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FUEL EFFICIENCY OF SMALL AIRCRAFT 

B. H. Carson* 
U. S.  Naval Academy 
Annapolis,  Maryland 

Abs t r ac t  

There is a b a s i c  mismatch between t h e  amount of 
power i n s t a l l e d  i n  small prope l l e r -d r iven  a i r c r a f t  
and t h a t  r equ i r ed  f o r  e f f i c i e n t  c r u i s i n g ,  which 
r e s u l t s  from cl imb performance requirements .  It is 
shown i n  t h i s  paper t h a t  t h e r e  i s  a way of u s ing  
excess power f o r  most e f f i c i e n t  c r u i s e ,  t h e  r e s u l t -  
i?g a i r speed  coming c l o s e s t  t o  t h e  Gabriel l i -von 
Karman l i m i t  l i n e  of v e h i c u l a r  performance. A 
survey of 111 l i g h t  a i r c r a f t  was conducted, and it 
is  found t h a t  many a re  operated a t  t h i s  optimum, 
while  many more are n o t .  A f i g u r e  of mer i t  is 
developed t h a t  measures c r u i s e  performance. 
Ra t iona le  i s  p resen ted  t h a t  i s  d i r e c t l y  a p p l i c a b l e  
t o  des ign  f o r  c r u i s e  e f f i c i e n c y .  

I n t r o d u c t i o n  

It i s  s a f e  t o  say t h a t  western l i f e  s t y l e s  w i l l  
con t inue  t o  undergo change as a r e s u l t  of ever-  
i n c r e a s i n g  pressure t o  conserve or  b e t t e r  u t i l i z e  
f o s s i l e  f u e l s .  Th i s  t r e n d  began wi th  t h e  o i l  em- 
bargo of 1973-74, when, f o r  t h e  f i r s t  t ime s i n c e  
t h e  Second World War, f u e l  s u p p l i e s  i n  most western 
n a t i o n s  f e l l  s i g n i f i c a n t l y  below e s t a b l i s h e d  de- 
mands. I n  t h i s  coun t ry ,  speed l i m i t s  have been 
imposed on highway v e h i c l e s ,  and automobile manu- 
f a c t u r e r s  have been compelled,  both by t h e  buying 
pub l i c  and government r e g u l a t i o n ,  t o  produce more 
f u e l - e f f i c i e n t  cars. A s  t h i s  s i t u a t i o n  develops,  
s t r o n g e r  measures, i nc lud ing  heavy f u e l  t a x a t i o n a n d  
even f u e l  r a t i o n i n g ,  may be a n t i c i p a t e d .  

- 
Thus f a r ,  however, no such r e s t r i c t i o n s  have 

been placed on t h e  general a v i a t i o n  community, nor 
have a i r c r a f t  manufacturers  shown much i n i t i a t i v e  
i n  b r i n g i n g  f o r t h  t h e  a e r o n a u t i c a l  equ iva len t  of 
t h e  compact car. T h i s  i s  due a t  l e a s t  i n  p a r t  t o  
t h e  f a c t  t h a t  t h e  e n t i r e  g e n e r a l  a v i a t i o n  f l e e t  
consumes a min i scu le  f r a c t i o n  of petroleum d i s -  
t i l l a t e s  as compared t o  t h a t  used f o r  automotive 
purposes. But t h i s  s i t u a t i o n  may no t  p e r s i s t ;  
p r i v a t e  f l y i n g  is  s t i l l  l a r g e l y  perceived by t h e  
g e n e r a l  pub l i c  as a h igh ly  v i s i b l e  r e c r e a t i o n a l  
a c t i v i t y ,  roughly i n  t h e  same category as p l e a s u r e  
boa t ing ,  and acco rd ing ly ,  consumptive of v a l u a b l e  
resources which could well be put  t o  b e t t e r  use. 
Few people  r e a l i z e  t h e  e x t e n t  t o  which gene ra l  
a v i a t i o n  c o n t r i b u t e s  t o  our  n a t i o n a l  t r a n s p o r t a t i o n  
system. 
U .  S. gene ra l  a v i a t i o n  f l e e t  f l ew  4.5 b i l l i o n  m i l e s  
f o r  t h i s  pe r iod ,  roughly tw ice  t h e  number flown by 
all domest ic  a i r l i n e s ,  and t h a t  g e n e r a l  a v i a t i o n  
a i r c r a f t  t r anspor t ed  29 pe rcen t  o f  a l l  people  who 
t r a v e l e d  i n t e r c i t y  by a i r  i n  t h e  United S t a t e s .  

It was w i t h  t h e s e  though t s  t h a t  t h e  p re sen t  
s tudy was undertaken.  I f  g e n e r a l  a v i a t i o n  i s  t o  
con t inue  without  r e s t r i c t i o n ,  t h e r e  must be a con- 
c e r t e d  at tempt  t o  des ign  f u t u r e  a i r c r a f t  w i th  f u e l  
e f f i c i e n c y  as an  uppermost c o n s i d e r a t i o n .  It i s  
be l i eved  t h a t  t h e  r e s u l t s  of t h i s  s tudy  w i l l  pro- 

F igu res  r e l e a s e d  f o r  1978l  show t h a t  t h e  
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v i d e  new i n s i g h t s  as t o  t h e  d i r e c t i o n  i n  which 
t h e s e  des ign  e f f o r t s  should proceed. 

To keep t h i n g s  w i t h i n  r easonab le  bounds, it 
was decided t o  c e n t e r  t h i s  s t u d y  around a p a r t i c u -  
l a r  group of g e n e r a l  a v i a t i o n  a i r c r a f t ,  which are 
t h o s e  l i m i t e d  t o  two r e c i p r o c a t i n g  eng ines  and 
gross weigh t s  less t han  about  8 ,000  Ib .  (35 kN). 
This  is no t  o v e r l y  r e s t r i c t i v e ;  t h i s  grouping 
(which w i l l  hence fo r th  be r e f e r r e d  t o  as " p r i v a t e  
a i r c r a f t " )  i nc ludes  92% of t h e  200,000 g e n e r a l  
a v i a t i o n  a i r c r a f t  p r e s e n t l y  i n  s e r v i c e  i n  t h e  
United S t a t e s .  

Vehicle  E f f i c i e n c y  

A s  an overview, we begin w i t h  a s h o r t  d i scus -  
s i o n  on t h e  s u b j e c t  of v e h i c l e  e f f i c i e n c y .  

The d e f i n i t i o n  of v e h i c l e  e f f i c i e n c y ,  as means 
of determining which v e h i c l e  i s  "bes t , "  i s  a sub- 
j e c t  t h a t  has  i n t r i g u e d  e n g i n e e r s  f o r  many y e a r s ,  
and v a r i o u s  measures of t h i s  have been dev i sed .  
The most o f t e n  c i t e d  r a t i n g  i s  t h e  t r a n s p o r t  
e f f i c i e n c y  W V / P ,  where W is t h e  v e h i c l e  weight ,  
V ,  t h e  speed,  and P ,  t h e  i n s t a l l e d  power of  t h e  
v e h i c l e .  

2 Jewel1 has  made s tudy  of many v e h i c l e s  and 
concludes t h a t  "some form of t r a n s p o r t  e f f i c i e n c y  
is a s i g n i f i c a n t  measure of v e h i c l e  worth." How- 
e v e r ,  o b j e c t i o n s  can he r a i s e d  t h a t  an  e v a l u a t i o n  
of a v e h i c l e ' s  worth based on t h i s  r a t i n g  i s  m i s -  
l e ad ing .  F i r s t ,  i t  t u r n s  ou t  t h a t  all v e h i c l e s  
belonging t o  a gene r i c  class have about  t h e  same 
t r a n s p o r t  e f f i c i e n c y .  Thus t r a n s p o r t  e f f i c i e n c y  
is most a p p r o p r i a t e l y  used when comparing classes 
of v e h i c l e s ,  r a t h e r  t han  s p e c i f i c  d e s i g n s  w i t h i n  
a given class. Secondly,  u s i n g  t r a n s p o r t  e f f i c i -  
ency as a primary f i g u r e  of m e r i t  completely 
obscu res  t h e  f a c t  t h a t  some v e h i c l e s  are m a n i f e s t l y  
s u i t e d  f o r  some t r a n s p o r t a t i o n  needs,  and a s  
equally unsu i t ed  f o r  o t h e r s ;  w i t n e s s  t h e  j e t  t r a n s -  
p o r t  and t h e  supe r t anke r .  

I n  t h e  wide spectrum of t r a n s p o r t a t i o n  modes, 
a i r c r a f t  are unique,  i n  t h a t  they a r e  capab le  of 
developing high speeds economical ly .  Th i s  pe rmi t s  
human p a r t i c i p a t i o n  i n  d i s t a n t  e v e n t s  w i t h  a mini- 
mum investment  i n  t r a v e l  t ime .  The a c t u a l  worth 
of speed i s  d i f f i c u l t  t o  d e f i n e  i n  any g e n e r a l l y  
a c c e p t a b l e  sense; t h o s e  involved i n  mnrmerce 
measure it i n  one way, and v a c a t i o n e r s  i n  an  a l t o -  
ge the r  d i f f e r e n t ,  bu t  e q u a l l y  v a l i d  way .  About 
t h e  b e s t  t h a t  can be s a i d  i s  t h a t  speed i s  worth 
"something," which is i n  t u r n  r e l a t e d  t o  t h e  worth 
of t ime. And a i r c r a f t  are t h e  on ly  v e h i c l e s  t h a t  
can o f f e r  high speeds,  a t  any p r i c e .  

Th i s  is an  important  f a c t  t o  keep i n  mind when 
a i r c r a f t  are compared wi th  o t h e r  v e h i c l e s ,  such as 
automobiles ,  from t h  
as was r e c e n t l y  done . I n  t h i s  r ega rd  it  appea r s  
t h a t  p r i v a t e  a i r c r a f t  are  g e n e r a l l y  compe t i t i ve  
wi th  medium s i z e d  passenger  c a r s .  While such a 
comparison is u s e f u l  i n  t h a t  i t  can be r e a d i l y  
comprehended by t h e  l a y  p u b l i c ,  i t  s u f f e r s  from 

s t andpo in t  of f u e l  e f f i c i e n c y  e 
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t h e  f a c t  t h a t  t h e  worth o f  speed has  no t  been taken 
i n t o  accoun t ;  even a mediocre p r i v a t e  a i r c r a f t  

f l i e s t w i c c  as f a s t  as a passenger car c r u i s e s .  

l a a t  i s  needed i s  a d e f i n i t i o n  of a i r c r a f t  
e f f i c i e n c y  unique t o  a i r c r a f t ,  and based upon t h e  
p r i n c i p l e s  of f l i g h t .  Only i n  t h i s  way can t h e  
m e r i t s  o f  a given d e s i g n  be determined,  o r  may we 
ga in  an  a p p r e c i a t i o n  f o r  t h e  f a c t o r s  t h a t  govern 
a i r c r a f t  f u e l  e f f i c i e n c y .  

The Lift-Dr_g R a t i o  

In seek ing  a d e f i n i t i o n  of a i r c r a f t  e f f i c i e n c y ,  
i t  i s  n a t u r a l  t o  begin w i t h  t h e  l i f t - d r a g  (LID) 
r a t i o .  T r a d i t i o n a l l y ,  i ts maximum v a l u e  has  been 
accep ted  as a primary f i g u r e  of mer i t  f o r  a given 
a i r c r a f t .  When expressed i n  r e c i p r o c a l  form, i t  
is a k i n  t o  t h e  o rd ina ry  f r i c t i o n  c o e f f i c i e n t  en- 
countered i n  mechanics.  

The L I D  r a t i o  e n t e r s  a i r c r a f t  performance c a l -  
c u l a t i o n s  i n  an  obvious way. Neg lec t ing  speed 
v a r i a t i o n s  i n  p r o p e l l e r  e f f i c i e n c y  ( a  r easonab le  
assumption f o r  a i r c r a f t  having c o n s t a n t  speed pro- 
p e l l e r s )  i t  can be shown t h a t  t h e  speed which 
maximizes range, n e g l e c t i n g  wind, i s  t h a t  corre- 
sponding t o  t h e  b e s t  LID f o r  a p r o p e l l e r - d r i v e n  
a i r c r a f t .  T h i s  is e s t a b l i s h e d  by n o t i n g  t h a t ,  
s i n c e  t h e  t ime r a t e  of energy expend i tu re  d e l d t  
is p r o p o r t i o n a l  t o  power, which is i n  t u r n  pro- 
p o r t i o n a l  t o  t h e  product of d r a g  and v e l o c i t y ,  
i.e., 

dEldt  P . D V ,  

then dE/ds = ( d E / d t ) ( d t l d s )  = P I V  = D = W/(l.lU), 
where s is  t h e  d i s t a n c e  flown. The re fo re ,  t h e  
r a t e  o f  energy expend i tu re  p e r  u n i t  d i s t a n c e  is 
minimum when LID i s  maximum, i n d i c a t i n g  that i n  a 
comparison between two a i r c r a f t ,  t h e  one having 
t h e  h ighe r  LID ( a l l  o t h e r  t h i n g s  equa l )  ought t o  
be judged t h e  more e f f i c i e n t .  

It i s  a p r a c t i c a l  f a c t ,  however, t h a t  a i r c r a f t  
are almost  never flown a t  t h e  a i r speed  correspon- 
d i n g  t o  t h e  maximum LID r a t i o .  P i l o t s  o p e r a t e  
a i r c r a f t  acco rd ing  t o  manufac tu re r s '  i n s t r u c t i o n s ,  
where t h e  power s e t t i n g  ( i . e . ,  pe rcen t  of r a t e d  
power) i s  t r e a t e d  as t h e  independent v a r i a b l e .  The 
a i r s p e e d s  corresponding t o  t h e s e  s e t t i n g s  ( t y p i -  
c a l l y ,  65% and 75%) are u s u a l l y  we l l  i n  excess of 
t h e  t h e o r e t i c a l  optimum. 

An o b j e c t i v e  obse rva t ion  is t h a t  a i r c r a f t  arc 
designed wi th  a b a s i c  mismatch between t h e  aero- 
dynamics of t h e  a i r f r a m e  and t h e  amount of power 
r equ i r ed  t o  r e a l i z e  i t s  most e f f i c i e n t  use ,  and 
t h a t  as  a r e s u l t ,  a i r c r a f t  are opera t ed  i n  a waste- 
f u l  f a sh ion .  Before making any h a s t y  judgments 
r ega rd ing  p i l o t s  and d e s i g n e r s ,  however, we should 
exp lo re  t h e  reasons why t h i s  p r a c t i c e  e x i s t s .  For 
t h e  p r e s e n t ,  l e t  i t  s i m p l y  be noted t h a t  t h e  L I D  
r a t i o  does not  appear  t o  be as u s e f u l  a measure of 
a i r c r a f t  e f f i c i e n c y  a s  i n t u i t i o n  might sugges t .  

P r a c t i c a l  Cons ide ra t ions  

The mismatch betiveen t h e  amount of power in -  
stalled i n  a i r c r a f t  and t h a t  r e q u i r e d  f o r  e f f i c i e n t  
c r u i s e  d e r i v e s  from a v a r i e t y  of sources, c h i e f  of 
which is t h e  f a c t  t h a t  a i r c r a f t  must be a b l e  t o  
climb. T h i s  r e q u i r e s  a cons idc rab lc  amount of 

excess power, which when i n t e g r a t e d  i n  t ime,  r e -  
s u l t s  i n  p o t e n t i a l  energy and hence t h e  a l t i t u d e  
r equ i r ed  f o r  e f f i c i e n t  c r u i s i n g  o p e r a t i o n s .  Once 
a t  a l t i t u d e ,  t h i s  excess power then becomes a v a i l -  
a b l e  f o r  high speed c r u i s i n g .  That  t h i s  power i s  
uscd 
s i r e  f o r  speed,  but  a l s o  t h e  f a c t  t h a t  many o f  t h e  
c o s t s  a s s o c i a t e d  with f l i g h t  a rc  p ro ra t ed  on 
f l i g h t  t ime.  Thus, t h e  Cost of t h e  a d d i t i o n a l  fuel. 
r equ i r ed  t o  c r u i s e  a t  off-optimum a i r s p e e d  i s  
usual. ly more than compensated f o r  by t h e  sav ings  
i n  t h e s e  o t h e r  c o s t s .  There i s  a l s o  t h e  b e l i e f ,  
probably rooted i n  f a c t ,  t h a t  " t h r o t t l i n g  back" 
t o  t h e  optimum a i r speed  du r ing  normal o p e r a t i o n s  
i s  a f a l s e  economy, since t h e  engine w i l l  not  run 
a t  i ts bes t  o p e r a t i n g  t empera tu re ,  and w a r  w i l l  
be a c c c l e r a t e d .  

f o r  such purposes r e f l e c t s  not  only man's de- 'v 

This  has  e v i d e n t l y  been t r u e  s i n c e  t h e  be- 
g inn ings  of powered f l i g h t .  
a n a l y s i s  of t h e  1903, 1 2  lip Wright b i p l a n e ,  and 
concluded t h a t  t h i s  a i r c r a f t  f l e w  a t  or near i t s  
optimum l i f t  c o e f f i c i e n t  f o r  g l i d i n g ,  i . c . ,  a t  
maximum LID. "Other f l i g h t s , "  he n o t e s ,  "were 
made i n  a i r p l a n e s  of much t h e  same dimensions,  
w i t h  t h e  a i d  of ' s t r a n g e r '  (27 lip) engines ."  Even 
t h e  Wriehts  were e v i d e n t l y  d i s s a t i s f i e d  w i t h  an 
a i r c r a f t  engine s i z e d  t o  optimum a i r s p e e d ,  and 
remedied t h e  s i t u a t i o n  w i t h  more power! Thus, 
among t h e i r  o t h e r  n o t a b l e  achievements ,  they d i s -  
covered a des ign  t ru i sm s t i l l  v a l i d  today: i f  an 
a i r c r a f t  engine i s  s i z e d  t o  optimum a i r s p e e d ,  
p i l o t s  w i l l  d ec ide  t h a t  t h e  a i r c r a f t  is under- 
powered. 

Hoerner3 has made an 

Design f o r  H>s> L I D  a t  Cru i se  

v Having noted t h a t  p r i v a t e  a i r c r a f t  a re  equipped 
w i t h  engines far outsiaed f o r  c r u i s i n g  at optimum 
a i r s p e e d s ,  t h e  ques t ion  t h a t  next comes t o  mind 
i s  t h i s :  why a rc  a i . r c r a f t  not designed aerody- 
namical ly  t o  produce high L I D  a t  accep tab ly  high 
a i r s p e e d s ?  

To answer t h i s ,  we begin wi th  what might be 
c a l l e d  t h e  "dcs igne r ' s  dilemma," t h e  b a s i c  problem 
of s i z i n g  an a i r c r a f t  t o  meet a c r u i s e  s p e c i f i c a -  
t i o n .  Without being o v e r l y  restrictive, we con- 
f i n e  ou r  a t t e n t i o n  t o  a i r c r a f t  whose d r a g l l . i f t  
r a t i o  may be expressed by t h e  s imple r e l a t i o n  
(po la r )  having t h e  form 

(1) 
2 2 DIL = AV + B l V  

where V i s  t h e  f l i g h t  speed,  and A and B are lumped 
parameters* dc f ined  as 

2 
A = pf/2Y, B = 2Wloh ne ( 2 - 3 )  

Here, I, i s  t h e  a i r  d e n s i t y ,  f t h e  equ iva len t  para- 
s i t e  area f o r  t h e  a i r c r a f t  (a f i c t i t i o u s  area 
which, w h m  m u l t i p l i e d  by t h e  f r e e  s t ream dynamic 
pressure, equa l s  t h e  v i s c o u s  d r a g ) ,  W i s  t h e  
weight ,  h t h e  span ,  and c t h e  a i r p l a n e ,  or 
"Osvald's" e f f i c i e n c y  f a c t o r  which accoun t s  f a r  

*In t h i s  pape r ,  we d e p a r t  from t h e  convent ion of 
r e p r e s e n t i n g  a i r c r a f t  parameters  i n  c o e f f i c i e n t  
form. For presen t  purposes ,  t h e  r e p r e s e n t a t i o n  of 
performance i n  t h e  a c t u a l  phys i ca l  v a r i a b l e s  of 

c i e s  which would be obscured i n  t h e  customary 
( c w f f i c i e n t )  r e p r e s e n t a t i o n .  

t h e  a i r c r a f t  serves t o  i d e n t i f y  c e r t a i n  dependen- c 
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d e p a r t u r e s  from theory  i n  t h e  c a l c u l a t i o n  of in-  
duced drag.  

To achieve low DIL a t  some s p e c i f i e d  a i r s p e e d ,  

\, B i r t  c l o s e  in spec t ion  shows that t h i s  i s  not  e a s i l y  
both A and B should be hc ld  a s  small as p o s s i b l c .  

done; any at tempt  a t  reducing A by reducing p or 
i n c r e a s i n g  W r e s u l t s  i n  a corresponding i n c r e a s e  
i n  B, and vice-versa .  The same t e n d s  t o  be  t r u e  
f o r  t h c  two f i c t i t i o u s  areas f and b2, s i n c e  they 
e x i s t  i n  Some d i r e c t  p r o p o r t i o n a l i t y ,  and t h c  value 
of e t ends  t o  bc r a t h e r  i n f l e x i b l e ,  r ang ing  from 
about  0 .6  t o  0.8 f o r  most des igns .  Therein l i e s  
t h e  dilemma. 

The des ign  d e c i s i o n  a s  t o  t h e  magnitudes of A 
and B can be postponed t empora r i ly  by n o t i n g  t h a t ,  
f o r  a given A ,  8, t h e  above expres s ion  y i e l d s  a 
minimum i n  v e l o c i t y .  C a l c u l a t i n g  t h i s ,  i t  t u r n s  
O U t  t h a t  

j = (B/A)'I4 = (2W/i))112 (Tb2fc)-'l4, ( D j i , )  = 

wherc t h e  c i r c u m f l r x  r e f e r s  t o  minimum D I L ,  o r  
maximum L I D .  

This  only s e r v e s  t o  b r i n g  t h c  dilemmaAinto 
sharper  focus.  The requirement f o r  high V d i c -  
t a t e s  a low product of f and b2 
rcqiiircs a low ratio of f and b2. 
a i r speed  are i n i m i c a l .  I f  high L I D  i s  t h e  so le  
c r i t e r i o n ,  i t  can indeed bc achieved:  LID r a t i o s  
of  t h i r t y  o r  more are not  uncommon f o r  modern sai l -  
,planes. The drawback i s  t h a t  t h c  corresponding 
a i r s p c c d s  a rc  unacceptably low f o r  c r u i s i n g  a i r -  
c r a f t .  Contemporary s a i l p l a n e s  ach ieve  t h e i r  high 
LID'S a t  a i r s p e e d s  approximating 50 knots .  

whereas high L I D  
Thus, LID and 

L 

The real r e s t r i c t i o n  on h igh  LID a t  c r u i s e  can 
be dcduced by t r e a t i n g  t h e  maximum L I D  r a t i o  and 
t h e  corresponding a i r speed  as independent v a r i -  
a b l e s ,  t r e a t i n g  p ,  Wand e as c o n s t a n t s ,  and so lv -  
i ng  f o r  f and b2. T h i s  y i e l d s  

f = W/(pAV ),  b = 4(wA/npe)lv 
^2 2 -2 

where A = (LID). NOW, s p e c i f y i n g  V and A f i x e s  b ,  
and o s t e n s i b l y ,  f as w e l l .  However, f is a s t a t e -  
o f - the -a r t  parameter ,  and is no t  amenable t o  
s imple s p e c i f i c a t i o n .  P resen t  i n d i c a t i o n s  are 
t h a t  a va lue  of f l e s s  than about  3 f t 2  (0.28m2) 
cannot be achieved f o r  any product ion a i r c r a f t ,  
and this only wi th  t h e  g r c a t c s t  a t t e n t i o n  t o  aero- 
dynamic des ign .  A very " d i r t y "  d e s i g n ,  c h a r a c t e r -  
i z i n g  most s imple t r a i n i n g  a i r c r a f t ,  w i l l  normally 
have an f approximately tw ice  t h i s  value.  

W i t h  t h i s  c o n s t r a i n t ,  i t  is not  s u r p r i s i n g  t o  
f i n d  on t h e  b a s i s  a f  a survey (discussed l a t e r )  
t h a t  l i g h t  a i r c r a f t  d e s i g n e r s  appear  t o  have s tand-  
a r d i z e d  on maximum LID'S of about 1 0  t o  14 ,  with 
only a few des igns  l y i n g  o u t s i d e  t h e s e  r a t h e r  
narrow l imi t s .  However, as prev ious ly  no ted ,  few 
a i r c r a f t  are flown even a t  t h e s e  madest v a l u e s ,  
c r u i s e  LID'S of t e n  being t y p i c a l .  

Most E f f i c i e n t  Use of Excess Fuel 

Thus f a r ,  i n  an at tempt  t o  develop a r a t i o n a l  
v bas is  f o r  determining t h e  fuel e f f i c i e n c y  of sma l l  

a i r c r a f t ,  w e  havc i d e n t i f i e d  s e v e r a l  p r a c t i c a l  
a s p e c t s ,  summarized as fo l lows :  

1. A i r c r a f t  f u e l  cconomy is d i r e c t l y  propor- 
t i o n a l  t o  LID rati.0, but  high LID r a t i o s  are real- 
ized on ly  a t  unacceptably low a i r s p e e d s ,  w i t h i n  
p re sen t  technology c o n s t r a i n t s .  

2 .  Because of t h e  i n s t a l l c d  power r e q u i r e d  
f o r  good c l imb  performance, a i r c r a f t  are normally 
ope ra t ed  a t  a i r s p e e d s  well i n  excess of optimum. 

3. Since a i r c r a f t  normally o p e r a t e  a t  o f f -  
optimum a i r s p e e d s ,  t h e r e  i s  obv ious ly  a f u e l  pen- 
a l t y  involved.  

Reca l l i ng  that f u e l  e f f i c i e n c y  is  c e n t r a l  t o  
t h i s  s tudy ,  i t  is important  t o  determine what t h e  
pena l ty  i s  f o r  o f f -des ign  c r u i s i n g .  Accept ing t h a t  
excess f u e l  i s  t o  be t r a d e d  o f f  f o r  a i r s p e e d  dur- 
i ng  normal o p e r a t i o n s ,  we w i l l  now show t h a t  t h e r e  
i s  a method of o p e r a t i o n  which r e p r e s e n t s  t h e  
" l e a s t  was t e fu l  way of wasting" f u e l .  

By n e g l e c t i n g  minor v a r i a t i o n s  i n  p r o p e l l e r  
e f f i c i e n c y  and s p e c i f i c  f u c l  consumption t h a t  may 
e x i s t  a t  d i f f e r e n t  a i r s p e e d s  and power s e t t i n g s  
f o r  any given a i r c r a f t ,  i t  i s  no t  d i f f i c u l t  t o  
c a l c u l a t e  t h e  t h e o r e t i c a l  amount of a d d i t i o n a l  
f u e l  t h a t  would be consumed on a g iven  s t a g e  
l e n g t h  i f  an a i r c r a f t  werc flown a t  an  a i r s p e e d  
d i f f e r e n t  from t h e  optimum. Only t h e  no-wind 
c o n d i t i o n  will be cons ide red ;  t h e  r e s u l t s  can be 
extended l a t e r  t o  inc lude  wind, as t h e  need a r i s e s .  
TO do t h i s ,  w e  begin w i t h  eqns.  ( 1 , 4 , 5 ) ,  i . e . ,  

(DIW)  = AV + B I V  and V = ( B I A )  -2  - 2  114 

T h i s  cond i t ion  i s  taken a s  a r e f e r c n c c ,  s i n c e  as 
p rev ious ly  n o t e d ,  i t  r c p r e s c n t s  t h e  optimum (most 
f u e l  e f f i c i e n t )  f l i g h t  c o n d i t i o n .  

The u n i t  power P = PI14 r e q u i r e d  a t  t h i s  a i r -  
speed i s  

I\ ^3  ,, 3 114 P = AV + B l V  = 2 ( A B  ) , 

and t h u s ,  a t  any o t h e r  a i r s p c c d  V ,  it r e s u l t s  
a f t e r  some a l g e b r a  t h a t  

Nola supposc  thaL V = aV, where a is  a number 

3 

of u n i t  o r d e r .  Then 

P IPS = 1 / 2 [ a  + l l a ]  = F/F,  

where F is t h e  f u e l  flow r a t e ,  assumed t o  scale 
d i r e c t l y  wi th  power accord ing  t o  p rev ious  assump- 
t i o n s .  For a givcn c r u i s e  d i s t a n c c ,  t h e  r a t i o  
of no-wind f l i g h t  t imes  w i l l  be t / t  = V l V  = l /a,  
and hence t h e  r a t i o  of t o t a l  f u e l  expended f o r  
e i t h e r  case w i l l  be  

2 A -  

( F I F ) ( t l t )  = 1 / 2 L w  + l/a21 E w 

C a l l i n g  a an  "excess specd f a c t o r , "  and w an  
" ~ X C ~ S S  f u e l  f a c t o r , "  t hen  t h e  r a t i o  wla is a 
measure of t h e  p r i c e  (measured i n  f u e l )  per u n i t  
of a i r speed  g r e a t e r  o r  l e s s  than t h e  optimum f o r  

114 
a given d i s t a n c e  flown. T h i s  q u a n t i t y  h a s  a 
minimum, i . e . ,  d(w1N)lda = 0,  when a 5 a* = 3 . 

It t h u s  t u r n s  ou t  t h a t  t h e  b e s t  r a t e  of re- 
t u r n  on excess f u e l  expended, as measured i n  
a d d i t i o n a l  a i r s p e e d  w i l l  occur when 

3 



* *  
V* = 31'4j - 1 . 3 2 V ,  Ps = ( 2 / 3 1 ' 4 ) 6 ,  - 1.52^p, 

w = 2/31i2 - 1.16,  and t* = ( l / 3 ' l 4 ] t -  0 .76 ; ,  

i n d i c a t i n g  t h a t  a 32% i n c r e a s e  i n  a i r s p e e d  above 
t h e  optimum w i l l  r e s u l t  i n  on ly  a I h %  i n c r e a s e  i n  
t o t a l  f u e l  used. Th i s  r e q u i r e s  a 52% increase i n  
power. I n  r e t u r n  f o r  t h i s ,  the f l i g h t  t ime w i l l  
be reduced by 24%. This  i s  c l e a r l y  t h e  bes t  rc- 
t u r n  i n  a i r s p e e d  i n c r e a s e  (and hcnce r educ t ion  in 
f l y i n g  t ime)  on eticess f u e l ,  and as such, must be 
regarded as t h e  " l e a s t  w a s t e f u l  way of was t ing , "  
i . e . ,  t h e  most p roduc t ive  u s e  of excess f u e l  f o r  
c r u i s i n g  purposes .  

T h i s  resu l t  is remarkable on two counts :  
f i r s t ,  i t  i n d i c a t e s  t h a t  t h e  common p r a c t i c e  of 
o p e r a t i n g  p i s t o n  a i r c r a f t  a t  a i r s p e e d s  about  30% 
h ighe r  than t h e  optimum has  a r a t i o n a l  b a s i s ,  al- 
though t h e  p r a c t i c e  i t s e l f  has probably evolved 
e m p i r i c a l l y .  
known t o  correspond t o  t h e  optimum (no-wind) a i r -  
speed f o r  i p t _ g r o p e l l e d  a i r c r a f t ,  i n  which f u e l  
energy i s  converted d i r e c t l y  i n t o  t h r u s t  ( i n  con- 
trast t o  p r o p e l l e r  d r i v e n  a i r c r a f t ,  i n  which en- 
e r g y  is converted f i r s t  t o  porqer, t h e n  t o  t h r u s t )  
and corresponds t o  t h e  minimum va lue  of DIWV f o r  
t h e  a i r c r a f t .  

Secondly,  t h e  c o n d i t i o n  V = 3 l f 4 V  is 

We can determine t h e  p h y s i c a l  s i g n i r i c a n c e  of 
t h i s  a i r s p e e d  for p r o p e l l e r  a i r c r a f t  from the f o l -  
lowing c o n s i d e r a t i o n s .  Assuming s t eady  s t a t e ,  w e  
can w r i t c  

DIWV = DtIWs = P t / W s V  - EIWsV, 

which shows that t h e  a i r speed  corresponding to  
minimum D/WV minimizes t h e  t o t a l  energy E r equ i r ed  
t o  t r a n s p o r t  a weight W through a d i s t a n c e  s a t  
v e l o c i t y  V .  A l t e r n a t e l y ,  

2 D/WV = DV/W - P / W ~ ,  i . e . ,  

t h e  a i r s p e e d  corrcsponding t o  minimum D l W  mini- 
mizes t h e  power r equ i r ed  t o  ma in ta in  t h e  k i n e t i c  
enerey of t h e  a i r c r a f t  i n  t h e  f a c e  of con t inuous  
energy d i s s i p a t i o n  by d r a g  f o r c e s .  It  may be noted 
t h a t  s i n c e  E ( t h e  t o t a l  energy consumed i n  a given 
d i s t a n c e  a t  c r u i s e )  i s  p r o p o r t i o n a l  t o  c o s t ,  then 
E / V  i s  t h e  c o s t  of t r a v e l  over  a g iven  d i s t a n c e  
pe r  u n i t  of a i r s p e e d ,  and t h e  a n d y s i s  sliows t h a t  
this c o s t  w i l l  bc minimized when UlWV i s  minimized. 
Thus, V minimizes c o s t  p e r  u n i t  d i s t a n c e ,  whi1.e V* 
minimizes c o s t  per u n i t  of speed. 

F i n a l l y ,  we n o t e  i n  pas s ing  t h a t  t h e  r e c i p r o c a l  
O C  DIW i s  j u s t  t h e  product of t h e  a i r s i x e d  and t h e  
L I D  r a t i o .  Obviously,  minimizing n/WV r e s u l t s  i n  
maximizing t h i s  product .  Th i s  i s  e v i d e n t l y  t h e  
b e s t  compromise betwecn high LID and h igh  speed,  
s h o w  p rev ious ly  t o  e x i s t  i n  r e c i p r o c a l  r e l a t i o n .  
It i s  i n  t h i s  f a sh ion  t h a t  d e s i g n e r s  appear t o  
r e c o n c i l e  t h e  d e s i g n  dilemma. 

, I  

Thc Gabr i e l l i -von  Karma" L i m i t  

operated according t o  this phi losophy,  i.c., i n  a 
way t h a t  maximizes speed \per u n i t  c o s t ,  r a t h e r  
than d i s t a n c e  pe r  u n i t  c o s t .  

T h i s  h r i n g s  t o  mind a c e l e b r a t e d  paper pub- 
l i s h e d  i n  1950 by G a b r i c l l i  and "on K<rmin4, who 

t o  e s t a b l i s h  e x a c t l y  t h i s  t y p e  of r e l a t i o n s h i p .  
The paper was t i t l e d ,  a p t l y ,  "iffliat P r i c e  Speed?" 

undertook a s tudy  of many v e h i c l e s  i n  an at tempt  \c/ 

The i r  work shoirrd t h a t  t h e r e  i s  an apparent  
technology harrier (which they c a u t i o u s l y  r e f e r r e d  
t o  as "almost a kind of universal law") that s c t s  
a l i m i t  on  t h e  speed of any v e h i c l e ,  r c g a r d l e s s  of 
t ypc  o r  o p e r a t i n g  mcdinm, f a r  a g ivcn  ipower t o  
w i g h t  r a t i o .  
F (def ined a s  P / W  and hence t h e  r e c i p r o c a l  o f  
t r a n s p o r t  e f f i c i e n c y )  a g a i n s t  speed f o r  n u m ~ r o ~ ~ s  
v e h i c l e s ,  it w a s  found that t h e r e  i s  a l i n e  of  
demarcat ion i n  v e h i c u l a r  performance betwecn t h a t  
which i s  f e a s i b l e ,  .md t h a t  w h i c h  appea r s  t o  he 
impossible .  This i s  illown i n  F-1. Th i s , l i ?e  has  
Since been known a s  t h e  "dabriel l i -"on Karma" 
l i m i t , "  or, simply tile " l i m i t  l i n e , "  and i s  a 
s t anda rd  by which a l l  vchiclcs are compared; t h e  
c l o s e r  t h e  v e h i c l e ' s  performance l i e s  to t h i s  
l i n e ,  t h e  g r e a t e r  e f f i c i c n c y  w i l l  be a t t r i b u t e d  t o  
t h e  v e h i c l e .  It should Be noted t h a t  th is  l i m i t  
was not  d e r i v e d ,  but  r a t h e r  wails pos tu l a t cd  accord- 
i ng  t o  t h e  evidencr  dcvi,loped i n  tiwir exhaus t ive  
s tudy .  The a u t h o r s  themselves  specu la t ed  on i t s  
o r i g i n ,  i n d i c a t i n g  that i t  might be r e l a t c d  t o  
m a t e r i a l  p r o p e r t i e s .  

By p l o t t i n g  v c h i c l e  s p e c i f i c  powcr 

Fig.  1 S p e c i f i c  Res i s t ancc  of S ing le  Veh ic l e s4  
(used by permission of Am. SOC. of Mechanical 
Engineers) 

E a r l i e r ,  it was noted t h a t  a i r c r a f t  a re  unique 
v e h i c l e s ,  i n  t h a t  o n l y  a i r c r a f t  are capab le  of Returning t o  t h e  ma t t e r  a t  hand, i t  can be seen 
a c h i e v i n g  high speeds economical ly ,  
f o r  a r e a l i s t i c  measure of a i r c r a f t  e f f i c i e n c y ,  

cal and some t h e o r e t i c a l ,  and have been l e d  t o  t h e  Cobriell i-"on Karma" (GvK) sense would occur a t  a 
conc lus ion  t h a t  a i r c r a f t  are indeed designed and speed corresponding t o  h e s t  LID. Howcvcr, i f  t h c  

~n our t h a t  t h e  v c h i c l e  s p c c i f i c  power f o r  a n  a i r c r a f t  is 
j u s t  i t s  D/l. r a t i o .  Accordingly,  i.t might bc sup.. 

W E  have examined a number of f a c t o r s ,  some p r a c t i -  posed t h a t  t h e  $5 a i r c r a f t  e f f i . c i ency  i n  t h e  

c 



m t i r c  DIL c h a r a c t e r i s t i c  of t h e  a i r c r a f t  is p l o t -  
ted i n  t h e  E - V coord ina te  system, i t  can bc seen, 
a s  sliown i n  F-2, t h a t  t h e  speed l y i n g  c l o s e s t  t o  
t h e  l i m i t  l i n c  is not  t h a t  f o r  minimum E ( b e s t  LID), 
but r a t h e r  a speed somewhat higher  than t h i s .  It 
is e a s i l y  shown ( t h e  d e t a i l s  are s t r a i g h t f o r w a r d )  
that t h i s  "ve loc i ty  of c l o s e s t  approach" is iden- 
t i c a l  t o  t h e  speed designated a s  V* i n  t h e  pre- 
v ious  development. Note t h a t  t h i s  is t r u e  re- 
g a r d l e s s  of whether t h e  a i r c r a f t  i s  powered by a 
j e t  engi.ne or a p r o p e l l e r .  Thus, design p r a c t i c e ,  
o p e r a t i o n a l  p r a c t i c e ,  and t h c  l i m i t  l i n e  have been 
u n i f i e d  i n t o  a cohcrent  whole. We have shown t h a t  
i t  i s  n e i t h e r  p r a c t i c a l  t o  des ign  f o r  high L I D ,  
n o r  t o  o p e r a t e  a i r c r a f t  a t  t h c  a i r speed  corre- 
sponding t o  maximum LID. Then i t  was shown t h a t  
i f  a i r c r a f t  a r c  not  t o  be operated a t  t h e  most 
f u e l  e f f i c i e n t  a i r s p e e d ,  thcn t h e r e  i s  a "next 
best"  a i r speed  corrcnponding t o  minimum o u t l a y  i n  
cxlra f u e l  per  increment of addi t i .ona1 speed (o r  
dcc rease  i n  f l i g h t  t ime) ;  and t h i s  i n  t u r n  is 
i d e n t i c a l  t o  t h e  a i r speed  l y i n g  c l o s e s t  t o  t h e  

u 

GvK l i m i l  l i n c .  

T h i s  a i r speed  may be regarded as t h e  c r u i s e -  
oiXimum, and w i l l  be r e f c r r c d  t o  as such subse- 
qucnt1y. 

I 

V 

F i g .  2 Typ ica l  Ai . rcraf t  D I L  C h a r a c t e r i s t i c  VS.  V .  
Note v e l o c i t y  of c l o s e s t  approach t o  l i m i t  l i n e  
i s  not  WLID max, 

D e f i n i t i o n  of Cruise E f f i c i e n c y  

It is  now p o s s i b l e  t o  develop a f i g u r e  of mer i t  
f o r  an a i r c r a f t ,  based on t h e  closeness of i t s  per- 
formance t o  t h e  GvK l i m i t .  Before t h i s  is under- 
t aken ,  however, i t  w i l l  prove convenient  t o  t r a n s -  
form t h e  GvK coord ina te s  i n t o  ano the r  system. 

 he limit l i n e  appea r s  as a l i n e a r  f u n c t i o n  of 
v e l o c i t y  i n  t h e  c - V p l a n e .  Thus, EJV = K (a 
c o n s t a n t )  a long  t h e  l i m i t  l i n e * ,  so t h a t  i f  E I V  i s  
plotLed a g a i n s t  V ,  t h e r e  r e s u l t s  a l i n e  p a r a l l e l  

v w i t h  t h c  V a x i s .  T h i s  corresponds t o  an i n v a r i a n t  
l i m i t ,  and a l l  p o i n t s  t o  t h e  l e f t  of t h e  l i m i t  l i n e  
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i n  E - V space w i l l  map t o  p o i n t s  above t h i s  l i m i t .  
However, i t  i s  more i n s t r u c t i v e  t o  p l o t  V I E  VS. V .  
Th i s  maps t h e  l i m i t  l i n e  i n t o  an upper bound', 
which seems more i n  consonance wi th  t h e  n o t i o n  
o f  a l i m i t .  Then has t h e  dimensions of 

v e l o c i t y ,  having a numerical  value computed t o  be 

1 / K  = = 5714 mph = 

8380 f l s  = 4962 k t s .  = 2554 m / s .  

Now, t h e  performance o f  any v e h i c l e  l y i n g  t o  
t h e  l e f t  o f  the l i m i t  l i n e  i n  E - V space w i l l  map 
t o  a curve l y i n g  below t h e  (VIE) 

space,  and so t h e r e  i s  a maximum c h a r a c t e r i s t i c  
v e l o c i t y  f o r  any v e h i c l e  (not t o  be confused wi th  
its a c t u a l  v e l o c i t y )  gi.ven by V I E  = W2/P  = 

l i n e  i n  V I E  - V max 

(VL/D)max. 

From prcvious r e s u l t s ,  we g e t  f o r  a i r c r a f t ,  

('!LID)* = (VIE)* = (3314/4)(1/A B) 3 114 , 
which, when divided by (VIE) y i e l d s  a number max' 
r ang ing  from zero t o  u n i t y ,  t h a t  i s  now des igna ted  
as  t h e  cruise e f f i c i e n c y  C ,  g iven by 

(6 )  
3 -114 C = 0.57K(A B) . 

This is an a b s o l u t e  measure of a i r c r a f t  c r u i s e  
e f f i c i e n c y ,  s i n c e  i t  compares t h e  maximum product  
o f  v e l o c i t y  and LID r a t i o  of t h c  a i r c r a f t  t o  t h e  
maximum imposfd by technology.  

To complete t h i s  d i s c u s s i o n ,  it i s  noted t h a t  
t h e  u n i t  power r equ i r ed  a t  optimum c r u i s e  can a l s o  
be w r i t t e n  as a f u n c t i o n  of t h e  A and B parameters  
as fol lows:  

(7) 
3 114 P: = (T) = AV*3 + B/V* 4(AB 13) 

from eqn. 1, S ince  V* = (38/A)114 from above. 

App l i ca t ion  of R e s u l t s  

To i l l u s t r a t e  t h e  a p p l i c a t i o n  of t h e  preceding 
a n a l y s e s ,  a parametr ic  survey of some 111 produc- 
t i o n  a i r c r a f t  was made, r e p r e s e n t i n g  t h e  bu lk  o f  
all "cruis ing" a i r c r a f t  c e r t i f i c a t e d  i n  t h e  United 
S t a t e s  which are powered by r e c i p r o c a t i n g  eng ines ,  
having g r o s s  weights  l e s s  than  about  8,000 l b .  
(35.6 kN). Tra in ing  a i r c r a f t  were included i n  
t h i s  survey,  but  a g r i c u l t u r a l  a i r c r a f t  were n o t ,  
owing t o  t h e i r  h igh ly  s p e c i a l i z e d  n a t u r e .  

T h i s  survey was undertaken s p e c i f i c a l l y  i n  
o rde r  t o  answer two ques t ions :  t h e  f i r s t  has  t o  do 
w i t h  t h e  c u r r e n t  s t a t e  of des ign  tcchnology;  how 
e f f i c i e n t  are t h e s e  a i r c r a f t ,  i n  t h e  sense pre-  
v i o u s l y  de f ined?  The second addressed t h e  i s s u e  
of o p e r a t i o n a l  p r a c t i c e :  
f a c t u r e r s '  power recommendations match t h e  c r u i s e  
optimum? 

how c l o s e l y  do manu- 

Data f o r  t h i s  survey were drawn from two p r i n -  
c i p a l  sources, l i s t e d  i n  t h e  r e fe rences6 , ' .  

*K i s  given i n  Ref. 4 as 0.000175/(mph). 
+The a u t h o r  i s  indebted t o  D r .  D.  Jewel1 f o r  
p o i n t i n g  ou t  t h a t  t h i s  t r  nsformation was a n t i c i -  

The 

pated by P. Crewe i n  1958 3 . 



e q u i v a l e n t  p a r a s i t e  a r e a  r equ i r ed  t o  c a l c u l a t e  t h e  
"A" values were ob ta ined  by making assumptions f o r  
P r O p d l C X  e f f i c i e n c y  (uniformly adopted t o  be 85%) 
and e f f i c i e n c y  f a c t o r  e of  0.78. These values 
wcrc adopted as t h e  most p robab le ,  bascd on pub- 
l i s h e d  work8.9. I n  so do ing ,  some a i r c r a f t  were 
undoubtedly favored,  and o t h e r s  pena l i zed ;  how- 
ever, s i n c e  t h e  induced d r a g  is only about  25% of 
t h e  t o t a l  d r a g  f o r  most a i r c r a f t  a t  c r u i s e ,  t h e  
r e s u l t i n g  values of  f t h u s  ob ta ined  were not  par- 
t i c u l a r l y  s e n s i t i v e  t o  e, as s tudy  showed. It is  
notcd i n  pas s ing  t h a t ,  s i n c e  d a t a  were a v a i l a b l e  
f o r  a l l  a i r c r a f t  at bo th  t h e  65% and 75% c r u i s e  
QOV~I- s e t t i n g s ,  f could be determined tw ice  f o r  
each a i r c r a f t .  Gene ra l ly  speaking,  t h e s e  two in-  
dependent d e t e r m i n a t i o n s  y i e lded  remarkable  con- 
s i s t e n c y ,  d i f f e r i n g  i n  a lmost  every case by l e s s  
than f i v e  p e r c e n t .  These assumptions become even 
less  i n f l u e n t i a l  i n  t h e  a c t u a l  de t e rmina t ion  of 
c r u i s e  performance, s i n c e  e and f appear  i n  t h e  
above r e l a t i o n s  r a i s e d  t o  f r a c t i o n a l  powers. 

It i s  a l s o  po in ted  ou t  t h a t  t h e  r e s u l t i n g  val- 
ues of A, B, C ,  and V* c a l c u l a t e d  f o r  each a i r -  
c r a f t  were a l t i t u d e  dependent ,  t h a t  i s ,  thcy were 
determined s t r i c t l y  from manufac tu re r s '  d a t a ,  
which may be presumed t o  r e p r e s e n t  t h e  i d e a l  f o r  
each make and model. Some thought  was g iven  i n i -  
t i a l l y  t o  normalizing a l l  d a t a  t o  a r e f e r e n c e  a l t i -  
tude ,  but  t h i s  was decided a g a i n s t  f o r  t h e  reason 
a l r e a d y  s t a t e d ,  and t h e  f a c t  t h a t  t h i s  would ob- 
scure t h e  l a r g e  g a i n s  made i n  c r u i s e  e f f i c i e n c y  i n  
r e c e n t  y e a r s  w i th  t h e  i n t r o d u c t i o n  o f  turbosuper-  
charged eng ines  i n  such a i r c r a f t .  

F i g u r e  3 shows t h a t  c r u i s e  e f f i c i e n c y  v a r i e s  
a lmost  l i n e a r l y  w i t h  a i r s p e e d ,  r ang ing  from about  
0.15 f o r  s imple,  f ixed-gear  t r a i n i n g  a i r c r a f t ,  t o  
a maximum of 0.7 f o r  h i g h - a l t i t u d e  twins.  The 
exp lana t ion  f o r  t h i s  is t h a t  LID r a t i o s  f o r  a l l  
a i r c r a f t  s t u d i e d  f a l l  w i t h i n  t h e  range 9 - 1 6  
( i s o l a t e d  excep t ions  no ted )  and t h u s  c r u i s e  e f -  
f i c i e n c y  t ends  t o  scale d i r e c t l y  w i t h  v e l o c i t y .  
T h i s  is brought o u t  c l e a r l y  i n  F-4, which is a 
p l o t  of A vs. 8. Shown i n  t h i s  coord ina te  system 
a r c  l i n e s  of c o n s t a n t  V* and C ,  w i th  two l i n e s  of 
cons t an t  a l s o  shown f a r  r e f e r e n c e .  Among 

o t h e r  t h i n g s ,  t h i s  also i l l u s t r a t e s  t h e  g a i n s  made 
by supercharging,  which pe rmi t s  h i g h - a l t i t u d e  
f l i g h t .  The result is  a s imultaneous dec rease  i n  
A and an i n c r e a s e  i n  B, l e a d i n g  t o  h ighe r  speed,  
and hence c r u i s e  e f f i c i e n c y .  

The las t  f i g u r e  (F-5) shows t h a t  publ ished a i r -  
speeds are, on t h e  ave rage ,  about  15% h ighe r  than 
t h e  c r u i s e  optimum developed i n  t h i s  s tudy ,  a t  t h e  
75% power level. A number of a i r c r a f t  appear t o  
have eng ines  s i z e d  t o  produce t h e  c r u i s e  optimum 
a i r s p e e d  a t  t h i s  power l e v e l ,  however, i n d i c a t i n g  
t h a t  some e x i s t i n g  d e s i g n s  have been n e a r l y  op- 
t imized i n  t h i s  r ega rd .  On t h e  o t h e r  hand, numer- 
ous o t h e r  a i r c r a f t  appear  t o  be over-powered a t  
c r u i s e ,  and would b e n e f i t  cons ide rab ly  i n  f u e l  
e f f i c i e n c y  if opera t ed  a t  somewhat lower c r u i s e  
power s e t t i n g s .  A p l o t  of publ ished a i r s p e e d s  
a g a i n s t  t h e  c r u i s e  optimum a t  t h e  65% power l e v e l  
l e a d s  t o  e s s e n t i a l l y  t h e  same conc lus ions ,  and 
t h e r e f o r e  i s  no t  included.  

Design f o r  Cru i se  E f f i c i e n c y  

R e c a l l i n g  t h a t  c r u i s e  e f f i c i e n c y  is a normal- 
ized maximum product of LID r a t i o  and v e l o c i t y ,  we 

r e t u r n  t o  F-4. Here, i t  can be seen t h a t  t o  
ach ieve  h ighe r  e f f i c i e n c i e s ,  t h e r e  are two obvious 
p a t h s  t o  fol low.  The f i r s t  i s  a r educ t ion  i n  A 
a t  t h e  expense of B. Th i s  corresponds t o  an  in -  
crease i n  a l t i t u d e  or g r a s s  weight ,  or a d e c r e a s e  
i n  bo th  f and b2, a l l  o t h e r  t h i n g s  c o n s t a n t .  
i s  tantamount t o  ho ld ing  LID c o n s t a n t ,  and ev iden t -  
l y  is t h e  t a c k  t h a t  has  been taken i n  p a s t  des ign  
p r a c t i c e .  The second pa th  i s  t h a t  of ho ld ing  V 
c o n s t a n t ,  and i n c r e a s i n g  LID. T h i s  r e q u i r e s  
( aga in ,  a l l  o t h e r  t h i n g s  c o n s t a n t )  a r e d u c t i o n  i n  
f ,  and an i n c r e a s e  i n  b2. 
l a t t e r  i s  obv ious ly  t h e  more d i f f i c u l t  t o  ach ieve .  
None of t h i s  i s ,  of course, very  s u r p r i s i n g  t o  de- 
s i g n e r s ,  who have known f o r  a long t i m e  t h a t  per- 
formance is a c u t e l y  dependent upon p a r a s i t e  area 
and a s p e c t  r a t i o ,  r e f l e c t e d  through b2. However, 
t h e  l u c i d i t y  w i t h  which t h e s e  f a c t s  are i l l u s -  
t r a t e d  by t h e  p r e s e n t  a n a l y s i s  might be considered 
one of i ts c h i e f  v i r t u e s .  

Th i s  

Of t h e  two p a t h s ,  t h e  

But q u i t e  a p a r t  from t h i s ,  F-4 can be used as 
a d i r e c t  a i d  t o  d e s i g n .  A i r c r a f t  des ign  is t r a -  
d i t i o n a l l y  an i t e r a t i v e  p rocess ;  t h a t  i s ,  given a 
c r u i s e  s p e c i f i c a t i o n ,  t h e  problem is t o  determine 
t h e  phys ica l  and aerodynamic c h a r a c t e r i s t i c s  of 
t h e  a i r c r a f t ,  and t h e  powerplant needed t o  ach ieve  
t h i s  s p e c i f i c a t i o n .  However, i f  t h e  s p e c i f i c a t i o n  
were given i n  terms of c r u i s e  e f f i c i e n c y ,  optimum 
c r u i s e  v e l o c i t y ,  and t h e  power a v a i l a b l e  a t  c r u i s e ,  
t hen ,  w i th  t h e  a i d  of t h i s  f i g u r e ,  t h e  p h y s i c a l  
and aerodynamic c h a r a c t e r i s t i c s  can be r e a d i l y  
dctermined. A s  an example, suppose a l i g h t  twin 
i s  t o  be designed t o  have a c r u i s e  e f f i c i e n c y  of 
0 .6  a t  25,000 f t  (7600 m) and an  optimum c r u i s e  
speed of 250 k t s .  The a i r c r a f t  is s p e c i f i d  
a p r i o r i  t o  be powered by two eng incs  r a t e d  a t  300 
HP (225 kii) each,  and it  i s  intended t h a t  optimum 
c r u i s e  t a k e  p l a c e  a t  65% power. AS n f i r s t  e s t i -  
mate, t h e  p r o p e l l e r  e f f i c i e n c y  may bc t aken  as 
85%, and t h c  e f f i c i e n c y  f a c t o r  a s  0.7.  Then, 
from F-4, we read A = 3 .5  x s e c 2 / f t 2 ,  B = 

4 x I O 3  f t 2 / s e c 2 .  
of eqns.  ( 7 ) ,  ( Z ) ,  and ( 3 ) ,  we immediately compute 

w = 4900 I b  (21.9 M ) ,  f = 3 .43  f t  ( 0 . 3 1 9  nl ),  

and b = 32.25 f t  (9.83 m) 

With t h e s e  i n p u t s  and t h e  h e l p  

2 2 

which should be w e l l  w i t h i n  p re sen t  des ign  capa- 
b i l i t i e s ;  t h e  po in t  i s  t h a t  t h e  des igne r  now has  
t h e  necessa ry  parameters  which, i f  reached,  guar- 
a n t e e  t h a t  t h e  c r u i s e  s p e c i f i c a t i o n  w i . 1 1  be met. 
Note t h a t  t h i s  i s  no t  an i t e r a t i v e  process, but  
r a t h e r  a s t r a i g h t f o r w a r d  approach,  g r e a t l y  reduc- 
ing  t h e  need f o r  expensive and time-consuming 
t r a d e o f f  s t u d i e s .  

Summary and Conclusions 

It is  ax iomat i c  t h a t  t h e  b a s i s  of any p h y s i c a l  
t heo ry  i s  a s e t  of experimental  r e s u l t s .  From 
t h i s  i t  fo l lows  t h a t  when theo ry  and o b s e r v a t i o n  
c o n f l i c t ,  t h e  theo ry  must be reaxamined. In t h i s  
paper we have a l l  but  abandoned t h e  c l a s s i c a l  
fo rmula t ion  o f  a i r c r a f t  c r u i s e  performance s i n c e ,  
from a p r a c t i c a l  s t a n d p o i n t ,  it has  l i t t l e  more 
than academic i n t e r e s t .  The optimum f u e l  e f f i c i e n t  
a i r speed  p r e d i c t e d  by c l a s s i c a l  t heo ry  i s  com- 
p l e t e l y  a t  odds w i t h  des ign  and o p e r a t i o n a l  
ph i lo soph ies .  

I n  an a t t empt  t o  understand why such a d i s -  
p a r i t y  e x i s t s ,  i t  was found t h a t  while  t h e  d e f i -  
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n i t i o n  o f  t h e  "best" a i r c r a f t  i s  a rguab le ,  t h e r e  
is, unarguably,  a b e s t  method of o p e r a t i n g  a given 
a i r c r a f t  which r e s u l t s  i n  a maximum r a t e  o f  r e t u r n  
i n  a i r s p e e d  (hence r educ t ion  i n  f l y i n g  t ime)  r a t h -  
er t han  i n  dista:ce t r a v e l e d ,  per  u n i t  of f u e l  

i n  mind when he wro te ,  i n  l a t e r  exp lana t ion  of 
h i s  work w i t h  G a b r i e l l i l O :  

" I f  t h e  s p e c i f i c  power is p r o p o r t i o n a l  t o  speed,  
t h e  t o t a l  work necessa ry  f o r  t r a n s p o r t a t i o n  ove r  
a given d i s t a n c e  i s  t h e  same. Th i s  c o n d i t i o n  
corresponds t o  s t r a i g h t  l i n e s  of 45" s l o p e  i n  t h e  
loga r i thmic  diagram. We can t h e r e f o r e  say t h a t  
any v e h i c l e  performs b e s t  where i t s  curve has  a 
45' s lope .  I f  t h e  s l o p e  i s  l e s s  t han  45". t h e  
v e h i c l e  i s  improved by i n c r e a s i n g  speed. I f  t h e  
s l o p e  i s  g r e a t e r  t han  45', t h i s  i s  a s i g n  t h a t  
t h e  v e h i c l e  i s  beyond its b e s t  app l i ca t ion . "  

From t h i s ,  it is ev iden t  t h a t  any v e h i c l e ,  air-  
c r a f t  i nc luded ,  w i l l  be operated a t  i t s  "bes t  
a p p l i c a t i o n "  when t h e  product of speed and LID 
r a t i o  (o r  WV2/P) i s  maximum. 
c r a f t ,  t h i s  corresponds t o  t h e  optimum u t i l i z a -  
tion of excess power f o r  c r u i s i n g  purposes ,  as 
has  been demonstrated.  

i-, consumed. Von Karmgn must s u r e l y  have had t h i s  

FOK p r o p e l l e r  a i r -  

It i s  t h e  a u t h o r ' s  b e l i e f  t h a t  t h i s  work has  
immediate a p p l i c a t i o n .  A s  a start ,  manufacturers  
(who know t h e  p h y s i c a l  and aerodynamic parameters  
of t h e i r  products  b e t t e r  t han  anyone e l s e )  might 
cons ide r  supplementing t h e i r  o p e r a t i o n a l  d a t a  wi th  
t h e  information needed by p i l o t s  t o  o p e r a t e  a t  
t h e  c r u i s e  optimum developed i n  t h i s  paper .  

0 . E  

c .  

0.4 

0.2 

4 

1" conc lus ion ,  on ly  c r u i s e  performance has  
been addressed i n  t h i s  paper;  t h e r e  are obv ious ly  
Other performance requirements  t h a t  any des ign  
must s a t i s f y .  However, an a i r c r a f t  designed f o r  
good c r u i s e  e f f i c i e n c y  w i l l  probably e x c e l  i n  
t h e s e  o t h e r  areas as wel l .  It is hoped t h a t  t h e  
rationale presented h e r e i n  w i l l  result  i n  b e t t e r  
f u e l  u t i l i z a t i o n  of e x i s t i n g  a i r c r a f t ,  and w i l l  
p o i n t  t h e  way i n  which f u t u r e  d e s i g n  emphasis 
ought t o  proceed. 
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