d rag  produced by ------- 
c o o l i n g  t o  l o n e r  t e m g e r a t u r e s  i s  c o n s i d e r a b l y  %rester. 
For  example ,  a s s u n e  t h a t  t h e  t a o  e n e i n e s  of t h e  bomber a r e  
d e v e l o p i n g  1 , 6 8 0  b r a k e  horsepower  ( 2 , 1 0 0  r.p,m.) n i t h  t h e  
optimum m i x t u r e .  . I f  an  a v a i l a b l e  c o o l i n g  p r e s s u r e  d rop  O f  
20 i n c h e s  of w a t e r  i s  assumed,  computa t ions  ( r e f e r e n c e  7 )  
show t h a t  t h e  c y l i n d e r - h e a d  t e m p e r a t u r e  may be r e d u c e d  
from 350' t o  280' 2'. ( c o o l i n g - a i r  t e m p e r a t u r e ,  70° F . )  
; ~ i t h  a  s a c r i f i c e  of 98 k o r s e - g o ~ ~ e r  (18  c y l i n d e r s )  5 u t  n i t h  
a g a i n  of 180 horsepavrer due t o  r e c e d i n g  knock l i m i t s .  i 

The n e t  g a i n  t h e r e f o r e  i s  8 2  horsepower .  T h i s  s i t u a t i o n  
i s  e x p r e s s e d  S r a p h i c a l l g  i n  f i g u r e s  t o  be p r e s e n t e d  l a t e r .  

1 

34gL4e_ sped.-  T i g u r e  4(a) a l s o  show$ t h a t  e n g i n e  
s ~ e e d  may be q u i t e  a s i ~ n i f i c a n t  f a c t o r  i n  d e t e r m i n i n g  t h e  
knock l i m i t s  of m a n i f o l d  p r e s s u r e  f o r  c o n s t a n t  s p a r k  ad- 



vance .  I t  i s  a p g a r e n t  t h a t ,  a s i d e  f rom power i n c r e a s e  
, w i t h  e n g i n e  s p e e d  clue t o  i n c r e a s e d  d i s p l a c e m e n t  p e r  u n i t  

t i m e ,  t h e r e  i s  a d d i t i o n a l  a l l o w a b l e  pomer i n c r e a s e  due t o  
r e c e d i n 5  knock 1 - i m i t e  a t  h i g h e r  e n g i n e  s p e e d .  The v a r i -  
a t i o n  of t h i s  t e n d e n c y  w i t h  d i f f e r e n t  f u e l s  i n  common u s e  
s h o u l d  n o t  a f f e c t  t h e  g e n e r a l  c o n c l u s i o n s  t h a t  w i l l  be  
drawn from t h i s  d i s c u s s i o n .  

S s a r k  s e t t i n g . -  The s p a r k  advance  anGle  i s  q u i t s  s e n -  --------- 
e r n l l y  known t o  be r e l a t e d  t o  e n s i n e  knock ,  t h e  r e t a r d e d  
s p a r k  p e r m i t t i n g  h i g h e r  m a n i f o l d  g r e s s u r e s .  F i ~ u r e  5 ( a )  
shoms t h e  m a ~ n i t u d e  of t h i s  effeclx w i t h  a s i n g l e - c y l i n d e r  
t e s t  u n i t  h a v i n g  a p e n t - r o o f  combus t ion  chamber. I t  i s  i n -  
d i c a t e d  i n  t h e  f i ~ u r e  t h a t  t h e  p r o c e s s  of  i n c r e a s i n g  a l -  
l o w a b l e  m a n i f o l d  p r e s s u r e s  by s p a r k  r e t a r d a t i o n  i s  a t t e n d -  
e d  by a c o r r e s p o n d f n g  i n c r e a s e  i n  power ( f i g .  5 ( b )  j a t  a 
c o n s i d e r a b l e  s a c r i f i c e  of f u e l  economy ( f i g .  5  ( c )  1. The 
s i g n i f i c a n c e  o f  t h e s e  t r e n d s  w i l l  be  d i s c u s s e d  l a t e r .  

Eng ine  O p e r a t i o n  i n  P l i s h t  

Condi tions.-g:mot e  froq-.essf_n-e knp_&. - F i s u r e  6  shows 
s e a - l e v e l  c a l i b r a t i o n  c u r v e s  of t h e  lTrf.%lit 3 - 1 8 2 0 4  en- 
% i n e ,  Curves  d e f i n i n g  knock l i m i t s  b a s e d  on f i g u r e  4 a r e  
i n c l u d e d .  The e f f e c t  of e n g i n e  s p e e d  i s  assumed t o  b e  t h e  
s a n e  f o r  t h e  two f u e l - a i r  r a t i o s  i n  q u e s t i o n .  I n  t h e  
s t u d y  of  e n g i n e  o p e r a t i o n  i n  f l i g h t ,  t h e  power  r e q u i r e m e n t s  
of t h e  a i r g l a n e  i n  q u e s t i o n  must be known. F i g u r e  7 shoms 
t h e  t h r u s t  power r e q u i r e d  t o  m a i n t a i n  a  M a r t i n  XB-10 a i r -  
p l a n e  i n  l e v e l  f l i g h t  a t  v a r i o u s  e n s i n e  s p e e d s  as  a func -  
t i o n  of n i r  s p e e d .  A t  s e n  l e v e l ,  a minimum of 220 h o r s e -  
power i s  n e c e s s a r y  f o r  f l i g h t .  From r e f e r e n c e s  5 a n d  6 ,  
an  e n s i n e  o u t p u t  of  275 b r a k e  horsepower  i s  f o u n d  t o  be 
n e c e s s a r y  t o  o b t a i n  t h e  r e q u i r e d  220 t h r u s t  ho r sepower .  
The minimum f u e l  f l o w  f o r  t h i s  goyier i s  o b t a i n e d  w i t h  t h e  
optimum m i x t u r e  ( f i g .  6 ( a ) )  a n d  a t  t h e  minimum p r z c t i c n -  
b l e  e n s i n e  s p e e d  wh ich ,  i n  t h i s  c a s e ,  i s  c o n s i d e r e d  t o  be 
1 , 1 0 0  r.p.m. These  c o n d i t i o n s  a r e  l o c n t e d  a t  p o i n t  1 i n  
f i g u r e  6 ( a ) .  The most e c o n o n l c ~ . l  method of i n c r e a s i n g  
t h e  power f rom ? o i n t  1 i s  e v i d e n t l y  t o  i n c r e a s e  t h e  mani- 
f o l d  p r e s s u r e  a n d ,  a t  t h e  s a n e  t i m e ,  t o  a d j u s t  t h e  p r o p e l -  
l e r  b l a d e - 2 n g l e  s e t t i n g  t o  m a i n t a i n  c o n s t a n t  e n g i n e  s p e e d  
( 1 , 1 0 0  r.p.m.) u n t i l  knock i s  a p p r o a c h e d ,  s ay  a t  a mani- 
f o l d  p r e s s u r e  o f  25.3 i n c h e s  of mercury  and  w i t h  a c y l i n -  
d e r - h e a d  t e m p e r a t u r e  of 350° F. ( p o i n t  2  i n  f i s .  6 ( 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  s h o u l d  be c o n t r o l l e d  5y  c o o l i n g  
r a t h e r  t h a n  by empl.o~in$. r i c h  m i x t u r e s  ( s e e  f i 3 .  2 ( b ) )  un- 



l e s s  t h e  c o o l i n s  i s  found  t o  be i a n d e q u z t e  w i t h  f l a p s  f u l l y  9 Z 

open .  

c o n d i t i o n s  c l o s e  t o  knog&.- ~! l ' en  f u r t h e r  pomer i n -  
c r e a s e  i s  no l o n g e r  s a f e l y  p o s s i b l e  by i n c r e a s i n s  t h e  man- 
i f o l d  p r e s s u r e  a t  t h e  minimum p r a c t i c a b l e  e n g i n e  s p e e d  a n d  
g i v e n  s p a r k  advance  because  of  a p b r o a c h i n q  knock cond i -  
t i o n s ,  t h e  f o l l o w i n g  o p t i o n s  f o r  i n c r e a s i n g  t h e  2ower r e -  
main :  (a) I n c r e a s i n g  t h e  e n g i n e  s p e e d ,  ( b )  r e t a r d i n g  
t h e  s p a r k  ( f i g .  5 ) ,  ( c )  d i m i n i s h i n q  t h e  e n g i n e  tempera-  
t u r e s  by c o o l i n g  ( f i g .  4 ( a ) ) ,  a n d  ( d )  r i c h i n g  t h e  mix- 
t u r e  ( f i s .  l ( c ) ) .  O p t i o n s  ( b ) ,  ( c ) ,  a n d  ( d )  a l l o w  power 
i n c r e a s e  by r a i s i n g  t h e  m a n i f o l d - p r e s s u r e  l i m i t s ,  w h i l e  

' o p t i o n  (2) i n c r e a s e s  t h e  power m a i n l y  by i n c r e a s i n g  t h e  
amount of  d i s p l a c e m e n t  p e r  u n i t  of t i m e  a n d ,  a c c o r d i n g  t o  
f i g u r e  4 ( a ) ,  t o  some e x t e n t  by p e r m i t t i n g  h i s h e r  m a n i f o l d  
p r e s 9 u r e s .  The c a r b u r e t o r - a i r  t e m p e r a t u r e  i s  r e s n r d e d  as 
c o n s t a n t ,  Of t h e  c h o l c e s  l i s t e d ,  o p t i o n  ( a )  g i l l  l a t e r  be  
shown t o  be  t h e  n o s t  economica l .  T h i s  c o u r s e  of o p e r a t i o n  
i s  i l l u s t r a t e d  by t h e  h e 3 - v ~  l i n e  c o n n e c t i n ?  p o i n t s  2  a n d  3 
i n  f i g u r e  6 ( a ) .  The c y l i n d e r  head  i s  k e ~ t  a t  2 c o n s t a n t  
t e m p e r a t u r e  of 350' F.  by c o n t r o l l e d  c o o l i n g .  A t  naximum 
e n g i n e  s p e e d  (po ' i n t  3 ,  f i ~ .  6 ( a ) ) ,  su-ppose t h a t  t h e  power 
i s  f u r t h e r  a r b i t r a r i l y  i n c r e a s c d  by c o o l i n g  t o  p o i n t  4.  
7 .  r l K u r e s  3 a n &  8 ( c )  show t h a t ,  a t  t h i s  p o i n t ,  a p r e s s u r e  
d r o p  of 20 i n c h e s  of w a t e r  i s  a v a i l a ' o l e  f o r  c o o l i n g .  Gom- 
p u t a t i o n s  p r e v i o u s l y  r e f e r r e d  t o  show t h e  S r o s s  ma4n i tude  
of t h i s  i nc re?*ee  t o  be 180  ho r sepower  ( 2  e n q i n e s )  and  t h a t  
t h e  c & - l i n d e r  ?.lead may be c o o l e d  t o  280' F .  The t o t a l  
c o o l i n s  c o s t  of 98 ho r sepower  r e d u c e s  t h i s  g a i n  t o  8 2  
ho r sepower .  F u r t h e r  i n c r e a s e  i n  power may b e  o b t a i n e d  by 
r i c h i n <  ( o p t i o n  ( d ) ) .  T h i s  s t e p  t e r m i n n t e s  a t  p o i n t  4 '  
i n  f i ~ u r e  6 ( b ) ,  i n  which t h e  same p r o c e d u r e  was u s e d  n s  
i n  f i q u r e  6 ( 3 )  e x c e p t  t h a t  t S e  m i x t u r e  h a s  a f u e l - a i r  r a t i o  
o f  1 The p o i n t s  1 1 ,  2 1 ,  e t c .  i n  f i g u r e  6 ( b )  c o r r e -  
spond  t o  p o i n t s  1, 2 ,  e t c .  i n  f i q u r e  6 ( n ) .  A t  a l l  o f  t h e s e  
2 c ) i n . t ~  e x c e p t  1 a n d  1 1 ,  s p a r k  r e t a r d i n s  may have Been r e -  
s o r t e d  t o  f o r  f u r t h e r  polver , n i n  bx s h i f t i n g  t h e  knock  
l i m i t s .  

F i j u r e  8 ( a )  summarizes  t h e  r e l a t i v e  f u e l  c o s t s  of t h e  
v a r i o u s  o p t i o n s  f o r  i n c r e a s i n g  t h e  power.  The economy of 
t h e s e  s t e p s  i s  i n d i c a t e d  by t h e  s l o p e s  of  t h e  c u r v e s ,  t h e  

a 

n u m e r i c a l  v a l u e s  of which a r e  g i v e n  i n  t a b l e  I .  F o r  t h o s e  
o p t i o n s  i n  which a i r  c o o l i n g  i s  i n v o l v e d ,  t h e  c o s t  i n  i 

hor sepower  i s  shown i n  f i g u r e  8 ( b ) .  I n  t h i s  f i g u r e  may be 
seen  t h e  s m a l l  c o o l i n g  c o s t  of  m a i n t a i n i n 4  a c o n s t a n t  c y l -  
i n d e r - h e a d  t e m p e r a t u r e  of 350' F. a s  t h e  e n g i n e  s p e e d  was 



3 - 
i n c r e a s e &  ( s t e p s  2-3 and  2 ' - 3 ' ) .  The r a p i d l y  mount ing  
coolin,-; c o s t  of  gefiucini; t h e  c y l i n d e r  t e n g e r n t u r e s  i s  a l s o  

. - shown ( s t e p s  3-4 end  31-41) ,  The l o w e r  p r e s s u r e  d r o p s  i n -  
d i c a t e d  i n  f i g u r e  8 ( b )  may be ob ta ined .  by c o a l i n g - f l a p  
c o n t r o l .  Lorn p r e s s u r e  d r o p s  a t  low a i r  s p e e d s  m,sy e x i s t  
d u r i n g  c l i m b  tvhere c y l i n d e r  t e m p e r a t u r e s  may be c o r r e s p o n d -  
i n g l y  h i s h e r  a n d  g r o s s  :mi3 n e t  power g a i n  f rom c o o l i n g  c o r -  
r e s p o n d i n g l y  r e d u c e d .  

Zietnrding t h e  s p a r k  a t  p o i n t  2 i s  shomn i n  f i g u r e  
8 ( a )  t o  be more economica l  t h a n  r i c h i n q  b u t  more c o s t l y  
t h n n  i n c r e a s i n g  t h e  e n g i n e  s p e e d  a t  c o n s t a n t  c y l i n d e r -  
head  t e m : ~ e r n t u r e .  A t  p o i n t  3 ,  t h e  s m a l l  power i n c r e a s e  
due t o  c o o l i n q  i s  a c c o m p l i s h e d  a t  s l i q h t l y  q r e n , t e r  f u e l  
c o s t  t h n n  by r e t a r d i n g  t h e  s p a r k  o v e r  t h e  same rnnqe .  A t  
p o i n t  4 ,  t h e  p r e f e r e n c e  of s p a r k  c o n t r o l  t o  r i c h i n g  i s  
a g a i n  o b v i o u s .  X e t a r d i n g  t h e  s p a r k ,  a l t h o u g h  n a t  r e g a r d e d  
a s  a me.%ns of o b t a i n i n g  c o n s i d e r s b l e  i n c r e a s e  i n  power ,  
may be r e s o r t e d  t o  i n  c a s e s  where a l i t t l e  more power i s  
d e s i r e d  n e a r  t h e  knock c o n d i t i o n  w i t h o u t  e x c e s s i v e  f u e l  
e x p e n d i t u r e .  The same s m a l l  i n c r e a s e  i n  power o b t a i n e d  by 
r i c h i n g  t h e  m i x t u r e  mould p r o v e  more c o s t l y  a s  t h i s  a n a l y -  
s i s  s h o t v ~ .  1x1 t h i s  r e s . p e c t ,  r e d u c i n g  c y l i n d e r  t empera -  
t u r e s  i s  l i k e e i s e  p r e f e r n b l e  t o  t h e  u s e  of r i c h e r  m i x t u r e s .  

A l though  t h e s e  t r e n d s  ?*re o n l y  i l l u s t r a t i v e  a n d  d i f f e r -  
e n t  v a l u e s  s h o u l d  be  o b t a i n e d  w i t h  d i f f e r e n t  e n g i n e s  a n d  
f u e l s ,  such  l a r g e  d i f f e r e n c e s  i n  f u e l  economy e x i s t  amon5 
s e v e r a l  of  t h e  methods of o p e r a t i o n  d i s c u s s e d  t h a t  c e r b a i n  
g e n e r a l  c o n c l u s i o n s  can be drawn. I t  i s  a g p a r e n t  t h a t  t h e  
most economica l  method of o p e r a t i o n  i s  w i t h  maximum a l l o w -  
a b l e  m a n i f o l d  p r e s s u r e  and  minimum p r a c t i c a b l e  e n g i n e  
speed .  The methods  of  o b t a i n i n g  f u r t h e r  power i n c r e a s e s  
a r e ,  i n  t h e  o r d e r  of f u e l  economy: ( a )  I n c r e a s l n G  t h e  en- 
c i n e  s p e e d ,  ( b )  r e t a r d i n g  t h e  s g a r k  o r  i n t r o d u c i n g  f u r -  
t h e r  c o o l i n g  t o  p e r m i t  h i q h e r  mani fohd  p r e s s u r e s ,  a n d  ( c )  
r i c h i n s  t h e  m i x t u r e .  R e t a r d i n g  t h e  s p a r k  a n d  i n t r o d u c i n g  
f u r t h e r  c o o l i n s  seem t o  r e q u i r e  s a c r i f i c e s  so n e a r l y  e q u a l  
as t o  make t h e  c h o i c e  of a p r e f e r e n c e  somewhat d i f f i c u l t .  
Power made a v a i l a b l e  by c o o l i n g  i s  s m a l l  compared w i t h  
t h a t  o b t a i n e d  by r e t a r d i n g  t h e  s p a r k .  Both  me thods ,  how- 
e v e r ,  a r e  d e f i n i t e l y  s u p e r i o r  t o  r i c h i n g  t h e  m i x t u r e .  

The dashed  l i n e s  marked " f u l l  t h r o t t l e "  i n  f i g u r e  6 
i n d i c . a t e  t h a t  t h e  d i s c u s s i o n  t h u s  f a r  h a s  d e a l t  w i t h  p a r t -  
t h r o t t l e  o p e r a t i o n ,  e n g i n e  knock  h a v i n g  p r o h i b i t e d  h i s h e r  
m a n i f o l d  p r e s s u r e s ,  Fo r  c r u i s i n g ,  i n  a d d i t i o n  t o  e n g i n e  



k n o c k ,  t h e  b r a k e  mean e.ff e c t i v e  presssure  l i m i t a t i o n  recom- 
mended bg t h e  e n g i n e  m a n u f a c t u r e r  f o r  maximum e n g i n e  l i f e  
may e n t e r  i n t o  t h e  d a t a  p r e s e n t e d  i n  f i q u r e  6.  F o r  t h e  
p a r t i c u l a r  e n g i n e  u n d e r  d i s c u s s i o n ,  t h i s  l i m i i t  h a s  been  
p l a c e d  at 137  pounds  p e r  s q u a r e  i n c h  a n d  i s  r e p r e s e n t e d  i n  
f i g u r e  6 by d a s h e d  c u r v e s  marked " c r u i s i n g  l i m i t ,  137  
b r a k e  mean e f f e c t i v e  p r e s s u r e . "  O p e r a t i o n  w i t h i n  t h i s  
l i m i t  l a r s e l y  o b v i a t e s  t h e  knock  h a a a r d  f o r  t h i s  e n q i n e ,  
l e a v i n g ,  i n  t h e  main ,  t h e  economy o n l y  o f  s t e p s  1-2 a n d  
1 ' - 2 '  t o  b e  c o n s i d e r e d ;  o t h e r  power g a i n s  f o r  c r u i s i n g  
m i l l  be made a t  c o n s t a n t  l i m i t i n g  b r a k e  mean e 2 f e c t i v e  
p r e s s u r e .  F i g u r e  8 ( a )  i n d i c a t e s  t h i s  p r o c e d u r e  t o  be more 
c o s t l y  t h a n  a d h e r e n c e  t o  t h e  subknock l i m i t  i n  c a s e s  v h s r e  
e n g i n e  l i f e  i s  of  s e c o n d a r y  i m p o r t a n c e .  Gzses of t h i s  
s o r t  a r i s e  e s p e c i a l l y  i n  m i l i t a r y  o p e r a t i o n s ,  such  a s  bomb- 
i n g  e x p e d i t i o n s ,  i n  which r e d u c e d  f u e l  l o a d  p e r m i t s  a n  i n -  
c r e a s e d  m u n i t i o n s  ca rgo  a n d  t i m e  between . e n ~ i n e  o v e r h a u l s  
i s  a l e s s e r  c o n s i d e r a t i o n .  F u r t h e r m o r e ,  t h e  s p e e d  r e q u i r e -  
ments  of  c e r t a i n  l ong- range  f l i g h t s  may demand h i g h e r  mean 
e f f e c t i v e  p r e s s u r e s  t h a n  t h o s e  recommended, w h i l e  f u e l  
economy s t i l l  r e m s i n s  a neceG s i t y .  

A p p l i c a t i o n  t o  A i r p l a n e  P e r f o r m r n c e  

F i g u r e  7 shows t h e  t h r u s t  power r e q u i r e d  a t  s e a  l e v e l  
. t o  m a i n t a i n  2 M a r t i n  XB-10 a i r p l a n e  i n  l e v e l  f l i g h t  a t  
v a r i o u s  a i r  s p e e d s .  From f i q u r e  7 ,  f i g u r e  8 ( a ) ,  and  d a t a  
f rom r e f e r e n c e s  5 2nd 6 ,  t h e  horsepower  o b t a i n e d  i n  t h e  
p r o c e d u r e  p r e v i o u s l y  o u t l i n e d  i s  c o n v e r t e d  i n t o  o b t z i n a -  
b l e  a i r  speed!: a n d  - ? l o t t e d  n q a i n s t  f u e l  f l o w  i n  f i g u r e  
G ( c ) .  T a b l e  I a l s o  i n c l u d e s  t b e  r e 1 2 t i v e  c o s t s  of air- 
sFeed  i n c r e a s e s  f o r  t h e  s t e p s  i n d i c a t e d  by p o i n t s  1 ,  l ' ,  
2 ,  2 ' ,  e t c .  

The m i l e a g e  p e r  pound of f u e l  i s  computed f rom f i g u r e  
8 ( c )  a n d  i 3 l o t t e d  a 4 z i n s t  a i r  s g e e d  i n  f i g u r e  9 .  The max- 
imum mi l e?ge  i s  o B t a i n e d  a t  air s p e e d s  somewhat h i g h e r  
t h a n  t h o s e  a t  wh ich  t h o  h o u r l y  f u e l  consumpt ion  i s  a min i -  
mum. R ich in$  t h e  e e g i n e  m i x t u r e  ( 4 - 4 ' )  t o  n f u e l - a i r  ra- 
t i o  of  3.10 ( f i g .  8 ( 3 ) )  m9kes n v a i l n b l e  :; 1 2 d p e r c e n t  i n -  
c r e a s e  i n  b r a k e  horsepo;ver a n d  3 4 - p e r c e n t  i n c r e a s e  i n  a i r  k 

s p e e d  a t  t h e  c o s t  of  3, 6 3 - g e r c e n t  i n c r e z s e  i n  f u e l  con- 
sumpt ion .  O b v i o u s l y ,  o p e r a t i o n  i n  t h i s  r a n g e  s h o u l d  be  
a v o i d e d  u n l e s s  t h i s  r e l a t i v e l y  q m a l l  i n c r e a s e  i n  a i r  s p e e d  i 

i s  e s s e n t i n l :  S p a r k  c o n t r o l  o r  c o o l i n g  s h o u l d ,  if f e a s i -  
b l e ,  be g i v e n  p r e f e r e n c e  t o  r i c h i n s ,  a t  nl-1 t i m e s .  . 
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Maximum t i m e  endurance . -  The maximum t ime  of f l i g h t  --------- ---- --------- 
i s  o b t a i n e d  i n  t h i s  example a t  t h e  a i r  speed  where t h e  . - .power r e q u i r e d  f o r  l e v e l  f l i s h t  i s  minimum a t  minimum 
p r a c t i c a b l e  e n s i n e  speed  and  w i t h  optimum m i x t u r e  r a t i o .  
(See  f i g s .  7 and 8 . )  A s  may be e x p e c t e d ,  t h e  pe r fo rmapce  
of a n  a i r p l a n e  changes  appreciably d u r i n g  l o n g  f l i g h t s  

. oming t o  t h e  c o n t i n u o u s  r e d u c t i o n  of f u e l  w e i s h t .  P i s u r e  
7 shows t h e  d i f f e r e n c e  i n  power r e q u i r e d  f o r  t h e  bomber 
w i t h  t h e  f u e l  t a n k s  f u l l  and  empty, The s o l i d  c u r v e s  of 
f i g u r e  8 ( c )  r e f e r  t o  t h e  empty c o n d i t i o n  w h i l e  t h e  s h o r t -  
d a s h  c u r v e s  a p p l y  t o  t h e  c o n d i t i o n  a t  t h e  beg inn ing  of a 
l o n g  f l i g h t  i n  which t h e  a i r p l a n e  i s  l o a d e d  t o  f u l l  f u e l  
c a p a c i t y .  F i s u r e  8 ( c ) ,  however ,  shows some 8 i f f e r e n c e . s  i n  
f u e l  consumpt ion ,  e s p e c i a l l y  a t  l ower  f l i g h t  s p e e d s .  The 
c o n d i t i o n s  d u r i n g  f l i ~ h t  o b v i o u s l y  l i e  somemher.e between 
t h e  s o l i d  and t h e  s h o r t - d a s h  c u r v e s .  

Maximum ran.52.- The maximum range  of an  a i r p l a n e ,  as  ------ ------ 
i n d i c a t e d  by t h e  peaks  o f  t h e  c u r v e s  i n  f i g u r e  9 ,  i s  ob- 
t a f n e d  between p o i n t s  1 and  2  where t h e  e n g i n e  i s  o p e r a t -  
i n s  a t  minimum speed  and w i t h  t h e  optimum m i x t u r e .  Consid- 
e r a b l e  v a r i a t i o n  i n  a i r  s p e e d  f o r  maximum r a n s e ,  of  c o u r s e ,  
e x i s t s  among a i r p l a n e s  of v a r i o u s  t y p e s .  For  t h e  a i r p l a n e  
u n d e r  d i s c u s s i o , n ,  t h e  maximum ran$e  i s  found  t o  o c c u r  a t  
a b o u t  1 2 0  m i l e s  p e r  hour  w i t h o u t  t h e  w e i s h t  of f u e l  s u p p l y  
O r  a t  abou t  140  m i l e s  p e r  hour  w i t h  t h e  f u e l  weight  added.  
(See  f i g .  9 . )  

f u  e  1 M i  n i  raum con s u g g t ~ g n - - f  ~ ~ - _ a - ~ i _ ~ ~ ~ - ~ ~ . s 2 ~ 2 _ d - ~ ~ l _ d  
a l t i t u d e  .- The o p e r a t i n g  c o n d i t i o n s  f o r  b e s t  economy a t  a -------- 
g i v e n  a i r  speed  deoend,  as  sboivn i n  f i g u r e  8 ,  on t h e  c l o s e -  
n e s s  t o  t h e  maximum o u t p u t  of t h e  power r e q u i r e m e n t  f o r  t h e  
Riven f l i g h t .  c o n d i t i o n .  A t  t h e  f l i g h t  speed  co r respond-  
i n g  t o  t h e  minimum power r e q u i r e d ,  i t  h a s  been shown de- 
s i r a b l e  t o  o p e r a t e  t h e  e n g i n e  w i t h  a p p r o x i m a t e l y  t h e  theo-  
r e t i c a l l y  c o r r e c t  ( o r  ogtimum) m i x t u r e  and  a t  t h e  Lotvest 
p r a c t i c a b l e  e n g i n e  speed .  I f  t h e  r e q u i r e d  a i r  speed  i s  at  
some h i g h e r  v a l u e ,  t h e  p r o c e d u r e  i n  t h e  p r e v i o u s l y  o u t -  
l i n e d  o r d e r  of p r e f e r e n c e  s h o u l d  be  f o l l o w e d .  

E f f e c t  of A l t i t u d e  

By methods of a n a l y s i s  s i m i l a r  t o  t h o s e  u s e d  f o r  sea -  
l e v e l  c o n d i t i o n s ,  f i g u r e s  10, 1 1 ,  1 2 ,  and  1 3  have  %een 
p l o t t e d  t o  d e t e r m i n e  t h e  i n f l u e n c e  of a l t i t u d e .  The d a t a  
were t a k e n  from t h e  same s o u r c e s a s  f o r  s e a - l e v e l  a o n d i t i o n s .  
B'ecause of t h e  l o w e r  c a r b u r e t o r  t e m p e r a t u r e s  and t h e  de- 



creased .  m a n i f o l d  p r e s s u r e s  a t  a l t i t u d e ,  t h e  h a z a r d s  of 
knock i n  t h i s  e x a m ~ l e  a r e  more remote at a l t i t u d e .  ( C f .  
f i g s .  6 and  1 0 . )  F i < u r e  1 0 ( a )  shoms t h a t  t h e  amount of 
s u p e r c h a r g i n g  employed p r o d u c e s  m a n i f o l d  n r e s s u r e s  a t  
6 , 9 0 0  f e e t  b a r e l y  s u f f i c i e n t  t o  c a u s e  knock at f u l l  t h r o t -  
t l e .  With t h e  r i c h  m i x t u r e  ( f i g .  l o ( % ) ) ,  t h e  knock l i m -  
i t s  a r e  oven f u r t h e r  renloved from f u l l - t h r o t t l e  o p e r a t i o n .  
The n e c e s s i t y  f o r  o b t a i n i n g  power i n c r e a s e  t h r o u g h  t h e  me- 
d i u n  of c o o l i n g ,  s p a r k  c o n t r o l ,  o r  r i c h i n s  i s  a l s o  l e s s  
l i k o l y .  I n  t h e  c a s e  p r e s e n t e d  ( f i g .  l o ) ,  l i t t l e  i s  t o  be 
S a i n e d  i n  t h e  may of power i n c r e a s e  by any  of t h e s e  t h r e e  
methods because  maxinum p o a e r  i s  o b t x l n e d  w i t h  t h e  l e a n  
m i x t u r e  n t  f u l l  t h r o t t l e  w i t h o u t  knock, T i t h  h i g h e r  
i n ~ e l l e r - g e a r  r a t i o s ,  hornever, t h e  a d d i t i o n a l  n e t h o d s  of 
knock c o n t r o l  ~ v o u l d  become n e c e s s a r y  p r o b a b l y  w i t h  t h e  
s a n e  o r d e r  of  p r e f e r e n c e  a s . a t  s e a  l e v e l ,  

I n  t h e  example p r e s e n t e d ,  t h e  s u p e r c h a r g e r  b e i n g  pe r -  
mene :c t ly . sea red  t o  t h e  e n y i n e  c r a n k s h a f t ,  t h e  t e m p e r a t u r e  
r i s e  a c r o s s  t h e  s u p e r c h a r g e r  mas a p 2 r o x i m a t e l y  t h e  same a t  
6 , 0 0 0  f e e t  a s  a t  s e a  l e v e l .  i f  g e a r  s h i f t i n s  o r  a t u r b o -  
s u p e r c h a r g e r  were employed t o  i n c r e a s e  i m p e l l e r  s p e e d s  at  
a l t i t u d e ,  t h i s  t e m u e r a t u r e  r i s e  would 3e ~ r e a t e r  a t  a l t i -  
t u d e  f o r  a g i v e n  m a n i f o l d  p r e s s u r e  ~ i t h  an i n c r e a s e d  knock- 
i n g  t e n d e n c j ~  a s  's  r e s u l t .  

I n  t h e  o r d e r  of t h e i r  economy, t h e  methods of  i n c r e a s -  
i n g  power and  aTr s p e e d  remain  t h e  same a t  6 ,000  f e e t  a s  
at s e a  l e v e l ,  ( ~ f .  f i g s .  8 and 1 2 , )  F i g u r e  1 3  shoms t h e  
same g e n e r a l  t r e n d s  a s  t h o s e  n o t e d  i n  f i g u r e  9 f o r  s e a  l e v -  
e l .  Comparison c f  t h e s e  f i q u r c s  shows b e t t e r  ~ i l e a q e  p e r  
pound of f u e l  a t  6 , 0 0 2  f e e t  f o r  a l l  f l i g h t  c o n d i t i o n s  rep-  
r e s e n t e d  excep t  a t  e x t r e m e l y  low a i r  s p e e d s ,  Comparable 
d a t a  f o r  h i 4 h e r  a l t i t u d e s  mere n o t  a v a i l a b l e .  

COTTCZUSI ONS 

From t h e  f o r e q o i n $  n n a l y s i s  t h e  f o l l o w i n <  c o n c l u s i o n s  
a r e  drama: 

1. The methods of  i n c r e a s i n g  p o a e r  i n  f l i g h t  s t a r t i n g  
from minimum c o n d i t i o n s  of power r e q u i r e m e n t  and f u e l  c o s t  

J a r e ,  i n  o r d e r  of economy: 

. (2) I~creas inr t7 ;  t h e  .man i fo ld  p r e s s u r e  a t  c o n s t a n t  
rinimum p r a c t i c a b l e  e n g i n e  speed t o  t h e  p o i n t  of i n -  



c i p i e n t  knock  o r  t o  f u l l  t h r o t t l e  i f  knock i s  n o t  en- 
c o u n t e r e d .  

($3' I n c r e a s i n g  t h e  e n g i n e  speed-  and  t h e  c o o l i n g  
v i t h i n  knock l i m i t s  u n t i l  t h e  maximum e n g i n e  s p e e d  i s  
reaclzed. 

( c )  R e t a r d i n g  t h e  s p a r k  o r  r e d u c i n g  t h e  c y l i n d e r -  
h e a d  t e m p e r a t u r e s  t o  p e r m i t  h i ~ h e r  m a n i f o l d  p r e s s u r e s .  

( d )  I n c r e a s i n g  t h e  f u e l - a i r  r a t i o  t o  p e r m i t  
h i g h e r  m a n i f o l d  p r e s s u r e s .  

2. Fo r  ~naximunl t i m e  endurance , '  . the. a i r p l a n e  shou1.d 
f l y  a t .  t h e  a i r  s p e e d  c o r r e s p o n d i n g  t o  t h e  minimum h o r s e -  
Power r e q u i r e d  w i t h  lotvest  p r a c t i c a b l e .  e n g i n e  s p e e d  a n d  
m i t h  a p g y o x i m a t e l y  c o r r e c t  ~ i x t u r e .  Maximum m i l e a s e  p e r  
hound of  f u e l  o r  maximum r a n g e ,  however ,  i s  o b t a i n e d  at 
s l i g h t l y  h i g h e r  a i r  s p e e d s .  

8 ,  I n  t h e  exzmple  p r e s e n t e d ,  c r u i s i n ~  u n d e r  b r a k e  
mean e f f e c t i v e  p r e s s u r e  r e s t r i c t i o n s  recommended by t h e  
e n g i n e  m a n u f a c t u r e r  i s  l e s s  economica l  t h a n  b e i n g  l i m i t e d  
o n l y  by knock. 

4. Tor  t h e  e n g i n e - s u p e r c h a r g e r  combina t ion  c o n s i d -  
e r e d ,  w i t h  knock a s  t h e  l i m i t i n s  c o n d i t i o n ,  f l i g h t  a t  
6 , 0 3 0  f e e t ,  e x c e p t  a t  e x t r e m e l y  low a i r  s p e e d s ,  i s  more 

' e conomica l  t h a n  at s e a  l e v e l  on t h e  b a s i s  of b o t h  r a n g e  
a n d  endurance .  

5. When t h e  e n g i n e  i s  o p e r a t i n g  n e a r  knock l i m i t s ,  
power a n d  a i r - s p e e d  i n c r e a s e s  made a v a i l a b l e  by e x c e s s i v e  
c o o ~ l i n y  & r e  r e l a t i v e l y  s m a l l .  

Langl  ey Memorial  A e r ~ n a u t i  c a l  ' ~ n b o r a t o r y ,  
N a t i 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 ,  

Lang ley  F i e l d ,  V a . ,  J u l g . 2 4 ,  1939 .  
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. - R e l a t i v e  Economy of Various Methods of 

Eng ine  O p e r a t i o n  a t  S e a  Leve l  

( S e e  f i g .  8 )  

1 I I n c r e a s e  

I 
i n  h o r s e -  

C a n d i t i o n  I Step1  power ,  
I I 

I 

-------------- 
I n c r e a s i n g  : 

M a n i f o l d  I 
p r e s s u r e  1 1-21 305 

E n q i n e  s p e e d  1 2-31 875 
Cool ini :  a t  I I 

optimum I 
f u e l - a i r  
r a t i o  ------------- 

I n c r e a s i n g :  

M a n i f o l d  1 
p r e s s u r e  

I 
2  395 

E n g i n e  s p e e d  1 2 t - 3 1  1 980 
C o o l i n g  at 

f u e l - a i r  
i 
I 
i 

r a t i o  or" I 
0.10 3 1 - 4 l j  102  

-------------- ---- 1 i 
7----------- 

R i  c h i n g  I 1 
m i x t u r e  1 2-21 ,  9 0  
f rom optimum I I 
f u e l - a i r  1 I I 

r a t i o  3 - 3 1 /  1 9 0  
t o  f u e l - a i r  I 
r a t i o  of  0.10 4-4" 240 i 

I n c r e a s e  
i n  f u e l  
f l o w  

Vf 
( l % . / h r . )  

,--------- 

I n c r e a s e  
i n  a i r  

n v 
(m.p .h . )  





B.A.C.A. Fig. 2 

Figure 2.- Rela t ive  cos t s  of maintaining head temperature a t  350' F. hj 
cooling with air or by using r ich  mixtures, Inflicated horse- 

power , l l5  pe r  cyl inder ;  sea  l e v e l ;  t o t a l  brake horsepower,950 per engine. 



N.A.C.A. Fig.  3 

A i r  speed, m.p.h. 

Figure 3.- Available cooling-air  pressure  drop across  
engine cyl inders .  
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I . A . C . A .  Fig. 5 

- 

Spark advance angle,  crank deg. 

Figure 5.- Ef fec t  of spark advance angle on engine performnce with con- 
s t a n t  h o c k .  Single-cylinder t e s t  u n i t  with pent-roof com- 

bustion chamber; 87-octane fue l ;  fue l -a i r  r a t i o ,  0.083; engine speed, 
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Figure 9.- Flight mileage for conditions of figures 
5 and 7 (sea level). 
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Figure 10.- Effect of manifold pressure, engine 
speed, and fuel-air ratio on rate of, 

fuel consumption at 6,000 ft. Carburetor-air ww 

temp,, 40 OF,; impeller gear ratio, 7.14, o 
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