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  his . c o m p i l a t i o n  is a d r a f t  t r a i n i n g  manua l ,  

c o n t a i n i n g  t e c h n i c a ' l  background  i n f o r m a t i o n  on  i n t e r n a l  

c o m b u s t i o n  e n g i n e s  and a l c o h o l  motor f u e l  t e c h n o l o g i e s .  

Many o f  t h e  a r t i c 1 , e s  i n  t h i s  manua l  have .  been  r e p r o d u c e d  

f rom e x i s t i n g  ' l i t e r a t u r e  on t h e  s u b j e c t  who ' s  s o u r c e s  are 

acknowledged  i n  t h e  b i b l i o g r a p h y .  The p e r m i s s i o n .  t h e s e  

p u b l i s h e r s  f o r  t h e  u s e  of t h e i r  materials  is a p p r e c i a t e d .  

I n  some cases, - a s s u r a n c e  o f  t h e  p u b l i s h e r s '  a p p r o v a l  was i n  

p r o c e s s  when t h i ' s  book w a s  b e i n g .  p r e p a r e d .  

The c o m p i l a t i o n  is a r e f i n e d . ,  b a l a n c e d  c r o s s s e c t i o n  

of a v a i l a b l e  l i t e r a t u r e .  I t  is p r e ' s e n t e d  h e r e  ' i n  ' t h r e e  

s e p a r a t e  p a r t s ,  ' e a c h  c o v e r i n g  a s p e c i f i c ,  d i s c i p l i n e  o f  

e m e r g i n g  f o r m u l a t e d  a1 ,cohol  motor f u e l s  t e c h n o l o g y .  Because  

t h i s  p u b l i c a t i o n '  is i n t e n d e d  o n l y  f o r  t h e  d i s e m i n a t i o n  o f  

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

r e v i e w s  o f  i t s  c o n t e n t s .  . However, r e a d e r s  are e n c o u r a g e d  

t o  submi. t  new material f o r  r ev i ew .  and p o s s i b l e  a d d i t i o n  t o  

t h i s  manua l .  

A l c o h o l  F u e l s  ~ e c h n o l o g ~  
U.S ., Depar tmen t  o f  Ene rgy  
.Off ice of' A l c o h o l  F u e l s  
Washing ton ,  D.C. 20585 
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Enough h a s  been  s a i d  t o  g i v e  an  i d e a  o f  
t h e  c a p a b i l i t i e s  and  v a l u e s  o f  t h i s  new form 
of f u e l ,  a t  l eas t ,  and as f a r  as t h e  U n i t e d  
S t a t e s  is c o n c e r n e d .  

Wi th  i ts  a d v e n t  n o t  o n l y  w i l l  Amer ican  
g e n i u s  p e r f e c t  t h e  m a c h i n e r y  f o r  i t s  u s e ,  b u t  t h e  
American f a r m e r  is g i v e n  a new m a r k e t  f o r  h i s  ' 
c r o p s .  

D i s t i l l e r i e s ,  b i g  and l i t t l e ,  are l i k e l y  
to  be set  up a l l  o v e r  t h e  c o u n t r y ,  and t h e  t i m e  is 
n o t  f a r  d i s t a n t  when t h e  f a r m e r  w i l l  b e  a b l e  t o  
c a k r y  h i s  c o r n  t o  t h e  d i s t i l l e r y ,  and  e i t h e r  
r e t u r n  w i t h  t h e  money i n  h i s  p o c k e t  o r  w i t h  f u e l  
f o r  f a r m  e n g i n e s ,  m a c h i n e r y ,  and  p e r c h a n c e  h i s  
a u t o m o b i l e .  

. . .  
. . . .  . F.B. WRIGHT' 

. . 
" D i s t i l l a t i o n  o f  A l c o h o l  

" f rom Farm P r o d u c t s ?  
N e w  York-London 1907  

. .  . " 

FOREWORD 

A t  t h e  b e g i n n i n g  o f  t h i s  c e n t u r y ,  g a s o l i n e  was n o t h i n g  '. 

more t h a n  a b y - p r o d u c t o f .  t h e  p r o d u c t i o n  of  k e r o s e n e  f o r  lamps.  

The k e r o s e n e  m a r k e t  was t h e n  d e s t r o y e d  by E d i s o n ' s  i n v e n t i o n  - 

o f  t h e  e l e c t r i c  l i g h t  b u l b .  The o i l  i n d u s t r y ,  s e e k i n g  new 

m a r k e t s ,  b e g a n  r e f i n i n g  v a s t  q u a n t i t i e s  o f  p e t r o l e u m  i n t o  

g a s o l i n e  f o r  u s e  i n  i n t e r n a 1 ~ ' c o m b u s t i o n  v e h i c l e s .  T h i s  

g a s o l i n e  w a s  s o . % p l e n t i f u l  and c h e a p  t h a t  i t  bekame t h e  

s t a n d a r d  m o t o r - f u e l .  

From t h a t  t i m e ,  i d t e r n a l  c o m b u s t i o n  e n g i n e s  have  been  

o p t i m i z e d  f o r  p e t r o l e u m  b a s e d  l i q u i d  f u e l s  and t h e  e a r l y  

p r i m i t i v e  f o r m s  o f  -gas01 i n e  ; h a v e  been  c o n s i d & f a b l y  improved 



t h r o u g h  r e f i n i n g  f o r m u l a t i o n .  Because  o f  t h e  c o n t i n u e d  

abundance  o f  f o s s i l  resources;~.notwithstanding~ F . B i . W r i g h t , ' s  

o p t o m i s t i c  p r e d i c t i o n  f o r  a l c o h o l ; ,  l i t t le . : .  or  n o  c o n s i d e r a t i o n  

h a s  b e e n  g i v e n  to  l i g u i d  and g a s e o u s  f u e l s  d e r i v e d  f rom 

b iomass .  . . . ,  . . .  , . .  : . t .  - ,, , "I 

Today, t h e  f e a r  o f  p o l l u t i o n ,  c o u p l e d  w i t h  t h e  g rowing  
. . 

s c a r c i t y  o f  p e t r o l e u m  a n d  t h e  c o n c o m i t a n t  d e s i r e  f o r  f u e l  
. . . .  . 

e f f i c i e n c y ,  . have  . t u r n e d  our q t . t e n t i o n  t o  o t h e r ,  o l d e r  
. - .  

s o u r c e s  o f  f u e l ,  e s p e c i a l l y  t h o s e  d e r i v e d  from rene"able  
. . - . .  

. . . . ' . .  . .  - - ,- 

r e s o u r c e s .  /+' 
A l c o h o l  f u e l s  w i l l  become p r e c u r s o r s  o f  s e v e r a l  e n e r g y  

, . 

o r i e n t e d  economic ,  p o l i t i c a l ,  and  s o c i o l o g i c a l  c h a n g e s  i n  

America. They w i i l '  h e l p  se t  t h e  . pace  and t o n e  fo r  o t h e r  

r e n e w a b l e  e n e r g y  s y s t e m s  t o  be d e v e l o p e d  i n  t h e  f u t u r e .  The 

e m p h a s i s  o f  t h e  work is a l c o h o l ,  b u t  it a l so  i n c l u d e s  o t h e r  

f u e l s ,  s o l i d s ,  l i q u i d s ,  and  g a s e s  t h a t  c a n  be made t h r o u g h  

t h e  r e f i n i n g  o f  b iomass .  G a s o h o l ,  a l c o h o l ,  and 'b iomass  

f u e l s  a r e  t h e  ABCs o f  a n  e n e r g y  s y s t e m  o f  major p r o p o r t i o n s  

t h a t  is a b o u t  to  dawn. -, 

W e  c a n n o t ,  however ,  r e l y  m e r e l y  on hope w h i l e  w e  

f u r t h e r  s t u d y  t h e  a l c o h o l / b i o m a s s  f u e l s  i s s u e .  Whatever  

t h e  r e a s o n s ,  w e  have  a l r e a d y  m i s s e d  t h e  c h a n c e  t o  a d d r e s s  t h e  
4 

s u b j e c t  of  b iomass  f u e l s  i n  a " p r o p e r  and  p o l i t e "  s c i e n t i f i c  

and  a c a d e m i c  manner.  W e  mus t  u n d e r t a k e  now, a m a j o r  e d u c a t i o n a l  1 
e f f o r t  t o  e s t a b l i s h .  t h e  ~ n d e r s t a ' n d i n ~  n e c e s s a r y  to  e f f e c t i v e l y  

g a i n  t h e  c o n t r i b u t i o n s .  a v a i l a b l e ,  . f r o m  b iomass . .  . ' . . . . .  

iii 

R i c h a r d  F. Blaser 
1980  



TO THE READER 
. . . . . . 

The s u c c e s s  of . t h e  . i n t e r n a l  c o m b u s t i o n .  e n g i n e  h a s  

been  a n  amazing phenomenon, and t h e  unaba ted  demand f o r  more 

and more e n g i n e s  t o  f u l f i l l  t h e  growing  need  f o r  power f o r  
. . . . 

o u r  c o n s t a n t l y  d e v e l o p i n g  s o c i e t y ,  h a s  s h a p e d  t h e  dynamics  . . . '  . 

of  t h e i r  t e c h n o l o g y  and n u r t u r e d  t h e i r  a c h i e v e m e n t s .  
. .. 

However, t h e  need t o  compromise t h e  t ime-bounded c h e m i c a l  

e q u i l i b r i u m  o f  t h e  r e a l  combus t ion  p r o c e s s  w i t h  t h e  thermo- 

1 dynamic  a s s u m p t i o n s  of t h e  a d d i t i o n  . . . e v e n t  . .  of  h e a t  of  
. . . . I .  

t h e i r  power c y c l e s ,  h a s  been t h e  p r i n c i p a l  s o u r c e  . o f  . o p e r a -  

1 t i v e  s e t b a c k s .  

I t  is w e l l  known t h a t  . t h e  p o w e r , c y c l e  o f  o p e r a t i v e  

e n g i n e s  ' m u s t  accommodate t o  t h e  r e q u i r e m e n t s  of' t h e  r e a l  
. . 

. p r o c e s s  of  combus t ion .  However, by d o i n g  t h i s .  t h e  e n g i n e s  a r e  f a r  

away f rom t h e  t h e o r e t i c a l  thermodynamic a s s u m p t i o n s .  I t  is a 
- .  

f a c t  t h a t  up to t h e  p r e s e n t  t i m e  a l l  d e s i g n s  have . . been 

i n t e n d e d  t'o accommodated to  t h e  n a t u r a l  . . combus t ion  p r o c e s s .  
h ' . '  

However, most of  t h e  a c h i e v e m e n t s  and improvements  i n  e n g i n e  

d e s i g n s  (new g e o m e t r i c s ,  improved m a t e r i a l s ,  b e t t e r  

f u e l s ,  h e l p i n g  a d d i t i v e s ,  a u x i l i a r y  ha rdware ,  e t c . )  a r e  

cosmetic and have  n o t  s o l v e d  t h e  r e a l  d i s t o r t i o n  problem o f  
, . - .  . . 

t h e  combus t ion  p r o c e s s  of  t h o s e  e n g i n e s .  . . . . ,. 

Moreover ,  i n  modern e n g i n e s ,  t h e  u n a v o i d a b l e  
' , 

thermodynamic c o n s t r a i n t s ,  o f  t h e  a d d i t i o n  of  h e a t  e v e n t ,  a r e  

d e g e n e r a t i v e  t o  t h e  a lways  c r i t i c a l  e q u i l i b r i u m  of  t h e  



D c h e m i s t r y  o f  t h e  combust ion. .  . W e  must  r e c o g n i z e  t h a t  t h e  . . 

f o r m u l a t e d  f o s s i l  f u e l s  o f  t o d a y  have  e x h a u s t e d  t h e i r  
~ * 

c a p a b i l i t i e s  to  c o n t r o l  p o l l u t i o n  and  i n c r e a s e  . e f f i c i e n c y .  
. . 

F o r  more t h a n '  t w e n t y  y e a r s ,  e n g i n e  d e s i g n  c h a n g e s  s u c h  as 
i . . , . . ... 

m o d i f i c a t i o n s  i n  c o m p r e s s i o n  ' r a t i o ,  t i m i n g ,  'and e x h a u s t  g a s  

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

add-on e q u i p m e n t  ( c a t a l y z e r s ,  e l e c t r o n i c  i g n i t i o n ,  and  

c o m p u t e r i z e d  f u e l  s u p p l y  ) , have  a t t e m p t e d  t o  remedy t h e  

p r o b l e m  b u t  t h e y  have  a c t u a l l y  d e t e r i o r a t e d  t h e  p r i m a r y  ' '  

. . 

f u n c t i o n  o f  t h e  i n t e r n a l  combus t i on  ' e n g i n e  -- ' t h e  t r a n s -  
. .. 

f o r m a t i o n  o f  chCmica l  . e n e r g y  i n t o ' . m e c h a n i c a l .  t o r q u e  w i t h  t h e  

maximum o f  e f f i c i e n c y .  I n  a n y  c o m p a r i s o n  of' f o s s i l  and 
. . 

C biomask f u e l s  w e  mus t  c o n s i d e r  t h e  t o t a l '  cost  i n  money and 
. . 

. . 
. e n e r g y  o f  t h e s e  i n a d e q u a t e  r e m e d i e s .  W e  mus t ,  t h e r e f o r e ,  

. . .  
c o n s i d e r  t h e  a b i l i t y  o f  b i o f u e l s  t o  a v o i d  t h e s e  n e g a t i v e  

', '- :. -' . . 
r e m e d i e s  i n  o r d e r  to  meet p o l l u t i o n  s t a n d a r d s  ' and  improve 

c o m b u s t i o n  e f f i c i e n c i e s .  
. . 

I n  any  e v a l u a t i o n .  o f  a f o r m u l a t e d  b i o f u e l  w e  mus t  

c o n s i d e r  t h e  combined s y s t e m  -- f u e l '  and t h e  c o n v e r s i o n  o f  

' f u e l  i n t o  t o r q u e .  

The . e n t i r e  s y s t e m ,  t h e  c o n t r i b u t i o n  - o f  t h e  f u e l  f e e d -  

s t o c k ,  t h e  c o n v e r s i o n  and  r e f i n i n g  o f  t h e  f u e l ,  and  t h e  

e n g i n e  u s i n g  t h i s  f u e l ,  mus t  be c o n s i d e r e d  i n  o r d e r  t o  

d e t e r m i n e  t h e  c a p a b i l i t y  a n  . e n g i n e  t o  'meet its' f u n c t i o n a . 1  
a , .  . . 

e x p e c t a t i o n s .  



I n  most o f  my p r o f e s s i o n a l  career, I h a v e  a d v o c a t e d  
. . . . . . , .  

t h a t  t h e  a n s w e r s  t o  t h e  p o l l u t i o n ,  e f f i c i e n c y  and  pe r fo rm-  

a n c e  p r o b l e m s  i n h e r e n t  i n  c o n t e m p o r a r y  i n t e r n a l  combus t i on  

e n g i n e s  rest w i t h i n  t h e  c r e a t i v e  u s e  o f ,  modern s c i e n c e  and 
. . .  ' .I 

. . :' .. - , .  1 

t e c h n o l o g y .  W e  m i s t  r e f i ne ' " ' k l i e  o v e r  one  hund red  y e a r ' ' b 1 d  

t h e o r e t i c a l  a s s u m p t i o n s  0.f t h e .  h e a t  e n g i n e s  thermodynamic 
.. . 0 .  . 

. - . : I 
power  cycies .' W e  'must also r e - a d d r e s s  t h e  c y c l e s  a d d i t i o n  o f  

I ,  

h e a t  e v e n t s  to a l l o w i n g  t h e  u s e  of . e n e r g y  f l u x  . t h e o r y  f o r  

i ts  e v a l u a t i o n .  W e  mus t  recal l  t h a t . .  h e a t  was c 0 n s i d e r e . d  , .. , 

. . .  

matter i n  th-e , e a r l y  d a y s  o f  e n g i n e  deve lopmen t .  . 
. .  . . . . . . ... 

I . .\ 

TO t h e  b e s t  bf my a b i l i t y  t h i ' s ,  work h a s  b e e n  b e s e d  on ' 

u n b i a s e d  i n f o r m a t i o n .  T h i s  s h o u l d  a v o i d  i r r e l e v a n t  c o n t r o -  

v e r s y .  a b o u t  i t s  c o n t r i b u t i o n  to t h e  c o n s o l i d a t i o n  o f  t h e  

s c i e n t i f i c  f o u n d a t i o n  o f  f o r m u l a t e d  a l c o h o l  motor f u e l s  
i 

t e c h n o l o g y .  

~ Only a  l i m i t e d  s amp le  o f  i n f o r m a t i o n  was i n c l u d e d  

1 i n  t h i s  c o m p i l a t i o n  d e s p i t e  t h e  ove rwhe lming  q u a 1 , i t y  a n d ' .  

q u a n t i t y  ' a v a i l a b l e  f'rom . . ,  h i g h l y . q u a l i f i e d  s o u ~ c e s . : ~  T h i s  
. ,.:. 

s a m p l e  r e p r e s e n t s  a c r o k b e c t i o n  o f  t h e  r e l a v e r i t  - f a c t s  
. .. .. 3. 

I n e c e s s a r y  f o r  a correct  p r e l i m i n a r y  e v a l u a t i o n  o f  t h e  
- , .  

s t a t e - o f  - t h e - ' a r t  o f  b i o f u e l s . *  t e c h n o l o g y ,  'The .  r e a d e r  - -  

is e n c o u r a g e d ,  t o  . r e a d  . o t h e r , ,  t e x t s  and  to  c o n s u l t  o t h e r  
. . . . . . . f . : **;. ' !-: ,. - .1 " 

.'sou;ces to  expi t id  h i &  khowledge of t h i s  emerg ing  t e c h -  
; . . . . . _  . . 

, ..'" 

n o l o g y  . . . 
. < ' : : . ,  ' . '  ... . '. . : . , , . . . . 

. .  . ... : , . . .  . . .  
. . k g c h a r d  B l a s e r  I . .... . . 

J u l y  1980  

1 ,  

v i  
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CHAPTER I 

FUELS FOR INTERNAL COMBUSTION ENGINES 

Fuel Types and Sources 

Introduction 1 .  

Fuels. used in internal-combustion engines come from all three groups- 
gaseous, liquid, and solid. 

Composition - In all fuels the two basic combustible elemerits are carbon 
and hydrogen, encountered either separately or in com binat ions called hydro- 
carbons. At atmospheric temperature and pressure some of the hydrocarbons are. 
gases, while some are liquids. ' ~ 6 e  general chemical formula for all hydrocarbons 
is C,Hm. The three main .series of hydrocarbons are paraffins, CnH2n+'2, 
naphthenes, CnH2n, both called also aliphatics, and aromatics, CnH2n-6. 
In. different combinations n varie's from 1 .  to 1 2  and m from 2 to 26. 

A fourth group consists of methyl, CH40,. ethyl, C2H60, and butyl, 
C4HgOH, alcohols. These are not true hydrocarbons, since each contains oxygen 
in the molecule. 

Gaseous fuels mostly used at  present are natural gas, coke-oven gas, blast- 
furnace gas, and producer gas. 

Liquid fuels can be divided into two main groups: liquids* which are ' 

vaporized and handled similarly to gas fuels--gasoline and alcohol are the main 
ones in this group and sometimes kerosene-and liquids which are injected into the ' 

combustion space-fuel oils, so-called Diesel fuel oils, sometimes also kerosene or 
coal oil and gas oil. 

.Solid Fuels - are coal, chiefly anthracite and coke, up to lately used only in- 
directly, in gas producers. Recently the problem of using coal directly seems to 
have been brought nearer to a practical solution in engines burning pulverized 
coal, and very similar to compression-igni tion oil engines. l 

Gaseous Fuels - Natural gas is found in many parts of the United States. By 
extensive pipe lines it is made available many hundreds and in  some cases even' 
a thousand miles away from the wells from which it is obtained. 

Natural gas obtained from oil wells is called casing-head gas and is usually 
treated for the recovery of gasoline, after which, called dry gas, it. is delivered 
into the pipe-line systems to be used as fuel. 

The analysis of natural gas varies considerably with the location. The 
1,imiting values for each component can be seen 'from Table 5 ,  which also gives 
specific gravity and heat values of .different natural gases found in the United 
States. An  additional column gives data referred to an imaginary average gas. 

lpower, vol. 68, July 24, 1928, p. 136; November 6, 1928, p. 746. 



Coke-oven as is obtained as a by-product when making coke ,and its 
analysis + epen s upon the coal used and also upon the method of operating the 
oven. Table 5 shows that its heat value per cubic foot is only about one-half that 
of natural gas, but it requires about half the air for combustion and the heat 
value of the actual air-gas mixture is practically the same as when natural gas 
is used. 

Blast-furnace gas is a by-product of melting iron ore. Its analysis varies 
considerably with the fuel used and the method of operating the blast furnace. 
Actual and average data given in Table 5 show that the heat value of the gas- 
air mixture is only slightly less than that :of the first two fuels. 

Part of the gas is used for preheating-the air necessary to operate the blast 
furnace itself and the blowing engines. The rest, about one-fourth of the total 
amount, can be used as engine fuel for power production. For use in gas engines 
the blast-furnace gas must be thoroughly cleaned as it contains from 1 to '1- 112 
gr of dust per cubic foot. This dust acts as a grinding compound on the cylinders 
and pistons. The above mentioned dust content ,may be better appreciated i f  it 
is 'stated tha t - the  gas necessary to operate a 1,000-bhp engine yields'from 1 4  to 
2 1  lb of dust per hour. 

The cleaning of the gas is ,usually done in two or three steps. Part of the 
dust is removed by allowing it to settle out in stationary dry-dust catchers. Iri 
the second stage wet scrubbers and wet revolving washing machines are used and 
after that the gas sometimes is led through sawdust scrubbers. Proper cleaning 
can reduce the dust content. to about 0.0054 grlcu ft. A 'dust content of 0.01 
gr/cu ft  is usually considered satisfactory, meaning a cleaning efficiency of 99 to 
99.5 percent. This leaves, in the .case of a 1,000-hp engine running 2 4  hours a 
day, from 600 to 1,200 lb of dust carried into the cylinders per year.' 

Producer gas as fuel for gas engines is not used in the-united States as 
much as it. was expected some 1 5  years ago. The causes of this are improvements 
in other prime movers, particularly in the mechanical-inject ion oil engines which 

. 

are simpler and more economical in operation. 
Producer-gas analysis varies with the fuel used, anthracite, coke, bitumin- 

ous coal, wood, and dampness of air which influences the hydrogen content. 
Resembling blast-furnace gas in general, it has a fairly low heat value. However, 
it needs a smaller air excess than the richer gases, and therefore the heat value 
of the actual a i r z a s '  mixture and available power per cubic foot of piston 
displacement is only about 15 percent smaller than with the richer gases. 

Engines running on blast-furnace and producer gases can be operated with 
higher compression without danger of preignition. This raises their thermal 
efficiency and makes the power available per cubic foot of mixture only slightly 
less than that from a natural-gas or coke-0ven-ge.s mixture. 



Liquid Fuels - The reasons for the most universal use of petroleum as a fuel in 
the internal-combustion engine field soon become evident if all potential sources 
of fuels are examined and the fuel costs and characteristics are compared. Table 
13 presents data on representative fuels, including their approximate cost (not 
including taxes) if purchased in quantities of about 50 gal or the most nearly 
equivalent standard unit of measure for that fuel. The prices of these- fuels, of 
course, vary considerably from one section of the country to another, as well as 
with the price structure as a whole. Note the favorable position of gasoline with 
respect to the other fuels, keeping in mind that gasoline is a highly refined 
product that can be used to much better advantage in a small, light power plant 
than a fuel such as coal. Not only does it have a higher heating value and a 
negligible ash content, but it is a liquid. Liquids are much easier to handle in 
transferring the fuel from one storage tank to another, and they can be delivered 
from the tank to the engine more easily and metered far more accurately.with 
relatively inexpensive apparatus than would be possible with a solid fuel. 

An examination of Table 13 discloses that all the liquids which appear 
economically attractive as fuels come from coal, petroleum, or natural gas. Such 
fuels as alcohol, acetone, or lard oil derived from vegetable or animal matter are 
characterized by a high cost. 

TABLE 13. HWTLNO VALVE AND &ST OF &YE POTENTIAL FUEIB (IN 1847) 
Liquid fuela 

Cornpoaition 

......... Hydrogen, HI, per cent vol.. 
Methane, CH,, per cent vol.. ........ 
Ethylene, CyHe per cent vol.. 
Ethane, CyHl, per cent vol.. ......... 
Other, hydrocarbone, per cent vol.. ... 
Carbon monoxide, CO, per cent vol. . .  
Carbon dioxide, CO,, per cent vol.. ... 
Oxygen, 01, per cent vol.. ........... 
Nitrogen, NI, per cent vol. . . . . . . . . . . .  

............ specific density (air = 1). 
......... Heat value, low, Btu/cu ft.. 

Theoretical air, cu ft/cu ft.. 
Actual air, cu ft/cu ft . .  ....................... 
Ratio actual/theoretical. ....................... 
Heat value of mixture, Btu/cu ft 

Bleetfurnace gee 

Limita Average 

2- 6 

I 
3.6 

0.2- 1.6 ' 0.6 
................ 

...................... 
26-28 27 
6-13 11 
0 - 2  ...... 

66-63 68 

0.80- 1.02 1.00 
00-110 100 

. . . . . . . . . .  '0.78 

.......... 0.94 

.......... 1.21 

.......... 62 

Coksoven gfa : 

Limita Average I 

Fuel 

Gasoline, lOO-octane aviation'. . . . . . .  
Geeoline, premium automobile. ..... 
Gaeoline, regular automobile. ....... 
Kerosene.. ....................... 
No. 1 fuel oil (dietillate). . . . . . . . . . .  
No. 2 fuel oil (distillate). . . . . . . . . . .  
No. 3 fuel oil (distillate). . . . . . . . . . .  
No. 4 fuel oil (distillate). . . . . . . . . . .  
No. 5 fuel oil (bunker B). .......... 
No. 6 fuel oil (bunker C) . . . . . . . . . . .  
Arkaneaw crude.. ................. 
Beneol. .......................... 

. . . . . . . . . . . . . . . . . . .  Wood alcohol.. 

. . . . . . . . . . . . . . . . . . .  Grain alcohol.. 
. . . . . . . . . . . . . . . . . . . . . . . .  Acetone.. 

. . . . . . . . . . . . . . . . . . . . . . . . . .  M o i l  

Natural gna 

Limita Average I 
48-67 
!27-38 
2- 4 

0- 1 
3- 6 
1- 3 
0-12 
2-18 

0.35- 0.40 
400-600 
.......... 
.......... 
.......... 
.......... 

Producer gas 

Limita Average I 
0-26 

32-99 
....................... 

0-07 
0- 2 
0- 3 
0-20 
0- 2 
0-38 

0.57- 0.89 
7tW1360 

................... 

............... 

60 
31 
3 

6 
2 
1 
8 

0.39 
. 

476 
4.7 
6.0 
1.28 

68 

10-20 
& 4 
Ck 0.6 

0- 1 
20-29 

. 4-8 
0 . 2 - 2  
ti&68 

0.80- 0.W 
110-170 
.......... 
.......... 
.......... 

. . . . . . . . . . .  

Den- 
aity, 

lb/'* 

6.0 
6.0 
6 .0  
6.59 
6.91 
7.07 
7.30 
7.48 
7.78 
8.04 
7.24 
7.34 
6.62 
6.58 
6.61 
7.63 

...... 
84 

. 16 
...... 
...... 
...... 
...... 

1 

0.62 
988 
10.6 
13.6 
1.28 

08 

16 
2 

?4 
6 
1 

63 

'O.84 
136 

1.12 
1.4 
1.25 

66 

Heat 
cat, 
-b/ 
I(,'@ 
Btu 

0.210 
0.114 
0.096 
0.084 
0.078 
0.072 
0.066 
0.062 
0.055 
0.098 
0.023 
0.106 
0.642 
0.948 
0.693 
0.847 

cost, 
cents/ 

gal 
--- 

24 
13.0 
11 .O 
10.3 
9.3 
9.3 
8 .8  
8.5 
7.7 
7.0 
8.0 

21 
36 
72 
55 

110 

Lower heating 
value 

B~&J 

114,000 
114,000 
114,000 
123,000 
128,001) 
130,000 
134,000 
136,000 
140,000 
144,000 
132,000 
126,000 
56,000 
76,000 
79,400 

130,000 

Btu/lb 

19,000 
19,000 
19,000 
18,650 
18,500 
18,400 
18,300 
18,150 
18,000 
17,900 
18,250 
17,200 
8,400 

11,600 
12,000 
17,100 



Internal Combustion Engine Liquid Fuels 

Sources and Expectations 
The origin and subsequent evolution of petroleum in liquid and gaseous forms 

are not definitely known. However, petroleum is generally found in certain rock 
formations that, thousands of years ago, were the floors of oceans. It is believed 
that marine organic material on the sea bottom was enfolded by rock layers and 
subjected to high pressures. Here the organic matter under temperatures of 150° 
to 300°F was cracked over a period of 1-2 million years* to a lower molecular 
weight bituminous material. The heavy oils or tar sands first formed contained 
few light hydrocarbons but with the passage of time underwent progressive 
evolution. Thus crude oils found in the oldest rock formations contain the light 
hydrocarbons; the younger rock formations contain heavier oils with little or no 
light portions, and with appreciable amounts of nitrogen and oxygen-containing 
compounds. By what method the oxygen was eliminated is unknown. It has been 
premised that bacterial action might have been responsible; another theory 
presupposes continuous exposure through the ages to slight radioactivity from 
neighboring rock formations. 

Essentially the same sequence of processes was undergone by coal except 
that here the original organic material appears to have been land vegetation. 
Quite possibly, however, oil might be a. distillate from the same vegetation and 
the oil was able to migrate through porous rock to another location. 

Today, crude petroleum is found accumulated in porous rocks or sands or 
limestones and covered with an impervious rock cap. These underground rock 
traps also contain large amounts of natural gas and salt water. The salt water 
is believed to have been retained in-the pores of the rocks from the time when 
the organic matter was first deposited. Tar sand deposits are also found that 
consist of common sand bonded together by a viscous tar of petroleum origin. 
With the presence of slate, an oil -shale may be formed. The oil shales are hard 
rock formations that contain veins or strata of an organic matter called Kerogen 
which analyzes about 40 percent hydrocarbons and 60 percent c o m p o m  
nitrogen, sulphur, and oxygen. 

Upheavals of the land may expose the buried oil. .4 natural refining or 
weathering takes place and the oil is converted into asphalt-the name given to 
a heavy, black, tarlike substance of uncertain chemical structure but with a 
relatively small amount of hydrogen. 

Geological evidence indicates that about 11 million &pare miles of the 
earth's surface, which were once under water, probably contain oil. Most oil 
originated in the shallow waters of landlocked seas because such waters would 
contain abundant organic material which would be buried through the years bll 

I sediment deposits from the surrounding land. 
Petroleum is also formed without the necessity of a burial ground. Smith* 

concluded that small amounts of hydrocarbons are continually being evolved from 
chemical action on the remains of aquatic organisms in both fresh and salt 
waters. 

*Oil has been found in rocks that date back 500,000,000 years and coal in rocks 
of age 250,000,000 years. However, quite possibly the oil could have migrated to 
the older formations. (The "oldest coal in the worldt1 is found in upper Michigan 

- - - 

and is believed to date back 500,000,000 years.) 



There are four great oil regions, each near a landlocked sea: the Eastern 
Mediterranean Basin, -the ~ar ibbean  Basin, the Far East Basin, and the North 
Polar Basin. Such regions are, today, the great oil-producing basins of the world --- 
and, most probably, the source of oil for tomorrow. The richest source lies at 
the eastern end of the Mediterranean Sea-the cradle of, mankind-and ,includes 
the lands which surround the Caspian Sea, the Red Sea, the Black Sea, end the 
Persian gulf: Iron (Persia), Iraq (Mesopotamia), Southwe,stern Russia, Arabia. 
Rumania. Here man's e~ r l i e s t  civilizations built temples around the "eternal 
fires" (fed by gas escaping from the ground) and became fire worshippers. Asphalt 
was used as a mortur for stone or brick houses, as a floor for the Hanging 
(hrdcns of Babylon, and as roads for the chariots of Nebuchadnezzar. .The 
Caribbean Basin includes the gulf states of the United States, ~ e x i c o ,  Venezuela, 
Colombia and Central America. Much of South America is unexplored for oil. 
The Far East Basin lies between Asia and Australia spanning the islands of the 
East Indies-here the oil resources can only be surmised. Many thousands of years 
H ~ O ,  the North Polar Basin w,as a .warm sea, tropical plants and marine life 
abounded-conditions believed to be essential for the genesis of oil. 

Offshore. the lands of the earth are underwater   la ins or continent81 
- r 

I shclves.thehelf descends slowly for miles to depths of hundreds of feet before 
I 

- descending sharply (cont'inental slope) to meet the .continental rise of the ocean's 
I floor. Beneath the shelf (and slope) are larae sources of oil and gas. Offshore 
I " 
I drilling is underway all over the 'world. (see Table 8-1.) 

Pm-d and Rwaole R e w r e n  

Rrruons and Carnlrm I Prducr#un EN. Cconom~c llculurcc 

(ruth lo12 oai pruduc~lon) O ~ I  t ~ ~ ' 5 0 ~ ~  OII I I U ~  bdll caS 111112 ~n UI t IU" 3o11 
e 

Persian Gulf: tmrdrum to heqn 6.27 380 34 5 2.000 
$uilurr Sad8 Anbu 2.0: lrrn 1 6: 
K u r ~  I 0:  Iraq 0 5 % :  Abu Dhab~ 
0 MI. CklVn 0.50 

8 1 100 Other .Middle East 0.11 
luwl. Jordan. Lnamn. Svna. 
Turk- 

United Stales (10- SUI~UII 3.48 45 273 5 0 0  
~ I a s h a  - 10 32 ' 200 

Russia I and bloc, 2.87 75 640 500 
&ribbean 8haqlr 1u11ur1 ' 1.45 30 60 4 0 0  

! ~ m r r u e r a ~  ~ . ? . a n c n  d 25 

Canada 0.55 10 5 3 600 

South America 0.28 
Asia- Pacific 0.29 

Auuralta 0. I I. .Ha$avsu 9. I0 

China 0.19 
Western Europe 0.11 
Nonh Sea - 
World Total tincludtnq covntrm 18.5 

m~ thorn)  

'D8ta rm8nlr imm 141 081 d t o l l o u n a l  E~t~maaed Total Ncrourre ~ncluae~ 06-mom. 
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- Oil shale in the Green River Formation of Colorado, Utah and Wyoming, is 
estimated a t  750 billion bbl of probable reserves-the world's single .largest 
hydrocarbon deposit.* The oil-shale s t ra ta  are 50. to  1,400 f t  in .thickness, and 
an average yield of 25 gal shale oil per ton of rock is believed feasible. Shale oil 
is obtained by destructive pyrolysis of the crushed shale a t  atmospheric pressure 
and 900°F. The first full-scale commercial oil-shale plant in the United States 
( 1  967) is locatcd in western Colorado. I t  is believed that the shale oil from this 
pltttit can be delivered in Los Angeles. for S4.501bbl by 1975 versus the 1972 price 
of 14.001bbI for c n ~ d c  oil of comparable quality. Thus the only competition would 
bc that from foreign oil (and here the price .is increasing sharply, Table 8-5). 

Average yields from refining shale oil would be 15-17 percent gasoline, 30- 
32 percent keroscnc, 18-26 percent gas oil, 15-18 percent light lube oils, and 10- 
1 2  pcrccnt of hcavy oils and paraffin wax. 

Oil or tar  sands in the Athabasca field in northern Alberta, Canada, . a r c  
c s t i m ~ i d  to contain 300-600 billion bbl of recoverable oil, or 10-20 timcs the 
proved reserves of the United States. Tar sands are '  also found throughout the 
Unitcd States, principally in Utah, Califdrnia, Alabama, Kentucky, and Oklahoma. 
'Thc oil can be obtained by distillation or by solvent treoting after  strip mining 
(nltllo~~gli most of thc sands lie far below thc surface and in-place processes nccd 
to bc invented). The first full-scale plunt .(Edmonton, Canada) begtin opcru ting in  
1967 with capacity of 45,000 bblldny of light crude oil (not good for lube 
froct ions). 

Natural gas, primarily methane, is found throughout the United States. 
cithcr ~ s s o c i a t e d  with crude oil or in .a separate natural reservoir within the 
cnrtll. [In thc 1 9 3 0 ' ~ ~  before the advent of pipelines, one billion cubic feet of  g ~ s  
pcr dtly wc~s flarcd (burned) in the P~nhtlndle district alone. A t  lcast thc sarnc 
t~~nolrnt  is uridoubtedly bcing wasted today from fields such as thosc in the llliddlc 
I h s t  or in Sou'th America.] A few plants have been built to  produce gasoline and 
f ~ c l  oil by synthesis of natural gas. 

Cot11 i? our most tlbundant fuel and the totttl resource in the United S t ~ t c s  
hris b e ? e s t i m n t e d  i n  trillions of .tons-a more conservative economic figurc is 
sliown in 'I'nblc 8-2. Considerable research is underway on methods that in tlic 
future will produce either .gasoline or gas . from coal: gasolinc for  our 
ciutomobiles, and gas for our pipelines. 

TABLE 8-2 
. FUEL RESOURCES OF T H E  L'NITED S T A T E S  

Fuel 

Crude oil 
( c o n v e n t i o n a l )  

Coo lp. 
N a t u r a l  gas( 
Shale o i l  

Tar sand 

* Nm ~nclud~ng Alaska or orlshon. . 
1 i f  c a . m r d  Inlo "a c r u d e  011'' by modem -nods. '1, toncoal - H, rn 1.3 Ion shale 011 !LUX) h' ~ l u r l l  

(as - 2 . 4  tons tv und I bb( ~ v n t h n r  crude al 11 bbl 4 1  gall 
il *bout 157 :isn~lr ( Y o n n  Dakwa and R a k r  Yarnlatn Reqmn~ 
1Prowd and p-bk m a r r c r  - 1 6 2  ( l o " )  h' 

*Not including Alaska or offshore. L-6 



Crude Petroleum 
Crude oil is a mixture of an almpst infinite number of hydrocarbon 

compounds, ranging from light gases of. simple chemical structure to heavy tarlike 
liquids and waxes of complex chemical structure, The oil as it c'omes from the 
groond also contains various amounts of splphur , oxygen, nitrogen, sand, and 
water. Although the ultimate constituenfs are relatively fixed, the percentage of 
carbon varying generally from 83 to 87 percent, a'nd that of hydrogen from 11 to 
14 percent. The many compounds of the crude belong primarily to the araffin, 
naphthene, and aromatic families dong with a considerable amount of asp a tic 
material of unknown chemical structure. The general formulas for the families 
are shown in Table 8-3 along with the structures or arrangements of the 
molecules. 

TABLE _8-3 
PRIMARY FAMILJES OF HYDROCARBOXS IN CRUDE OIL 

FmJr F m u u  kw~urr  

Paraffin (alkanes) ............................... C. HS+ 2 Chain 
Naphthcm. ..................................... C, H 2. Rinq 

.............................. 
......................... 

C Hz.-& 
{C.: H Ring 

However, the mixture of oil cannot be entirely divided into these separate 
families because many of the individual oil molecules may be made up of 
molecules from several families. Thus a ring nucleus may be joined to a chain 
compound and, also, several rings, of either the same or of different families, 
may be jointed together to form a single molecule. Because of this complexity, 
the components and properties of the erude oil and products will -exhibit extreme 
differences. 

The crude oil is often classified by the relative amounts of paraffin wax and 
asphalt residues in the oil: paraffin-base, mixed-based, and asphalt-base oils. 
The paraffin-base oils, such as the Pennsylvania crude, contain relatively large 
amounts of paraffin wax and little or no asphalt; the asphalt-base oils of the west 
coast have the opposite characteristics. The mixed-base crudes contain both 
paraffin wax and asphalt. This classification, although widely used, is faulty in 
that the remainder of the components of the crude may not necessarily follow the 
pattern dictated by the base or residual part of the oil. It has been estimated 
that 30 to 40 percent of the Pennsylvania crude oil is paraffinic while 30 percent 
of all crudes, on the average, is composed of naphthenic compounds. Gasoline, 
however, almost invariably contains a high percentage of paraffinic compounds 
(Table 8-41. 

TABLE 8 4  
AVERAGE PLRC~NTAC~S OF HYDROCARBON FAMILIES OBTAINED FROM 

V~r~awr R~PININC PSOCUSES AND AS BLO.YDLD ~q CASOUNE 
(percmt, average, for t'niced States) 

1 C ~ u w t  I pmkYI 



Division of Crude Oil into Petroleum Products 
It is entirely possible, but not economically feasible, to convert almost 

completely the crude petroleti& into gasoline and diesel fuel. However, since a 
demand exists for many pro&ucQ other than ga~aline, the cost of refining 
equipment, as ,weU as the rnwket price of the products, dictate the division of 
the crude oil into various c~mponents of wides~ead utility. In Fig. 8-2 are 
illustrated the fundamental steps in dividing the crude into. several components. 

Fni $2. Simpiified rcilney flow chin: (Counesy of .amcrican Petroleum Insiirute.) 

Fto. 133. n o r  sh-8 rhoring tho mom  import.^: robing ppoaYl and rh.  a i i m ~ d  
mLciw mounts of ptmlourn doriclg ts w h  &ring tho muru of mbaing. f i d ~  
fm&n [or ty I h l U d S t s ~  Y wholo, (X- 04 Rap*, Prom. $1.. Yd. 61. 



Fiq. 2: Mahot Profiles of Mineral Oil Ptuducu in Various Countries 



Fuels for Spark Ignition (SI) Engines 

Gasoline 
The gasoline SOM on the rnerkez, a9 shown in Fig, 8-6, is a blend of a 

number d product$ pWueer3 @ sevapal prmemes. By such .b%ending, the 
properties of the fuel me atljqst@t$ t~ gfx~, thre,,&si.s& operjrtin~ chbacteristioq, , , 
and it is these characteristics that 'are of special int&est to the engineer. Thus, 
the gasoline, irrespective of fts origin, should have the following propertim: 

Antiknock - To reduce or eliminate the knock in SI engines. Here TEL and 
seaven&ePb are added (kc .  9-91, (But see Sees. 10-10 and 1Oh11.) 
Deposit Modifers - To alter the chemical character of combustion chamber 
deposits and so reduce surface i ition and spark plug fouling, (Phosphorus 
and traron compounds, Set' 9-7. P (But see See. 10-30.) 
AnPioxidants - To reduce gum formation and decompkition of TEL. [Amines 
tdeiivitives of ammonia with formula R NH2) of amount 1 to 15 lbl1,OOO 
bbl.1 
Deter ents - To prevent deposits in carburetor and manifold. (Alkyl amine 
,&, of amount, 1 2  lb/l,OOLl bbl.) 
Lubricants - To lubricate valve guides and upper cylinder regibns. (Light 
mineral oils, of amount, 0.1 to 0'5 percent.) 
Metal 'Deactivatars - To destroy the catalytic activity of traces of copper. 
7Amine derivatives, of amount, 1 lb/1,000 bbl.) 
Antirust A ents - To prevent rust and corrosion arising from water (and 
'-d amines, sulfonates or alkyl phosphates, of amount 1 to 15 
lb.11 ,000 bbl.) 
Anti-lcing Agents - To prevent llgasoline freeze" ,from water in the fuel, and 
thrnttle-plate icing from water in the air. (Methyi alcahol, of amount, 1 
pereent, is added to the gasoline to absosb water and so prevent ice forming 
in the fuel line between tank and carburetor. Isopr~pyl alcohol, of arhount, 
1 percent, or else a "surface-action" agent such as ammonia salts or 
phosphates, of amaunt, 0.005 percent, is added to prevent ice from farming 
or adhering to the throttle. The alcohol acts by lowering the freezing point 
of the condensate on the throttle; a surface-action additive forms a film on 
the metal which discourages adhesion of ice. Some of the swfase-actipn 
additives also h%ve de teraent auali ties.) 
D es - To identify TEL 6 the'fuel. (A dye is added in amount 0.2 to 3.0 
&000 bbl.1 

Fig. 8-6 

Octane Rating. 
.......... Rrrurch, F-1.. 87 (Rq3. % (Rnn) (mm) 

Maw, F-2 .............. No spuifie~tmm 
Vdat~lnv: 

1 *. 1U'F mrx (summer) ................... 
..................... 

W$ .................... 392'F mrx 
End potnt. ............... NO s p c i h e a t m ~  
Rsrdue. premt ......... I 2.0 mrx 
Vapor pressure ........... 10.0 mu (summer) 
Reid prig ................. 15.0 mu (wintct: 

... .. Gum. mg/fOO ml.. .:. 5.0 mu 
Sulfur. percent & rtilhc ... No rpcikcatiom 

12S'F summer 125'F summer / 131 "F summer 
I 1 1 'F winter / I l l ' F n n t n  I 123'F -Inter 

2 1 0 7  (S), 201'F (W) ; 217'F (S). 210'F (W) , 216'F 6 ) .  21 1'F (W) 
341 T iS1. 331'F (W) 327'F (S). 322'F I W )  : 31O'F 6 ) .  305'F (W) 
413-F (S), 4tO'F (W) ' 406.F (S). 402.F (W) ' 389'F eS). 385'F iH t 

0.9 1 0.9 0.9 
8.9 summer 9.0 summer I 8.2 summer 

I 11.6 winter l l .7wintn 
1.0 l .o 



B 
Summary of Gasoline Characteristics 

Because of the great number of variables, it is impossible to  correlate each 
characteristic of the fuel for the best operation of an engine. If each 
specification for the fuel were made too rigid, the resulting fuel would be too 
expensive for general use. Hence, the specifications for motor fuels must be 
flexible enough for the fuels to sell a t  a cheap price. The manufacturer designs 
and builds the engine to use .the 'fuels that are commercially available. If the 
designed compression ratio is low in order that cheaper low-octane fuels may be 
used, the purchase of high-octane fuels will give no better performance and is an 
economic waste. If the carburetion system has a large hot spot to evaporate 
high-boiling-point gasolines, a highly-volatile gasoline may not be necessary, and 
such a gasoline may cause poor performance of the engine. 

* * * * * 

1. Knock Characteristics - The present-day measure is the octane rating. 
The fuel should have an octane rating to fit the engine requirements (Fig. 9-15). 

2. Volatility 
a. Starting Characteristics - The gasoline will start the engine readily 

if a protion of the fuel has a low boiling point that will enable a 
combustible mixture to be formed a t  the s;r.rounding air temperature. 

b. Vapor-Lock Characteristics - The fuel should have . a low vapor 
pressure at  the existing fuel-line temperatures to avoid vaporization 
in the feed lines and carburetor float bowl, which would prevent or 
reduce flow of the liabid fuel. 

c. Running Performancea- In general, the fuel with the lowest dis- 
tillation temoeratures is, the best. 

d. Crankcase  huti ion - Dilution of the lube oil may occur when the fuel 
condenses or fails to vaporize in the engine, and a low distillation 

3. 
varnish 

temperature range is desirable. 
Gum and Varnish Deposits - The fuel should not 'deposit either gum or 

in the engine. 
4. Corrosion - The fuel and the products of combustion should be non- 

corrosive. 
5. - Cost - The fuel should be inexpensive. 

Octane Rating* 
It has already 'been remarked that the first step in refining is to separate 

the crude oil into fractions by selective distillation ("fractionating" Fig. 8-21. By 
1910 it was apparent that to supply sufficient straight-run gasoline for the 
growing automotive industry required the refiners to turn out excessive quantities 
of kerosene and heavier oils. As a consequence, the fraction sold as gasoline had 
an uncertain octane rating that probably ranged from about 10 to 80 (F-1 rating 
throughout this chapter). (The octane scale and knock studies were to come many 
years later.) 



'* . * t * * 

With the advent of World War 11, a high-octane fuel (100) was required for 
combat. This fuel was first made by blending alkylate, isopentane; Houdry 
gasoline, and straight-run gasoline (plus 4.6 -ml TELIgal). Since the usual straight- 
run gasoline has a low-octane rating, precise fractionating was developed to cut 
the gasoline into low- and high-octane fractions. Even then, roughtly 30 percent 
of the aviation gasoline had to be alkylate to achieve the necessary octane rating. 
The bottleneck was broken by the rapid development of catalytic refining 
processes. 

Present engines, to  avoid air pollution, are.below the optimum compression 
ratio for efficiency hence the octane ratings can decrease in the .future. To Paise 
9 3  octane gasoline to 100 costs about 3 cents per gallon and to 105, about 7 cents 
per gallon (Fig. 8-51. 

Modern gasoline (Fig. 8-6) may be mad.e up of straight-run gasoline (from 
fractional distillation), cracked gasoline (from catalytic cracking), reformate 
(from catalytic reforming), alkylate and polymerized gasolines (produced from 
gases), with some butane or propane to achieve the desired Reid vapor pressure. 
Furthermore, additives are invariably required 'for many purposes: 

1 9 0  i aeio,mtnq All St~a~~kr..?,,n Gosa~tn. 
/ All Ctech~nq O w e  C ~ t r l ~ t t s ~ l ~  

I I I I 
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FIG. 3-5. lnvestmen~ for 100.000-bbl- 
pcr-day refine7 vr. octane raring of 3 a s e  

line produced. . 



Exotic Fuels and Additives 
To improve the power output of the S1.-engine, an alcohol (in particular, 

methanol) can be substituted for gasoline. The primary source of the power gain 
is the high latent heat of the engine with greater cooling of the mixutre than if 
gasoline were the fuel. This cooling decreases the compression work and tends 
to. induct a greater mass of air (higher volumetric efficiency) hence the output 
is increased. 

When the SI engine is operated at  high speeds, the peak pressure from 
combustion may occur relatively late since the piston is rapidly descending. To 
achieve maximum pressure near the start of the expansion .stroke, explosives suc!~ 
as the nitroparaffins (Table 8-13) can either be added to the fuel (such as 
methanol) or used undiluted (rare). The nitroparaffins contribute significant 
energy to the engine since the ~ t u / f t )  mixture is about double that'  of gasoline. 
Here the oxygen in  the nitroparaffin adds to that in the air so that more fuel can 
be burned with consequent greater energy release. Explosive additives, of course, 
reduce the octane rating, but knock is not a problem.at racing speeds (5,000.rpm). 
Such fuels however are dangerous, and, their uie is restricted. 

Explosives (Table 9-81 can also be added to diesel fuel to reduce ignition 
delay and therefore to reduce knock. . 

I 

Hvdrogen.. . . . . . 2.016 / HI jl .500 0.0054 
Beryllium. . . . . . . 9:O 1 Be 29,100 112 
Boron . . . . . . . . . . ! 0.82 2S,U]O 125 
Diborane . . . . . . . 27.69 BzHb 31.300 0.0720 

31.100 29 
Pentaborane . . . . 63.17 B5Hq'  29,100 39 
Decaborane.. . . . 222.31 B l o H 1 4  28.000 59 
Alkyborane . . . . . - (BCH) 25.000 51 
Nitromethane.. . 61.04 C H , N 0 2  5.1 j(J , 70 Nitrocthane . . . . .  75.07 C 2 H S N 0 2  7,800 65 
I-Nilropropane . 89.09 C 3 H 7 N 0 1  9,720 61 
Amy1 nitrite.. . . . 117.12 C 5 H l l  NO2 

Gas 
S l i d  
Solid 
Car 

Liquid 
Lquid 
Solid 
Liquid 
Liquid 
Liquid 
Liquid 
Liquid 



Fuels for Compression Ignition (CI) Engines 

Three Stages in Combustion: 
The. tremendous expansion in high speed Diesel applications has been made 

possible through an understanding of the actual combustion process. The 
simplification of this theory is credited to  H.R. Ricardo, .who was the first to  
develop the fact th,at combustion takes place in three stages; first, a delay period, 
during which no appreciable combustion occurs but the fuel is being heated u p  to 
the ignition point; second, the rapid burning of the fuel which has been injected 
during the delay period; third, the instantaneous ignition of the remainder of the 
fuel as it blows into the flaming gases. 

Fuel Oil and Gas Oil 

Nature and Source bf Hydrocarbon 
-- 

Petroleum Products : 
...................................... Benzine (Pmnsylv+ia) 

Benzine (India) ............................................ 
....................................... Benzine ( Roumania) 

....................................... Lamp oils and naphthas 
"Solar oil" ................................ :. .............. . ............................................... "Gas oil" :. 
Lima iuel oiis, as Eagle oils, gas oil, tar distillates, and . ~ u i -  

trian and Russian iuei-oil residues ........................ 
Paradin-oil residues . . . . . . . . . . .  :.. .......................... 
Fuel-oil distillates irorn California and. Texas . . . . . . . . . . . . . . . .  

. Asphaltum oils containing as high as 11 per cent. asphaltum.. 
Mexican oils ............... 

"Steinkohle" OiL : 
"Steinkohle" oils . ........... 
Anthractne-oil distillates . . . .  
T a r o i l  mixed distillates . . . .  

Bituminous Oils : 
Tar oils (vertical oven) . . . .  
Tar oils (horizontal oven) . 

Limite Oils: 
Light k z i n e  ;... . .... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Soiar-oil ................................ : . . . . . . . . . . . . . . . .  
T a r o i l  (light) ........................................... 
Taro i l  (heavy) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Parafin-oil distillates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Creosote-oil distillates . .; . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Tun ( g y t )  Oils: 
Ta ro11  &stllIates as low as . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Shale Oils: 
Shale oils (Scotland) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Veqnable Oils : 
Peanut oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Cocoanut oil ................. :. . . . . . . . . . . . . . . . . . . . . . . . . . . .  
G s t o r  oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Cottonseed oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Palm oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Animal Oils: 
k r d  ..................................................... 

Alcohol : 

Specific 
Grrv~ ty  

Note. All the above oils. and mixtures of them, have been used more or less successiully 
in low speed heaw-oilingines, provided *cy were mobile. free irom free carbon. grit and 
water. and were low in sulpnur. Oils irom mineral sources -have been proven the ,most 
practical and !ess apt to gvmrninq ?arts o i  engine .interior. 

Mixture o i  90'per cent alcohnl and 4 per cent. 5enzine . . . . . .  
Wood Oils: 

Wood oils ?r creosote distillates . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
............. 
0.841 to 0.877 



The high speed C.I. engine uses certain grades of heavy petroleum dis- 
tillation known under various trade names, e.g. Diesel Oil, Gas Oil, Solar Oil, 
Diesoleum, etc., of specific gravities ranging from 0.84 to 0.89 (see Table 1. 

Although the term "crude oil" is frequently used in connection w i t h T I .  
engines, it is a misnomer, for the crude or virgin oil as it comes from the well 
is never sold to the general public. 

The fuel used in C.I. enginese'is general.1~ an unrefined distillate which is 
distilled out of crude oils af ter  the kerosene; it is as unlike crude oil as kerosene 
is. 

I 
The fuel largely used in the United States is a petroleum distillate 

I representing the small distillation fraction band bet ween paraffin and the residual 
oil; it  is .known as Fuel or Furnace Oil. 

Some of the larger and slower marine and stationary engines, however, use 
heavier grades of fuel, but these are not crude oils, usually residual fuel oils, i.e. 
the oil remaining after the lighter fractions have been removed by distillation. In 
some cases they are blends of residual fuels with gas oils. These heavier grades 
are unsuitable, however, for the small high speed C.I. engines forming the subject 
of the present book. 

D 
Vegetable Oil Fuels. 
Apart from the mineral hydrocarbon fuels it is possible to operate C.I. 

engines on certain oils of vegetable origin, notably, the oils derived from ground 
nuts, cotton seeds and soyabeans; palm oil has also been used. In this connection 
some thousands of road miles have been run by vehicles in  this country using the 
four oils in question. In general, however, there is a reduction in efficiency in 
the use of vegetable and animal fat oils amounting to about 1 2  to 15 percent, due 
to the lower calorific values of these fuels. Palm oil has been used on Perkin 
engines with satisfactory results, the exhaust being free from smoke; a fuel 
consumption of 0.39 lb. per b.h.p. hour was obtained. Other tests with this oil 
were made on a 110 h.p. Gardner engine, 10-ton vehicle, over a distance of 3,000 
miles. It 'was found that preheating was necessary in order to reduce the 
viscosity of the fuel to suit the injection equipment; it was also found necessary 
to start  and warm up the engine on ordinary Diesel oil. The fuel consumption on 
palm oil was about 10 percent greater than for the latter oil. Somewhat similar 

, results have been obtained when using cotton seed and ground nut oils on C.I. 
engines. 

In all cases the oils needed pre-heating to about 90°F, and cold starting and 
warming up with Diesel oil was necessary; the warming up period was from 2 to 
4 minutes. No undue wear in the engine or fuel pump parts was experienced, but 
special attention was necessary to  ensure filtering the oils thoroughly, in order to 
avoid wear of the fuel pump parts. Certain vegetable oils-notably palm oil-have 
corrosive effects on copper, brass and nickel, so that these oils must not come 
into continued contact with such metals in the engine and fuel equipment. No 
effect of any consequence is noticeable upon the engine lubricating oil when 
vegetable fuel oils are employed. 



Iqnition Quality of C.L Engine Pwb. 
As a result of investig~tions into the suitability or otherwise of various fuel< 

for C.I. engines by methods* involving physical and chemical tests, and also 
nctutll tests. of the fuels in various types of engines, certain conclusions have 
bcen arrived at ,  the following being a brief summary of these: 

If the various fuels are arranged in the order corresponding to their ten- 
dency to ignite, it is found that this order is correct for all types of engine. The 
order is also constant for various methods of measuring, provided the com- 
pression-ignition principle is adhered to. 

It is therefore concluded that any one fuel has a definite "ignition quality," 
some engines being very sensitive to this quality, whilst others are not. 

The "ignition quality" can conveniently be measured .by the i nition delav 
show11 by the indictitor ditigram. Thus, in  the case of the Thomassen + englne use 
for some of the tests, a direct measurement of ignition lag or delay period (13) 
(Fig. 425)  was found to give satisfactory results when compared with t h t ~ t  
obtained with mixtures of standard fuels. 

"Knocking" is denoted by the portion (A)  of the diagram and coincides on the 
wholc with the ignition delay. (The greater the' delay, the larger the part of the 

,fuel charge which will  "knocku at the beginning of combustion. When ignition sets 
i n ,  inimediately a pilot flame is formed which igriites the rest of the fuel charge 
os i t  cnters the cylinder, thus ensuring smooth running.) 

FIG. 425.-Lgn1doa delay -on the indicator diagram. 

TIlc "ignition quality" depends, in  the first place, on the so-called "thermal 
stubility" of the fuel, and only in the second place on its oxidizability. 

'Thc dcsirnblc 'quality of any fuel for C.I. engine use is a low self-ignition 
.tempcrr~ turc. or low critical compression ratio. Similarly, for smooth operation. 
11 high Dicscl Index is necessary; thc higher this number, the better wi l l  be thc 
ignition quality of the fuel, within 'limits. 

The Cetene Vdue of a Fuel. 
In the case of modern automobile and aircraft engines using petrols it is now 

u s ~ l r ~ l  to define the suitability of the fuels used by means of a value, known as 
thc Octane Numbcr; 'the higher this number the less will be the tendency for 
dctontition when this fuel is used in a petrol engine. 

11 somcwhat similar method has been suggested by the Shell-Mex Laboratory 
t~utlior-i tics of Delft, Iiolland, to express the suitability of fuels for high spccd C.1. 
cr~girics. 

- .  

*G.D. Boerlage, Director, Proefstation Delft, Holland. 



The method in  question is to take two fuels, one of very high and the other 
of very low ignition quality as standards. By mixing these fuels in  various 
proportions i t  is always possible to match the ignition qualities of any other C.1. 
criginc fuel. Thus, for example, i f  i t  is ascertained that the same ignition quality 
is obtaincd' by using a high proportion of the high ignition quality fuel, then thc 
fuel in question is said to have a high ignition quality. 

Cctenc (C16H32) is the high ignition quality fuel employed and a-methyl- 
nciplilhalcne is thc low ignition quality one. The, former gives the m i n i m u m  and 
ttic l ~ t t c r  thc n i u x i m u m  ignition lag. 

I t  is ~ l w ~ y s  possible to find a mixture of these two fuels that wi l l  give t.hc 
snmc ignition quality as any of the petroleum fuels ' in  ordinary use. .The 
perccrltage of cetcne in  this mixture is then termed the Cetene Number. 

The results so far obtained show that a fuel and its equivalent cetene 
mixturc, as determined by tests in  one particular C.I. engine; remain equivalent 
i r l  ignition q u u l i t y  'in all types, of high speed C.I. engine. 

In rc,gard to the ignition quality of a fuel, the higher the cetene number 01' 
this fuel, the lower wi l l  be the ignition lag in a high speed C.I. engine. 

There is no direct connection, however, between the cetene and the octane 
v~ lues  of fuels, for a fuel having ,a high octane value wil l  generally be found to 
possess a low cetene value. Conversely, a fuel having a high cetene value in a 
C.I. cnginc would, if  it were sufficiently volatile for use in  a standard petrol 
eligine, be fourld to have a low octane value. 

The cetene number of fuel depends upon its origin and constituents, thesc 
bcirig dctcrmined l~rgely by the nature of the crude oil from which the fucl is 
cstr~ctcd: Gcncr~lly thosc fuels derived from paraffinous crude oils httvc liigti 
cc tcllc! rlurnbcrs, whilst thosc obt~ined from high aromtltic contcnt crudc oils Iit~vc - 
low cctcnc vc~luc. 

Cctane Number Method. 
.l\llorc rcccntly in Amcrica the primary fuels employed arc mude up of blcrids 

ol' c9[*tr~r~c (( :161334 ) ,  which has a high ignition 'quality, and a-methyl-nnphtli~lcnc 
1 t l lO), which hus H .  low ignition quality. The percentage of thc cctunc by 

v u l u r i ~ i \  I .  tcrmcd the Cetane Number. For economical reasons, sccondnry 
rc:rcrcncc fuels calibrated against the standard fuels are e,mployed for routiric 
testing. A typical secondary series is made up by mixing high-cetene fucl 
rcfcrrcd to us dupo with commercial methyl-naphthalene. 

In this connection tests were made in the Pennsylvania State College 
Engineering Station with seven fuels on nine commercial C.I. engines of v~rious 
typcs und  sizcs, and the results obtained were compared w i t h  the ratings of the 
samc f ~ ~ c l s  determined by the Co-operative Fuel Research (C.F.R.) engine. I t  wus  
found that the C.F.R. laboratory method underrates the fuels'by an average of 
3 ccttine numbers, relative to the commercial eng<nes. comparison of thc dil- 
fcrcnt commercial engine ratings among themselves shows that the Rverugc 
dcvic~tion is 2 .8  dupo numbers (1.56 cetane numbers). The accuracy of rnting is 
I I ~ ) O I I ~  thc sumc for both the required compression ratio and the nir inttikc. 
ttirot!ling mc'thods. The accuracy of the variable lug method is much Iowcr for 
tlic Iiighcr ignition quality fuels. The engine type apparently has a greater effect 
or1 Illc ratings than the particular method used. The ratings by the air i n t ~ k e  
tllrotllirig mcthod agree reasonably well both wi th  the required compression ratio 
r.r~tirlgs I I H ~  thc variable lclg ratings when they are compared for the same cnginc. 
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curves of variow CJ. engmes. 

Commercial engines may be com- 
pared by noting the slope sf the igni- 
tion lag versus ignition quality curves. 
Engines (B), (Dl, and (I)  havc ttlc 
steepest curves, as shown in Fig. 4 2 6 ,  
indicating their suitability as test en- 
gines. Engines (H) and (G) have the 
flat test curves, indicating that they 
are less sensitive to changes in ignition 
quality of the fuels; this is an advan- 
tage in service engines. 

Cetene and Cetane Numbers. 
From the preceding considerations it will be evident that both the terms 

ccten: nnd cetane are employed in connection with fuel ratings. The formcr 
tcrni, however, has now been replaced in  this country and the U.S.A. by thc 
I ~ t t c r ,  and i t  is now customary to regard the Cetane Number as being the 
percentage by volume of cetane in a mixture of cetane and a-methyl-naphthalcne 
which hus the same ignition quality as the fuel. 

In order to convert the .previously used Cetene Numbers into cetane one.< 
the relationship established by the Petroleum Diesel Panel* is employed, namely, 
"That the cetane-number-cetene number relationship is a straight line from the 
origin passing froni the origin through the point 80 cetene number = 70 cetane 
number." 

The ignition quality is obtained only by the results of engine tests, .namely, 
thc ignition delay' test (or running jest)  or the throttling test. 

In rcgura to fuels for automobile...C.I. engines the normal cetane number jri 

this country is about 55, but it should be pointed out that there appears. to be H 

disadventcigc in  using fuels of too-high a cetane value since the delay periods are 
rcduccd too much, with the result that a less efficient cycle results. For this 
rcason i t  is sometimes necessary to specify both the m i n i m u m  and maximum 
cctrtne numbers. 'It has been found; with certain direct injection engines, that 
wticn fuels of 57 cetane and above are employed the exhausts become smoky; for 
t h i s  rcrison (1 l i m i t  of 60 cetane has been fixed for such engines. I t  w i l l  bc 
~~l){)rrrc '~i l ,  hohlcvcr, that the design of the combustion system has o m~rkcd 
itil'lucncc up011 the maximum permissible cetane value. 

Desirable Fuel Characteristics. 
Consideration in the choice of high speed C.I. engine fuels should be given 

more particularly to the ignition lag,, or delay factor. Whilst it is desirable to 
rcducc this delay period to a certain m i n i m u m  value, this should not be overdone. 
I t  is not difficult to imagine the state of affairs corresponding to a zero delay 
period. The fuel would burn immediately as it entered from the injector, end the 
wholc 'process of combustion would occur around the injection nozzle; thc 
rcmrtining air in the combustion chamber would therefore be prevented from 
finding its fuel. Thus one would obtain extremely smooth running, with perfect 
corltrol but w i t h  very little power. 

*J.K. M ?Grcgor 'and W.V.. Hanley (Standard Oil Co., California). 



A definite delay period is required in practice to enable the fuel to 
penetrate sufficiently into the combustion chamber before the combustion com-' 
mences. 

In  regard to C.I. engine fuels,, it is believed that in the majority of com- 
bustion systems a moderately (but not .too) high cetane value is advantageous, as 

- 

it serves to shorten the delay period, and thus allows better control over the rote 
of burning and pressure rise. As with petrol, the cetane value of various. fuels 
depends mainly on their source or origin, but it can be 'varied somewhat by 
varying .the distillation range or by doping with such substances as amyl nitrite, 
ethyl nitride and certain peroxides. Generally speaking, any source which yields 
e bad--thtlt is low-octane-petrol will yield a , high-cetane Diesel oil, and vicc 
versa. ' As a volatility in general, within limits, the lower the volatility the 
bctter, since too volatile a fuel is liable both to cause detonation and to give risc 
to gassing trouble in the fuel injection system. At the other end of the .scale, i f  
the volatility is too low, a further delay period wiil be introduced, due to the 
greater time taken to form a gas envelope on the .outside of the droplets, as has 
been pointed out by Boerlage and Broeze. 

1n regard to the vkcosity of C.I. engine fuels, this is important since it 
affects pump leakage and the power required to operate the pump. It has also 
an influence upori the size of the fuel particles sprayed by the injection nozzlc, 
sincc at low injection pressures the size of the droplets increases roughly in  
proportion to- the viscosity of the fuel, whilst surface tension does not appear s'o 
important. 

The specific gravity of the fuel has a bearing upon the depth of penetra- 
tion of the spray and also upon the spray cone angle. .Thus a lighter fuel wi l l  have 
11 smnllcr dcpth of penetration into the air charge and will  give a wider conc 
i~nglc. 

I n  regard to fucl volatilit , i f  this is excessive it wil l  affect the smootti 
running of the engine -------aY by provi lrrg more fuel ready for combustion when ignition 
occurs. I f  too low, however, late burning and incomplete combustion may occur. 
111 some respects volatility appears to be an influencing factor on ignition 
quulity--mom espccially is this so for heavier fuels. 

Fuel Dopes. 
As mentioned in !he preceding section, it has been found that the addition 

of small proportions of certain chemical substances to the fuels used in C.I. 
engines have a somewhat analogous effect upon the ignition lag, to that.of petrol 
engine anti-knock fuel dopes, e.g. tetraethyl-lead, in eliminating detonation. 

Thus, the addition in small amounts (about 1 percent) of ethyl nitrate or 
amyl nitrate to a C.I. engine fuel will raise the cetane value of the fuel. I f  thc 
fuel is of low cetane value it will be necessary. to add a somewhat largcr 
proportion, vix. from 3 to 5 percent; this, incidentally, increases the cost of the 
Tucl. It  may here be mentioned that the addition of about 3 percent of ethvl 
nitrtltc to i~ ccrtain fuel was found to reduce th3 ignition temperature from 36U0 
to 30lI0C. 

I:ig. 428  shows two indicator ditlgrams, supplied by the Associated E q u i p  
rrlcnt Company, takcn from an Acro pre-combustion chamber engine, at a speed 
of 1.000 rpm, both with the same b.m.e.p. o f  83.5 per sq. in. The .firm linc 
ciit~grr~nl was obt~iricd with an Asiatic fuel as delivered; the broken linc diegram 
W H S  obteincd w i t h  thc same fuel to which 5 percent of ethyl nitrate had been 
rtddcd. The improvcni~nt in the performance, both as regards the reduction in the 
m i ~ x i m u r h  prcssurc find in  the rate of pressure rise in striking; this was n ~ t ~ ~ r r ~ l l y  
bornc out by the much more satisfactory running observed w i t h  the doped fucl. 
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Institute of. Petroleum Test for Ignition W t y .  
More recently the ignition quality of. Diesel fuels has been investigated and 

stundnrd methods of test laid down. ' Thcse tests are described in the Institute's 
publication, Standard Methods of Testing Petroleum and its Products, and have 
been adopted in the British Standards Specification, B.S. 209:. 1947, Fuels for Oil 
Engincs. 

It is reiterated that the ignition quality of a Diesel fuel for C.I. engines is 
a measure of the relative time required for combustion to start after thc 
commencement of injection; the shorter the time, the higher is the ignition 
quality. High ignition quality indicates ease of starting and smoothness of 
run=, but the ignition quality of a fuel is not an indication of its combustio~l - 
qut~li t y  in various engines. The ignition quality, however, is independent of enginc 
corlditior~s, or of the cnginc, and under any given engine conditions the d e l ~ v  ~ n g l c  
is e function of the ignition quality. This delay angle is defined as the angle In 
dcgrces of crankshaft rotation between the start of injection and beginning of 
discernible combustion, as determined by pressure rise from the compression 11nc. 
I t  is uffected by engine characteristics and running conditions; it can varv for c! 

given fuel over a wide range. 
The ignition quality is expressed as a cetane number. I t  is numerically equal 

to the percentage, by volume, of cetane in a mixture of cetane and h-methyl- 
nc~pt~thalenc which hns the same ignition quality as the fuel. Two methods of test 
( A )  ~ n d  (H) are described. Method (A)  is recommended for routine cetane-number 
determinations, but method (B) has the special advantage of being readily 
applicable to a large range of C.I. engine types. It was not found necessary to 
standardize any particular engine for the determination of ignition qual~ty, but 
when the methods are applied to doped fuels the test should be carried out in thc 
cnginc in which the fuel is to be used. 

Mention is made in the test specifications of the use of secondary reference 
fuels instead of the primary referznce fuel, mentioned previously, and details of 
.;r~ggc.;tcd ftrcls tirc given. 



CHAPTER ll 
FUELS SUPPLY AND EXPECTATIONS 

AUTOMOBILE. FUELS - OUTLOOK FOR THE FUTURE 



INTRODUCTION 

Scope 

Th is  paper. examines the c u r r e n t  and f u t u r e  sup?ly of petroleum-based and 
a l t e r n a t i v e  fuel's s u i t a b l e  f o r  use i n  passenger ca rs  and l i g h t  t r u c k s .  
Petroleum-based fue l  s  p r e s e n t l y  p rov ide  a1 1  . o f  the energy f o r  these 
v e h i c l e s .  Therefore, t he  c u r r e n t  and f u t u r e  a v a i l a b i  1  I t y  of petroleum 
w i l l  f i r s t  be considered.  Next,  t h i s  paper w i l l  examine the  supol,y.of 
a l t e r n a t i v e  pr imary  energy resources we might  employ be,yond the  "pe- 
t ro leum age." Since many o f  these a l t e r n a t i v e  pr imary  enerqy resources 

' 

a r e  n o t  s u i t a b l e  f o r  d i r e c t  mob i l e  use, secondary enerey s to raqe media 
w i l l  be discussed. F i n a l l y ,  pr ime movers and power t r a i n s ' c o m o a t i b l e  
w i t h  va r ious  a l t e r n a t i v e  f u e l s  - and G M ' s  exoerience w i t h  these S.YS- 
terns - w i l l  be reviewed. 

T e n i  no1 ogy 

Pub1 ished est imates of reserves o f  ecerqy reso.urces d i f f e r  w i d e l y  - t o  a  
l a r g e  e x t e n t  because of d i f f e r e n c e s  i n  d e f i n i t i o n s .  To avo id  misunder- 
s tand ing ,  t h i s  paper cons iders  o n l y  two k inds  of  reserves;  "Proven 
Reserves" and "Ul t i rnate Reserves. " "Proven Reserves," as the  name imp1 ies  , 
have been ca re fu l  l y  conf irmed and represent  quant i  t i e s  which a re  r e -  
coverab l  e  w i  t h  c u r r e n t  ,techniques and product  cos ts .  . A d d i t i o n a l  r e -  
serves a r e  known t o  e x i s t  i n  a l r e a d y  d iscovered o i l  f i e l d s  o r  denos i ts ,  
b u t  the  q u a n t i t y  i s  known wi ' th  somewhat l e s s  c e r t a i n t y .  Est imates of 
these q u a n t i t i e s  ,p lus es t ima tes .o f  as-yet  undiscovered reserves based on 
g e o l o g i c a l  informa t i o n  and j a s t  e x p l o r a t i o n  exoerience a r e .  termed "!!I - 
t i,ma t e  Reserves. " 

A f u r t h e r  source of con fus ion  e x i s t s  w i t h  respect  t o  f o recas t i n?  how 
long  a  g iven resource w i l l  l a s t .  Th is  oroblem f r e q u e n t l y  resu? t s  f r o n  
d i f f e r i n g  assumptions about the growth r a t e  o f  eqergy consumption. ' The 
s i g n i f i c a n c e  o f  t h i s  assumption i s  shown i n  F i g u r e  1. This  f i a u r e  shows 
the  cumula t ive  c o n s u m ~ t i o n  o f  a  resource ( i n  nu1 t i ~ l e s  of t he  present  
r a t e )  over  any t ime p e r i o d  f o r  var ious  assumed r a t e s  of  growth of  con- . , 

sumption. For example, i f  reserves  are  equal t o  100 t imes t h e  c u r r e n t  
consumption r a t e  o f  a  p a r t i c u l a r  energy resource,  I t  would l a s t  100 years 
a t  zero growth r a t e .  ' A t  a  3 percent  compound growth r a t e ,  t he  same.energy 
resource  w i j l  . l a s t  o n l y .  4 7  years and the  annual consumption w i l l  have 
increased by a  f a c t o r  o f  f o u r .  (The fo rego ing  assumes no p roduc t i on  r a t e  
c o n s t r a i n t s . )  F igu re  1 shows t h a t  when t h e  resource base I s  o n l y  a  few times 
t h e  r a t e  of consumptfon, growth r a t e  has r e l a t i v e l y  l l t t l e  e f f e c t  on how 
long  the  resource w i l l  l a s t ,  b u t  i t  has a  very  l a r g e  e f f e c t  when the  resource 
i s  l a r g e .  Caut ion  should be exerc ised i n  t h e  assumption o f  l a r g e  growth r a t e s  
over  long t lme per iods .  Many f a c t o r s  tend t o  s e l f - l l m l t  t he  s l z e  of r e a l  
phys I c a l .  systems. 

1 .. 
' F o r  comparative purposes, I n  t h I s  paper we w l l l  f r e q u e n t l y  q u a n t l f y  
reserves  I n  terms of "years supply."  Tables w l l l  be prov lded t o  show the  
e f f e c t  of  growth r a t e ,  b u t  assumptions concerning t h i s  v a r i a b l e  a r e  l e f t  
t o  the  reader.  



To further f a c i l i t a t e  comparisons, throughout. t h i s  paper reserves and 
t o t a l  consumptfon are given i n  "quads." One quad equals one quadr i l -  
l i o n  (1015) BTU. I n  met r ic .un i ts  a quad i s  also almost equal t c  one 
e x a j o u l ~  (1018 Joule). Use o f  ,quads hr &I 1 anerpy farm doer no t  mean 
tha t  they are equivalent and Interchangeable. I n  t h i s  paper energy 
reserves are given i n  quads of thermal energy which can be produced from 
tha t  pa r t i cu la r  resource. 

Current Consumpti on Rates 

For comparison purposes, 1976 energy consumption data are given i n  
Figure 2. World energy consumption Of a l l  fonns o f  etieray was estimated 
a t  about 290 quads, w i th  135 quads, o r  about 47 percent, suppl fed' by 
petroleum, Most of the remainder was supplied by coal, 77 quads, and 
natural  gas, 54 quads (1 ),+ The United f t a t e s  consumed a t o t a l  of 
74 quads, a r  about o n e - f ~ u t t h  of the world 's t o t a l .  Of th is ,  35 quads 
were supplied by petroleum. An addit ional  20 quads were supplied by 
natural  gas, which i s  a less s fgni f icar l t  energy'source for the r e s t  of 
the world ( 2 ) .  
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Figure 2. 1976 World and U.S. Energy Consumption (1, 2). 

Automotive Fuel Requirements 

Some o f  the more s ign i f i can t  c r i t e r i a  f o r  fue ls  t o  be used i n  mobile 
appl icat ions are shown i n  Figure 3. 

High energy densi ty w i th  respect t o  both mast and volume i s  a par t i cu-  
l a r l y  important charac ter is t i c  f o r  automotive fuels, the mass energy 
densi t y  must be s u f f i c i e n t l y  high t o  provide a reasonable vehicle range 
w i th  a fue l  mass tha t  i s  a small f r ac t fon  of the t o t a l  vehicle gross 
mass. S imi la r ly ,  because o f  vehicular space 1 !mi ta t lons,  the vo1 umetric - energy d tns i  t y  must be as high as p6s.si.bJe. - -,-' 

* Numbers Sn parentheses designate References a t  end o f  paper. 
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Figure 3. Fuel Criteria. 

The widespread d i s t r i b i t i o n  and hand1 i ng by r e l a t l  ve ly  u n t r a i  ned i n -  
d i v i dua l s  d i c t a t e s  t h a t  automotive f ue l s  be safe t o  d i s t r i b u t e  and use. 
Th is  impl ies  a need f o r  low t o x i c i t y  and a reasonable l e v e l  of flam- 
mabi 1 i t y  t o  avoid having t o  take extreme precautions. 

Automotive f ue l s  must be convenient t o  t ranspor t ,  s tore ,  and t rans fe r  
from a storage f a c i l i t y  t o  th-e veh ic le .  S im i l a r l y ,  they must be con- 
venient  t o  handle i n  on-board f u e l  systems. 

Since they are used i n  such l a rge  quan t i t i es ,  automotive fuels must be 
compatible w j  t h  environmental cons t ra in ts  both i n  t h e i r  product ion and 
use. 

To make personal t ranspor ta t ion  ava i l ab le  t o  the l a rges t  poss ib le  poou- 
l a t i o n ,  automotive fuel  costs  must not  become excessf ve. 

Gasoline and d iese l  fue ls  have proven sa t i s fac to ry  i n  many years of 
automotive serv ice,  and a l t e r n a t i v e  fue ls  must be measured against  them 
as standards. 

THE PETROLfUM SITUATION 

Reserves 

Mow long can we cont inue automotive use of petroleum-based fuels? The 
answer dep.ends on a l a rge  number of factors,  b u t  the most Important  of 
these i s  how much petroleum I s  s t i l l  i n  the ground and recoverable. An 
est imate of these reserves and the1 r d i s t r l  bu t i on  around the wor ld  i s  
shown I n  F igure 4 along ~ 4 t h  cumulat ive product ion ( 3 , 4 ) .  Cumulative 
wor ld  product ion of 011 through 1976 was more than 2900 quads. Almost 
tw ice t h i s  much e x i s t s  as proven reserves, and estimates of the wor ld ' s  
u l  t lmate reserves arc  around 9,500 quads. Crude o i l  p r i c e  increases, 
addi ti onal . expl  ora  t j an ,  and development of new recovery techniques can 
fu r ther  increase the mgn?  tude o f  proven reserves. 

C 
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Figure 4. 1976 World Oil Production and Relerves (3, 4). 

Assuming no Increases I n  reserves beyond those c u r r e n t l y  estimated, and 

J 
neglect fng cons t ra in ts  on product ion ra te ,  Figure 5 shows the number of 
years supply of proven and u l t l m a t e  reserves a t  various assumed growth 
ra tes,  s t a r t f n g  from the present r a t e  o f  consufiptlon of petroleum. Depend- 
ing  on a'ssumptlons, present wor ld u l t lma te  reserves a re  adequate fo r  30 t o  
70 years. 

(ASSUMING ONLY PETROLEUM OEMAhlb SATISFIED') 
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Rsfqrrlng back to Flgure 4,  I t  can be seen that the. United States has 
eonsmed a much larger fractfon o f  its total r?eserves than hat the world 
as a yhble. The consequences are apparent i n  Flgure 6, which illu.strater 
ths pmblw t h e  United States faces wtth res@est t o  petroleum. Our 
dmea t 5  c w1 ttmsga rmew$s a (assurni ng n0 Imports) are adequatg for bnl y 
13 .to H y e w s  depefid4dg gn eke assum7 pwth rate. We a r e  thus farm! 
t@ Choose aWng t$C r l t ~ r n a t f v @  bf: c o n ~ e r v r t i ~ n ;  1 ncrebsed lmgprts; 
dc~cl opmrnt ~f a1 terna tl ve qpergy sources, or conbi nltionr of these 
a1 t w n a  t l ves . . . , ' 1  

Flgunr 5 and 6 do not take account o f  the posslbll l t y  o f  discoraing as 
yet unrecognized o i l  reserves and are probably conservative. The 
histwical rate of  discovery of new crude oil reserves i s  ,shown i n  
Figure 7 (5) .  This rate has remained relatively constant over the past 

I ~ro*rth~a?e  , I I RESERVES c--- r-- - -- I i we 1% ' 3% 5942 

P 5 r e  @. Years Supply d U.S. Dornestic Petroleum Rlsrerves. , 
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Figure 7. Rate sf Discowry of World Crude Oil Reserves9. 



30 years and has exceeded annual productlon, thus adding t o  reserves, 
every year wl t h  the exception of the past  few. From the mid-1930's 
untll about 1965 most of the new dlscoverles were i n  the Middle East, 
Thls has enabled the Yiddle East to become the largest suppl ier of 
petroleum to the rest of the world. Recently, more extensive explora- 
tion outslde of the Middle East has Increased proven reserves i n  these 
areas. With the exception of Alaska and some Continental Shelf re- 
serves, most of these discoveries are outside the United States. The 
rate of future discoveries will depend on the level of exploration 
activity which will be decided by the incentives or d i  sincentives pro- 
vided. 

Oil Imports 

Changes I n  U.S.  petroleum imports between 1970 and 1976 are shown i n  
Figure 8 (6 ,7 ) .  Imports did not become a significant fraction of our 
total petroleum requirement until about 1965. I n  the past few years, 
our oil imports have replaced continuously larger fractions of the 
demand that had prevfously been met by domestic sources. By 1976, almost 
42 percent of our total petroleum consumption was met by Imports, and  this 
Is estimated t o  be about 47 percent for 1977 (8).  During the las t  few 
years, not only  the-percent of imports has been rlsing, b u t  also the absolute 
amount imported. 

Percent of 
U. S. 

Consumption 

Saudi' 
Arabia 

OPEC 

Figure 8. Source8 of U.S. Petroleum Imports (6, 7). 

A further cause for concern i s  the large increase in our reliance on the 
OPEC countries. Imports from Saudi Arabia have Increased markedly. 
fur-her decreases I n  imports from non-OPEC countries , such as Canada, 
are forecast for the near future. Heavy reliance on petroleum imports has 
made the U.S. vulnerable to .  economic or pol i t lcal  action by foreign govern- 
ments or combines such as OPEC. These potential actions present a threat 
both t o  the national defense and the economy. 



Another, cr9 t ical  factor affecting the future avsilabi 1 it# 08 i m ~ r t e d  
of1 compe-titfon for thfs resqurce fm other industtiallzed and 
developing rtat.ion5. Ffaure 9 Is a dmjection af the trend i n  -dlstrl- 
butian of world energy consumption (9) ,  As a .cansequence of the more 
rapQd growth i n  enerqy usage by othe~ countries, especial 1y d w e l o p i ~  
countries, the United States percent4ge of the total 'world m Q y  
consumption 15 iqxpwted t o  decrease frm 32 percent ?n I970 t o  22 per- 
cent i n  20QO. A1 though our fraction of world energy will decrease, our 
absolute energy needs are expected ta Mntfnue to inclnse.  Our nerd 
 fa^ increasing fmparts, and stronger competi tlon for available mrld oil 
resources, makes the f u t u ~ e  supply of petroleum i n  the U.S. uncertaib a t  
best. 

PERCENT OF 
WORLD ENERGY 
CONSUMPTION 

I 

I . . . .,'. .. 
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Fiqun 8. Change In bistributlon of World Energy Consumption (9). 

Current Rate of Pet~oleum con sump ti or^ i n  the U.S. 

IRecent hfstory of U.S. energy demand i s  shown i n  Figure 10 by consuminq 
sector (10). In  1'975, transportation consumed 26 percent of the t o t a l  
U.S. energy. Of particular concern i s  the fact t h a t  essentially al l  
transportation energy i s  suppl ied by petroleum. 

OTHER 

INDUSTRLAL 

TRANSPORTATION 

Fiquts 10. U.S. Energy Demand By Conruming Sector (10). 



The 1975 petroleum supply and usage Is shown in Figure 11 (11).  Trans- 
portation consumed more than half of total petroleum, w i t h  the auto- 
mbi l e  using 30 percent. Much of the petroleum used by the residential , 
industrial, and comnercial Sectors i s  utlllzed far  space heating and 
bailer fuel. Some stationary f nstal latfons o f  thls nature couuld theoreti- 
cally uti l ize other primary energy resources, such as coal, thereby 
releasing petroleum for transportation use. Conversion of these 
Instal 1 ations i s  severely 1 im!ted both by environmental' restrictions 
and by the capital. investment required. These factors are likely to 
1 lmlt the transfer of petroleum for transportation use from these 
appl fcations i n  the near term. 
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Figure 11. U.S. Oil Supply and Demclnd - 1975 (1 1). 
Summary of Petroleum Situation 

Assuni ng a 3 percent rate of growth i n  petroleum consumptlon, the 
world's ultimate petroleum reserves would be adequate for about 38 
years. U h i  l e  there is considerable uncertainty about the exact maqni - 
tude of petroleum reserves, i t  is clear that they are f ini te  and w i l l  
some day be depleted. U.S. domestic reserves are severely limited and 
i f  consumption increases a t  3 percent, our ultimate reserves are suf- 
ficient for only about 16 years. 

Forecasting the quantity of imp~rted petroleum which will be available 
t o  the United States Sn the future i s  risky because of the many po- 
l i t ical  and economic actions which cannot be an t ic f~a ted .  I t  i s  clear, 
however, that competition from the developing countries and other i n -  
dustrial countries will reduce the amount of petroleum availab.1e t o  the 
United States. 

1 Finally, even if  a long-term supply of petroleum existed in the United 
States, the rate a t  which i t  could be made available as fuel would 
depend on exploration rates, production rates, and refinery capaci t y  . 



ALTERNATIVE PRIMARY ENERGY SOURCES 

Primary and Intermediate Fuels 

A1 though petroleum has proven to  be an ideal source of l i q u i d  fuels  - 
especial ly  fo r  transportation - there a re  other "primary energy resources 
which could e i the r  supplement or  replace i t  in the future.  I t  is nec- 
essary to  d i  s t i  ngui sh between rimar energy resources and i ntewnedi a t e  v energy forms which may be be t te r  su ted for  use i n  mobile equipment. 
For example, fue ls  such as hydrogen and methanol a re  not primary energy 
resources since they must be produced from some other energy form. The 
principal stored primary energy resources are  coal , o i l  shale,  and 
f i ssionabl e mater ials ,  Solar radiation provides a continuous energy 
i n p u t  which m y  be used more extensively i n  the future.  Fusion energy, 
a1 though of tremendous theoretical significance, i s  not considered here 
because of f t s  ear ly  s t a t e  of development. 

This section will  review the magnitude of our a1 ternat ive primary eneroy 
resources and the fol lowing section wi 11 consider intermediate energy 
forms which might be more su i tab le  for  mobfle apolications.  

Coa 1 - 
Although the use of coal for  transportation energy i s  essent'fally zero 
today, as recently as 1947 i t  accounted for  about one-third of the total  
transportation energy (16).  Coal. i s  a very abundant fossi'l resource as 
can be seen from Figure 14 (17), On a world basis the ultimate reserves 
contain about 25 times the energy of ultimate reserves of o i l .  In 
addition, because coal has been subjected to  1 ess intensive exploration 
than o i l ,  i t  i s  l ike ly  tha t  future discoveries will add t o  the reserves. 
Cumulative consumption i s  too small to  see,  except in the world total '  
of Figure 14. 

I" 
ULTIMATE RESERVES \ .. , *  . 
PROVEN RESERVES 1, y.,: 

Figure 14. World Coal Resources, 1974 ( 1  7). 
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Unlike Its position w i t h  respect t o  petroleum, the United States Is 
especially favored w i t h  large coal reserves - almost one-third of the 
world proven reserves. Figure 15 shows the number of years supply of 
domestic coal assuming, for comparison only, t h a t  a l l  U.S. energy 
needs are supplied fran thls resource. On thls b a x ,  U.S. ultimate 
reserves would satisfy our needs for from 80 t o  over 1000 years, 
depend 1 ng on energy consumpt 1 on growth rate. 

(ASSUMING TOTAL ENERGY DEMAND SUPPLIED BY COAL') 

Figure 15. Years Supply of U.S. Domestic Coal Reserves. 
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A1 though the existence of large coal reserves i s  reassuring , the prob-  
lems i n  developing this resource must be recognized. E n v l  ronmental 
problems exist both w i t h  the production and  ultimate use of coal. 
Figure 16 shows t h a t  the most desirable coal reserves exist in the 
western United States (18); The western coal reserves are largely 
accessible by surface mining. They generally have a low sulfur content. 
However, the western coal resources are located i n  low pooulation 
densi t y  areas, and the development of the needed physica! resources a n d  
manpower involve sociological and environmental problems in a d d i  t i o n  t o  
large investments, The further problem of transoorting coal t o  con- 
suming areas must be faced. These are obviously massfve problems w h i c h  
are not going t o  be resolved simply and in a short time. 

Oi l  Shale 

+ 

YEARS SUPPLY AT 
G R O W H  RATE 

Oil shale i s  another fossil resource which i s  relatively widely dis- 
tributed over the world, a 1  though Africa and Asia have the largest 
reserves (19).  The richest U.S. deposits are located in Colorado, Utah, 
and Uyoming. The magnitude and distribution of u.S. shale resources 
containfnq laore t h a n  25 gallons of of1 per t o n  are shown in FIgure 17 (20 ) .  
Our proven reserves of this high grade ore are about h a l f  as great as 
our proven coal reserves. These reserves are attractive because of the 
relative ease of producing products similar t o  petroleum from shale o i l .  
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Figure 16. U.S. Coal Resetrves (1 8). 
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Figure 17. U.S. Oil Shale Resource8 (26-100 GaI/Ton 011 YieldXZO). 

Ul tlmate reserves of shal'e containfng over 25 gallons of o i l  per ton 'would 
Sa t t s fy  total  U.S. energy demand a t  a 3 percent growth r a t e  f o r  almost 
48 years ,  Very large deposlts of lower grade o i l  shale  yielding from 10 
to 25 gallons of ol l  per ton of shale a re  wldely dis t r lbuted over the Unfted 
Sta tes .  The magnitude of these resources, more than twice as great as 
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Figure 18. U.S. Oil Shale Resources (10.25 Gal/Ton Oil Yield) (20). 

coal ,  i s  shown i n  Figure 18. Although they ex l s t  i n  large quantity,  the 
low yield of these shales prevents economical recovery. 

Like coal ,  because of 1 imi ted exploration, the amount of o i l  shale ultimately 
recoverable i s  known w i t h  1 i t t l e  cer tainty.  Similar problems ex i s t  w i t h  
respect t o  the development of oi 1 shale resources as  fo r  coal.  The oi 1 
shale deposits in the eastern United States  have simp1 er t ransportat ion,  
labor,  and water-requ irement problems than western shales.  

Nuclear 

A1  though some e l e c t r i c i t y  was produced i n  nuclear plants by 1957, i t  was 
not unt i l  1968 tha t  nuclear plants produced e l e c t r i c i t y  equivalent to  
0.1 quad of thermal energy (21).  i n  recent years,  the on-stream capacity 
of nuclear plants has r isen rapidly so that  by 1975 they supplied about 
1 .6  quads (thermal ) of our total  energy demand ( 2 2 ) .  Recent resis tance 
from environmentalists, and government regulations have greatly increased 
the capi tal  costs  and the time required to  ge t  a plant on stream. 

The energy avai lable  from uranium depends on the technology used to  
convert it. Figure 19 shows the worldwide d is t r ibut ion  of oroven re- 
serves ( i n  terms of thermal quads) producible a t  $15/pound of U308 
(1975 estimate) when used in l i g h t  water reactors (23) .  Australia and 
the United States  a re  par t icular ly well endowed w i t h  uranium reserves 
when compared to  the rest of the f r ee  world. 
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F~gure 19. Thermal Energy Content.of Uranium Reserves of Non-Communist 
Countries (Assuming Li'ght Water Reactor Technology, No Breeder 
Reactors) (23). 

Figure 20 shows the ma'gnitude of U . S .  reserves at  different uranium 
prices ( 2 4 ) .  This figure also- i s  based on the use of 1 i g h t  water re- 
actors and indicates the energy avai lable from lower grade ore. 

ULTIMATE RESERVES 
PROVEN RESERVES 

COST PER POUND OF U1O' 
'lnchrdes Lower Cost Resources Shown to Let? 

Figure 20. Thermal Energy Content of U.S. Uranium Resource8 By Cost Level 
(Assuming Light Wa tsr Reactor Technology, No Breeder Reactors) (24). 



Flgure 21 shows the number of years supply o f  uranium If used in 1 I g h t  
water reactors t o  s a t i s f y ,  for comparison only, a l l  of the energy needs 
o f  the Unlted States .  Even zero growth i n  energyemand re su l t s  In a 
l i f e  of our ult imate reserves w i t h  $15 per pound UjOs of l e s s  than 
11 years. 

USED IN LIGHT WATER REACTORS 
(ASSUMING TOTAL ENERGY DEMAND SUPPLIED BY URANIUM*) 
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Figure 21. Years Supply U.S. Domestic Reserves of Uranium (91 5/lb,). 
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I I f  breeder reactors were to  be employed rather  than 1 i q h t  water re- 
ac to r s ,  the thermal energy avai lable  from the same ore would be i n -  
creased by a factor  of about 100, The e f fec t  of the use of breeder 
technology on the l i f e  of our uranium supply is shown i n  Figure 22. 
Because of the compounding e f fec t ,  the 1 ifetime of the uranium supply i s  
not mu1 t ip1 ied by 100 (except a t  zero growth r a t e ) .  Considering u1 t i -  
mate reserves available a t  $15/pound and a growth r a t e  of 3 percent a 
year ,  the domestic reserves of uranium could s a t i s f y  our needs fo r  118 
years.  From t h i s  comparison i t  i s  c l ea r  tha t  breeder techno1og.y must be 
employed i f  uranium i s  t o  provide a s igni f icant  f ract ion of our future 
energy needs. 

Strong resis tance to the development of breeder- technology, based on 
securi ty  concerns w i t h  control of plutonium, has been evident in recent 
years.  Storage and disposal of nuclear wastes have a1 so been the sub- 
jec t  of continuing debate. Unless answers to  these questions a r e  
found, we will  be unable to  exploi t  the f u l l  potential of our uranium 
reserves. 

Years Supply at 
Growth Rate 

Solar Enerqy 

0% 

2.3 

10.5 

Solar radiation Is an essent ia l ly  constant source of energy. The to ta l  
amount of energy reaching the surface of the contiguous 48 United States  
amounts to almost 50,000 quads each year,  about 700 times our current 
to ta l  energy consumption (25).  5olar energy i s  d f r e c t l y  u t i l i zed  by 
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Figure 22. Years Supply U.S. Domestic Reserves of Uranium ( 8  15/lb.). 
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(78,000 
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p lants ,  b u t  i t s  u t i  1 i z a t i o n  s p e c i f i c a l l y  f o r  cner'gy product ion has been 
relatively 1 imited.  One of the most severe 1 im i t a t i ons  - i s  the need fo r  
some form of storage because o f  the d iu rna l  , seasonal and weather- 
r e l a t e d  va r i a t i ons  i n  the i n t e n s i t y  o f  the r a d i a t i o n  reaching the qround. 
I n  add i t i on  t o  the storage problem introduced by the unsteady nature of 
the  rad ia t i on ,  the technology t o  convert  the rad ian t  enerqy t o  o ther  
useful fonns i s no t  we1 1 developed. 

On an annual average basis,  mast of the United States receives from 400 
t o  800 k i l o j o u l e s  per square gent imetre a t  the surface, the higber 
values occurr ing i n  the reTa t i ve l y  low populat ion dens i ty  .southwestern 
pa r t s  of the Uni ted States. Figure 23 shows the d i s t r i b u t i o n  of so l a r  
energy over the Uni ted States (26) .  The contours of constant annual 
average energy normal i zed w i t h  respect  t o  Michigan, show t h a t  Arizona 
and pa r t s  of New Mexico rece ive about twice t h a t  of f l ichigan, Viewed on 
a shor te r  t ime scale, t h i s  r a t i o  could even be greater.  

1050 

NORMALIZED WITH RESPECT TO MICHIGAN = 1.0' 
I 
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Figure 23. Average Distribution of Solar Energy Over the United States (26). 
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Sumnary of Primary Energy Reserves 

Figure 24 sumnarizes our domestic ultimate reserves of primary energy 
resources, . These reserves may be, compated to  our 1976 annual energy 
consumption of 74 quads. Coal and oil shale represent very large energy 
potential compared t o  petroleum, b u t  nuclear energy, unless breeder 
technology i s  developed, i s  seriously 1 imi ted. Using breeders, ultimate 
uranium and coal reserves are about equal, Solar radiation, as noted 
previously, presents an almost inexhaustible source of energy. 

(MAGNITUDES PROPORTIONAL TO AREAS) SOUR 

URANIUM (AT $15 
OR LESS PER POUND) 

--- 

OIL 
E!ll 

Figure 24. U.S. Energy Reserves, Quadrillion BTU. 

Such a superficial view provides a much more reassuring picture t h a n  i n  
fact  exists. Current transportation equipment cannot use coal , fiucl ear, 
or so?ar energy directly. Our present heat engines have been desiqned 
to uti l ize specific liquid fuels produced from petroleum. The problem 
then remains of how to utSlize the abundan t  primary energy resources 
avai l a b 1  e to us for transportation purooses, 

HEAT ENG IN€ FUELS FROM PRIMARY E N E R G Y  RESOURCES 

The purpose of the following section i s  to  look a t  the  technical prob- 
1 ems of producing transports tian fuels from our primary energy resources. 
Coal, nuclear, and perhafis even solar energy, might be employed to 
produce s lectr l  t f  ty which could then be uti 1 ised w t  t h  some storage 
system for transportation purposes, However, because of. their greater 
uti 1 i ty  as transportation fuels, we wlll concentrate prfmari ly on those 

- - -  



l iqu id  and gaseous fue ls  which might be considered fo r  a u t m t i v e  use. 
Flow charts will  be used t o  fndicate schematically the inputs, proc- 
esses, and outputs. The various conversion processes t o  be discussed 
a r e  in d i f fe rent  s t a t e s  of development and not a l l  are l ike ly  to  be 
comnercially feas ib le .  

Fuels from Oil Shale 

Oil shale ,  and t o  an even greater  extent coal,  d f f f e r s  from petroleum in 
i ts  hydrogen-to-carbon rat io.  The hydrogen-to-carbon r a t i o  fo r  pe- 
troleum i s  about 1.8 while fo r  organic matter in o i l  shale i t  i s  about 
1.6. Coal, depending on I t s  type, has a hydrogen-to-carbon r a t i o  be- 
tween 0.6 and 0.8. A1 though shale of1 requires somewhat more hydro- 
gena t ion t h a n  petroleum, the refining process a f t e r  re tor t inq i s  qen- 
e r a l l y  sfmllar t o  t h a t  f o r  petroleum. The two processes a re  compared in 
Figure 25. 

[ - F r  :'J" I CONVENTIONAL CLTROLLUM chamrca~ - D ~ I ~ I I ~ I I ~ ~  
CRUDE Wask~rg "- @tanltq lu.1 

FUELS 

- INCREASING PROCESSING SEVERITI') 

Figure 25. Obtaining Fuels From Petrol,eum and Oil Shale 

011 shale  i s  a nonporous, impermeable rock containing over 10 percent by 
weight of organic matter cal led kerogen. Raw shale o i l  i s  obtained by 
pyrolysis of o i l  shale.  Kerogen in o i l  shale undergoes t h e m 1  cracking 
during pyrolysis t o  yield raw shale o i l  which i s  high i n  nitrogen and 
su l fur  and r e l a t ive ly  low in hydrogen; Catalytic hydrogenation of raw 
shz7e o i l  i s  used to remove fmpuri t i e s  ( S  and N) and t o  increase i t s  
hydrogen content.  Hydrogenated shale o i l  may be refined t o  obtain 
c~nvent ional  fuels  such as gasoline and diesel fuel or, as w l  t h  pe- 
troleum, other l iquld and gaseous fue ls  may be obtained a t  intermediate 
Process i ng stages . 



Fuels from Coal 

B 
Before the  i n t r o d u c t i o n  of n a t u r a l  gas f o r  home use, coa l  r e g u l a r l y  
served t o  produce manufactured gas f o r  t h i s  purpose. . Dur lng  the  1 i t e r  
stages o f  World War 11 most of Germany's mi.1 i t a r y  equ.1pment was operated 
on s y n t h e t i c  1 l q u l d  fue l s  produced from l o c a l  coa l .  Today, South A f r l c a  
cont inues t o  use s i m i l a r  processes t o  avo id  the  need f o r  l a r g e  oetroleum 
impor ts .  

The conversion' o f  coal  t o  l l q u i d  f u e l s  I s  .brought about by decomposing 
the  complex coal  s t r u c t u r e  and by Inc reas ing  the hydrogen-to-carbon 
r a t i o  t o  the  des i red  l.eve1. I m p u r i t i e s  such as. mlnera l  ma t te r ,  mois- 
t u r e ,  n i t rogen ,  s u l f u r  and oxygen are  removed t o  o b t a i n  an acceotabl e 
product .  Processes f o r  making 1 i q u i d  and gaseous f u e l s  from coal  a re  
shown i n  F igu re  26. B a s i c a l l y  two approaches a r e  taken t o  o b t a i n  l i q u i d  
fue l s  from coa l ;  d i r e c t  and i n d i r e c t .  D i r e c t  approaches a re  ~ y r o l y s i . ~ ,  
s o l v e n t  e x t r a c t i o n ,  and c a t a l y t i c  hydrogenation o f  coa l .  The i n d i r e c t  
approach. i nvo l ves  g a s i f i c a t i o n  o f  coal  f o l  lowed by syn thes is .  
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Figure 26. Obtaining Liquid Fuels From Coal 
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I n  a p y r o l y t l c  process, coa l  I s  heated In t h2  absence of a l r  t o  o b t a i n  
t a r  which 'an be hydrogenated t o  s y n t h e t i c  crude. I n  a so l ven t  ex- 
t r a c t i o n  scheme, coa l  I s  . m i l d l y  hydrogenated v i a  a hydrogen donor 
<,slvent.  The r e s u l t i n g  product  i s  heavy o i l  whlch can be uograded t o  
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s y n t h e t i c  crude o i  1  v i a  f u r t h e r  hydrogenation. D i r e c t  c a t a l y t i c  hy- 
d rogenat ion  of coa l  g ives  s y n t h e t i c  crude o i l  as a  pr imary  product .  
Coa l -der ived s y n t h e t i c  crude may be r e f i n e d  t o  o b t a i n  gaso l i ne  and 
d i e s e l  f u e l .  These convent ional  fue ls  and methanol may a l s o  be obta ined 
by  gasifying coa l  t o  a  m i x t u r e  of  carbon monoxide and hydrogen (syn- 
t h e s i s  gas) '  which then c a n  be used t o  synthesi  ze e i  t h e r  hydrocarbon 
f u e l  s v i a '  t h e  F l  scher-Tropsc h  process, o r  methanol . 
Fuels f rom Nuclear Resources 

Nuclear  energy can a l s o  be used t o  o b t a i n  1 i q u i d  fue ls  such as methanol 
and hydrocarbons. The processes are  shown schemat ica l l y  i n  F igu re  27. 
Heat generated i n  a  nuc lear  r e a c t o r  may be used d i r e c t l y  t o  decompose 
water  i n t o  oxygen and hydrogen. This  hydrogen can be combined w i t h  
carbon monoxide obta ined v i a  thermal decomposit ion o f  a  carbonate, such 
as l ime,  t o  produce e i t h e r  gaso l ine  and d i e s e l  f u e l  v.ia t he  Fischer-Tropsch 
process , o r  methanol . 
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(Uran~um. 
Thoriuml 

Watar 01ygan 
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Carbonatr 
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Figure 27. Fuels Obtainable From Nuclear Resources. . 
A1 t e r n a t h e l y ,  nuc lea r  heat  may ,be conver ted t o  e l e c t r i c i t y  which can be 
used t o  o b t a i n  hydrogen f rom water  v i a  e l e c t r o l y s i s .  Th is  hydrogen can 
be combined w i t h  carbon monoxide from a  carbonat2 t o  produce methanol, 
gas01 i ne o r  d i e s e l  f u e l .  

Fuels from So lar  . Energy 

There 'are two rou tes  from s o l a r  energy t o  au tomot i ve  f u e l s .  These are  
d i a g r a m e d  i n  F igu re  28. One a ?  t e r n a t i v e  i nvo l ves  the p roduc t i on  of 
e l e c t r i c i t y  e i t h e r  by d i r e c t  p h o t o v o l t a i c  convers ion o r  by a  more con- 
. ven t i ona l  heat engine-generator  system o b t a i n i n g  i t s  heat  enerqy v i a  
some form of s o l a r  concen t ra to r .  The e l e c t r i c i t y  can then be used i n  
the  same fashion as t h a t  produced by nuc lear  power t o  syn thes ize  the 
same v a r i e t y  o f  l i q u , i d  f u e l s .  ., 

Perhaps the  most f requent  proposal p u t  f d r t h  f o r  conve r t i ng  s o l a r  energy 
t o  automot ive fue ls  i s  v i a  t he  i n te rmed ia te  of  biomass. Biomass (vegeta- 
t i o n  and organ ic  wastes) i s  composed of c e l l u l o s i c  m a t e r i a l s ,  which can be 
conver ted t o  a lcbho l  s  (e thano l  and methanol ) and 1  l q u  i d  hydrocarbons. 
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Figure 28. Fuels Obtainable from Solar Energy. I 

C e l l u l o s i c  m a t e r i a l s ,  a l though very  'h igh  i n  oxyg'en content ,  a re  low i n  
1 s u l f u r  and n i t r o g e n  content  and, ' therefore,  cou ld  be an a t t r a c t i v e  

source of  fue l  s. 

Lh 

Ethanol from biomass I s  obta ined v i a  fe rmenta t ion  fo l lowed by d i s t i l -  
l a t i o n .  This  process i s  w e l l  known, .and l s  used c o r m e r c l a l l y  i n  the 
case of  sugar cane and g r a i n .  

The scheme f o r  o b t a i n i n g  methanol and l l q u i d  hydrocarbons from biomass 
i s  s i m i l a r  t o  the  one used f o r  coa l .  Blomass i s  g a s i f i e d  t o  o.btain a  
m i x t u r e  of  carbon monoxide and hydrogen which may be used t o  produce 
e l t h e r  gaso l i ne  and d i e s e l  f u e l  v i a  the  Flscher-Tropzch proce'ss, o r *me tbano l .  
Destructive d i s ' t i l l a t i o n  o f  biomass (wood) a l s o  yJe lds  methanol, bu t  t he  
q u a n t i t y  of methanol obta ined I n  the  process i s  . r e l a t i v e l y  smal l  and hence 
I t  I s  u n l i k e l y  t h a t  t h l s  process would be used f o r  o b t a i n i n g  comnerclal  
q u a n t i t i e s  of methanol f u e l  . 
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A1 though the  processes i nvo l ved  i n  p roduc t i on  o f  a1 t e r n a t i  ve fue l s  frorr 
p r lmary  energy resources a r e  i n  var ious  s ta tes  of  development, F igu re  28 
p rov ides  some est imates o f  the1 r energy convers ion e f f . i c i e n c i  es ( 2 7 ) .  
The values shown represent  est imates o f  the r a t i o .  of the energy i n  the  
f i n i s h e d  product  t o  the  energy conta ined I n  the  pr imary  resource.  I t  i s  
d e s i r a b l e  f o r  t h i s  va lue  t o  be h lgh s ince:  h igh  convers ion e f f i c i e n c y  

I w l l l  conserve energy resources, and a h igh  convers ion efficiency i s  a l s o  
l i k e l y  t o  be associated w l  t h  lower c a p i t a l  investment ( s i n c e  f o r  a  q lven 
energy ou tpu t  the  p l a n t  w i l l  have t o  handle a smal le r  th roughput ) .  
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Figure 29. Fuel Conversion Efficiencies (27). 

I t  should be recognized t h a t  convers ion e f f i c i e n c y  alone 'may n o t  i n d i  - 
c a t e  the most d e s i r a b l e  form f o r  i n te rmed ia te  f u e l s .  Perhaps a  more 
s i g n i f i c a n t  measure i s  the o v e r a l l  energy e f f i c i e n c y  s t a r t i n g  from. the 
pr imary  resource t o  energy i n  t he  f i n a l  form des i red .  I n  t he  case of  
t he  automobi le,  mechanical energy i s  tne f i n a l  form. . The c o n t r i b u t i o n  
of  t he  heat  engine i nvo l ved  i n  the chemical t o  mechanical convers ion  
process must a l s o  be considered and the re  may be a  t rade -o f f  between 
e f f i c i e n c y  o f  the engine and, e f f  i c f e n c y  o f  the  f u e l  convers ion process. 

For  example, a  25 percent  thermal e f f i c i e n c y  engine which cou ld  burn' 
powdered coa l  would have a  system e f f i c i e n c y  of 25 x 0.95 = 23.75 per -  
cen t .  An engine burn ing  gasol i n e  produced from coal  a t  an e f f  i c i ~ n c y  of 
55 percent  would have t o  e x h i b i t  an e f f i c i e n c y  of about 43 percent  t o  
achieve an equ iva len t  system e f f i c l e n c y .  Economics i s  a l s o  a d e t e r -  
m in ing  f a c t o r  and o v e r a l l  lowest  c o s t  may n o t  be assoc ia ted  w i t h  the  
most energy e f f i c i e n t  combi n a t i o n  o f  engine and f u e l .  

\ 

~ r o p e r ' t i  es of Fuel s  from A1 te rna  t i  vc Pr imary Resources 

The preceding s e c t i o n  has shown the  techn ica l  p o s s i b i l i t y  o f  producing 
f u e l s  s i m i l a r  t o  our  c u r r e n t  gasol i n e  and d iese l  f u e l  start in^ from any 



o f  our future a1 ternat lve energy resources, Depending on the nature of 
the primary resource, more o r  less severe pmcessing I s  required t o  
achieve octane number, cetane number, and su1 f u r  and n l  trogen contents 
equfralent t o  the fuels produced from petroleum, 

Other l i q u l d  and gaseous fue ls  can be made from these same resources. 
As noted ea r l l e r ,  one o f  the considerations i n  se lect ing a fuel-engine 
combination i s  the overa l l  system thermal ef f ic iency.  For transpor- 
t a t i o n  use, however, one o f  the most important propert ies of a fuel I s  
i t s  energy density. Energy density on a mass basis i s  shown f o r  a 

I 

number o f  potent fa l  l i q u i d  and gaseous fuels i n  Figure 30, Figure 31 
provldes s im l l a r  information, but on a volumetrlc basls. The l i q u l d  

1 -  
fuels, ethanol, methanol, ammonia, and hydrazine a l l  have lower energy 

I? 
I 

density on both bases than gas01 ine and diesel  fuel. 
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ne hlgh mass energy densl ty of hydrogen shown I n  Flgure 30 makes i t  
appear a t t r a c t i v e  fo r  mobile use until the prob lms of containment are  
considered. This i s  a problem t h a t  hydrogen shares w i th  other gaseous 
fue ls ,  The e f fec t  of Including the container I t  shown I n  Figure 32 (28, 29). 
The equfvalent e i t h e r  mass or volume o f  a 'va7ic ty .of  alternative fuels are 
cmpared with those required for an equlvalent amount of energy I n  the 
f a n  of gasoline. The gaseous fue l s  arc a t  a serlows disadvantage. 

BASIS: ENERGY EQUIVALENT OF 
75 L (20 GAL.) GASOLINE (2.4 GJ) 

*At 20 MPa (3000 psi) 

Figure 32. Vehicular Storage Requirements of Fuels (28, 29). 
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CHAPTER I l l  

ENGINE-FUEL COMPATIBILITY 
POWER PLANTS ALTERNATIVE 

Remote Combustion 

Figure 39. i s  an at tempt t o  c l a s s i f y  automotive powerplants in  a manner 
re la ted  t o  t h e i r  a b i l i t y  t o  operate w i t h  d i f f e r e n t  f u e l s .  In the upper 
l e f t  a r e  remote combustion systems which u t i l i z e  s t a t i ona ry  f a c i l i t i e s  
f o r  converting primary energy resources i n to  e l e c t r i c a l ,  thermal, o r  
mechanical energy. S ta t ionary  powerplants may be fueled w i t h  coal or  
nuclear energy without the  need f o r  conversion t o  l i qu id  i n t e n e d i a t e s ,  
unless t h i s  s t ep  i s  needed f o r  envi-ronmental reasons. The output  from . 
cen t ra l  power s t a t i o n s  i s  g e n e r a l l y . e l e c t r i c i t y ,  b u t  i t  could a l s o  be i n  
the  form of thermal o r  mechanical: eneygy. The po ten t ia l  veh ic le  on- 
board s torage schemes associa ted with cen t ra l  power s t a t i o n s  have been 
discussed.  

On-Board Combustion 

On-board heat  engines Rave been dlvided Into  Internal  and external  
combustion engi nes. In ternal  combus t lon  engines,  with the exception of 
the gas turbine, employ In t e rmi t t en t  combustion. These engines have the 
most r e s t r i c t i v e  fuel  requirements. The compression i g n f  t ion  engines,  
f o r  example, require  a minimum cetane number fuel  f o r  s a t i s f a c t o r y  
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Figure 39. Class~fication of Automotive Engines. 

ope ra t i on .  Most spark i g n i t i o n  engines have an octane requi rement  which 
l i m i t s  the range of  f ue l s  t .hat they.can use. An except ion  i n  t h i s  c lass  
o f  ensines are some s t r a t i f i e d  charge engines which do n o t  use a Dre- 
f o n e d  mix ture ,  b u t  r a t h e r  i n j e c t  the fue l  . i n t o  the chamber a t  the same 
t ime i t  i s  i g n i t e d .  Such engines, t y p i f i e d  by the Texaco TCCS engine, 
can opera te  w i t h  a r e l a t i v e l y  wide range o f  l i q u i d  f u e l s .  

The gas t u r b i n e  and the  ex te rna l  combustion engines employ cont inuous 
combustion. Although a c lean  l i q u i d  fue l  i s  r e q u i r e d  f o r  the i n t e r n a l  
combustion gas t u r b i n e ,  almost any heat  source which i s  reasonably 
c o n t r o l l a b l e  can be employed w i t h  the  ex te rna l  combustion engines. 
These engines can i n  p r i n c i p l e  u t i l i z e  s to red thermal energy. Some 
engines, such as the Rankine and steam o r  organic f l u i d  tu rb ines  can be 
operated from b o i l e r s  fue led  w i t h  s o l i d  fue l .  The S t i r l i n g  engine has 
a l s o  demonstrated the capabi 1 i  t y  of ope ra t i ng  wl t h  so l  i d  fue l  when a 
heat  p i p e  i s  in te rposed between the  heat  source.and the engine: 

The use o f  . less r e f i n e d  f u e l s  i n  combinat ion w i t h  ex te rna l  combustion 
engines may be an a t t r a c t i v e  p o s s i b i l i t y  from the  s tandpo in ts  of c o s t  
and o v e r a l l  energy e f f i c i e n c y .  Such combinations may n o t  be v i a b l e  
however, because of exhaust emission problems. For example, l e s s  r e -  
f i n e d  coal  l i q u i d s  a re  l i k e l y  t o  be h igh  i n  bo th  n i t r o g e n  and s u l f u r  
compared t o  our p resent  automot ive f u e l s .  T h l s  cou ld  r e s u l t  i n  h igh  
n i t r o g e n  ox ide and s u l f u r  ox ide  emissions, unless some exhaust o r  
combustion c o n t r o l  scheme can be devised t o  reduce t h e i r  l e v e l s .  



GM EXPERIENCE WITH ALTERNATIVE FUELS 

D 
From t h e . v e r y  beg inn ing  of  t he  au tomot i ve  i n d u s t r y ,  t h e r e  has been a  
con t inuous  e f f o r t  t o  b e t t e r  unders tand t h e  combus t ion .p rocess .  T h i s  
m o t i v a t i o n  has prompted macy exper iments  w i t h  a  wide range o f  l i q u i d  and 
gaseous f u e l s .  As c o n t r a s t e d  wi t h  conven t i ona l  gaso l  i n e  and d i e s e l  
f ue l s ,  many o f  these  exper imenta l  f u e l s  were s i n g l e  o r g a n i c  o r  i n o r g a n i c  
compounds. I n  more r e c e n t  yea rs ,  t h e  p rospec t  o f  u l t i m a t e  d e p l e t i o n  o f  
pe t r o l eum resources  as we1 1  as c o n s i d e r a t i o n s  o f  a tmospher ic  emiss ions  
have prompted an exam ina t i on  o f  some of  these same f u e l s  and o t h e r s  as 
p o t e n t i a l  f u t u r e  f u e l s .  The f o l l o w i n g  w i l l  b r i e f l y  d e s c r i b e  some o f  
t h i s  work.  

I Hydrogen 

Hydrogen (Hz) has t h e  h i g h e s t  energy c o n t e n t  per  u n i t  mass of  any o f  t h e  
f u e l s .  I t  , i s  r e s p o n s i b l e  f o r  a  l a r g e  f r a c t i o n  o f  t he  enerqy produced by 
t h e  c o r b u s t i o n  o f  n e a r l y  a l l  l i q u i d  and gaseous f u e l s  where i t  may be 
combined w i t h  carbon, n i t r o g e n ,  and perhaps oxyqen. 

Hydrogen i s  n o t  a  p r ima ry  energy r esou rce ,  b u t  i t  can be produced by 
chemica l  r e a c t i o n  u t i l i z i n g  energy f rom e i t h e r  coa l  o r  n u c l e a r  sources .  
I t s  f i r s t  documented use i n  GE was i n  l a t e  1930 i n  a  s t udy  o f  knock ( 3 8 ) .  
Over t h e  yea rs  i t  has subsequen t l y  been employed i n  . a d d i t i o n a l  exper iments  
on engine combust ion i n c l u d i n s  i n v e s t i g a t i o n s  o f  gaseous exhaust  emiss ions .  

t I n  r e c e n t  yea rs  pu re  hydrogen has been employed i n  s i  n g l e - c y l  i nder  
eng ine  t e s t s  and hydrogen has been used t o  supplement conven t i ona l  
gaso l  i n e - a i r  m i x t u r e s  i n  b o t h  eng ine  and v e h i c l e  exper iments  ( 39 ,  4 0 ) .  

Hydrogen-a i r  m i x t u r e s  b u r n  w i t h  a  ve r y  h i g h  f lame speed and ove r  wide 
a i  r - f u e l  r a t i o  ranges.  These c h a r a c t e r i s t i c s  a re  des ' r ab l  e  f o r  e f c i  - 
c i e n c y  and l e a n  o p e r a t i o n  reasons,  b u t  maximum power m i x t u r e s  e x h i b i t  
ve r y  h i g h  r a t e s  o f  p ressu re  r i s e  and f lame p ropaga t i on  back th rouah  t he  
i n t a k e  system. The a b i l i t y  t o  b u r n  v e r y  l e a n  imoroves e f f i c i e n c y  a t  
p a r t  l o a d  due t o  reduced t h . r o t t l i n g  l osses  and l owe r  peak combust ion 
tempera tu res .  Pure hydrogen e l  i m i n a t e s  hydrocarbon emiss ions  excep t  
from crankcase o i l  b u r n i n g .  Du r i ng  v e r y  l e a n  o p e r a t i o n  NOx i s  v e r y  l ow  
because o f  l ow combust ion.  temoera tu res .  However, if power i s  i nc reased  
by b u r n i n g  r i c h e r  .m ix tu res ,  NOx can r i s e  t o  l e v e l s  h i g h e r  than those  
observed w i t h  g a s o l i n e - a i r  m i x t u r e s  as shown i n  F i g u r e  40. 

When used as a  supplement t o  g a s o l i n e - a i r  m i x t u r e s ,  ?iOX r e d u c t i o n s  and 
f u e l  economy improvements can be ach ieved ,  b u t  because o f  f lame quench- 
i n g  near  t h e  combust ion chamber w a l l s ,  hydrocarbon emiss ions  a r e  ve r y  
h i g h  near  t h e  l e a n  l l m f t .  

1 The most s i g n i f i c a n t  d e t e r r e n t  t o  use of  hydrogen f o r  v e h i c u l a r  energy 
i s  t he  on-board s t o r a g e  problem. S to rage  as a me ta l  h y d r i d e  appears t o  
be t he  most f e a s i b l e  method a t  t h i s  t i m e  ( 4 1 ) .  



Figure 40. NOx Emissions From Hydrogen and lsooctane Combustion (39). 

I f ,  in f a c t ,  hydrogen does become available 'as a fue l ,  i t  will a lso be 
necessary t o  assess whether i t  should be burned in a heat engine, or 
whether developments in fuel ce l l  technology .make t h a t  approach more 
a t t r a c t i v e .  Unlike the heat engine, fuel c e l l s  do  n o t  have a Carnot 
eff ic iency 1 imitation and, therefore,  higher conversion eff ic iency may 
be achieved. 

Methane 

Methane ( C H ~ )  i s  one of the gaseous fuels  which'could be produced 
 fro^ coal.  Natural gas, which i s  composed primarily of methane, was 
used by GMR as a spark Ignition engine fuel as early as 1923 t o  study 
d is t r ibut ion  of fuel in the intake manifold. I t s  combustion charac ter i s t ics  
were studied intensively in 1950. Automotive engines .have been run on 
natural -gas for many years in pumping applications. GM had extensive 
experience wi t h  a 1 arge natural g a s  engine .developed by Cleveland 
Diesel. The engine was coupled t o  a qenerator for  producing e l e c t r i c i t y  
for  aluminum reduction. These experiences conf i nned the high octane 
number and  wide flamnability range of methane, both of which can con- 



t r i b u t e  t o  good e f f i c i ency ,  .A l though methane has an energy d e n s i t y  
' even g r e a t e r  than gas01 l n e  on a mass bi ls ls,  1 i k e  o t h e r .  gaseous fue l s  
I t  s u f f e r s  frm the problems of on-board s to rage and,  as shown I n  

I F igu re  4 1 ,  1 l m i t e d  power ou tpu t  which s e r i o u s l y  1 l m i t s  I t s  automotlve 
appl l c a t i o n s  (42) .  
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1 Figure 41. Maximum  rake Horsepower as a Function of Engine Speed 

I for Natural Gas and Gasoline (42). 

Carbon Monoxide 

Carbon monoxide ( C O ) ,  u n l l k e  the  o the r  f u e l s  considered here, conta ins  
no hydrogen. Pure carbon'monoxide was used i n  engine~cornbust ion s tud ies  
around 1930 (43) .  Carbon monoxide i s  a , p r i n c i y a l ' c o n s t i t u e n t  of the  low 
BTU gas which i s  ava f - l ab le  f rom some coa l  g a s i f i c a t i o n  procqsses s i m i l a r  
t o  those used many years ago- t o  produce c i t y  gas. There a r e  records of  
a Chevro le t  engine having been operated on such a fue l  as e a r l y  as 

B 
1922.   ore r e c e n t l y ,  i n  connect ion w i t h  stud.ies o f  hydrogen- 
supplemented systems, a s i h g l e - c y l  l n d e r  engine has been run  on the 
products from a c a t a l y t i c  re fo rmer  (44) .  These products conta ined a 
l a r g e  amount o f  carbon monoxide. I n  these t e s t s  i t  was observed t h a t  



t he  engine carbon monoxide emfssions were very h l g h  as a r e s u l t  of 
' 

carbon monoxide conta ined i n  the  quench l a y e r .  Resu l ts  a re  shown I n  
F igu re  4 2 .  

Aside from the  p o t e n t i a l  f o r  producing carbon monoxide r e a d i l y .  from 
coa l ,  i t  has no. other .  a t t r i b u t e s  t o  recomnend i t  as an automotive f u e l .  
The energy densi t y  on a mass bas is  i s  l ess  than one-quarter  t h a t  o f  
gaso l ine ,  i t  has low s p e c i f i c  energy per u n i t  volume, i t  has s i m i l a r  
s to rage problems as o t h e r  gaseous fue ls ,  and I t  i s  ext remely t o x i c .  
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Figure 42.  Exhaust Carbon Monoxide Emission With Simulated Hydrogen 
Genera'tor Product As Fuel (44). 

Propane 

Propane (C3Hs) i s  t he  p r i n c i p a l  c o n s t i  t uen t  of LPG ( 1  i q u e f i e d  petro leum 
gas) ,  which has been used f a i r l y  e x t e n s i v e l y  i n  automotive engines. The 
appl i c a t i o n s  have been p r i n c i  pa1 l y  i n  f l e e t s  where the  necessary re -  
f u e l i n g  p r o v i s i o n s  can be made; Yuch o f  the General Motors i n t e r e s t  i n  
propane has been r e l a t e d  t o  engine exhaust emissions.. I n  a d d i t i o n  t o  a 
number o f  s i ng le -c  1 i n d e r  englne experlments (45 -47 )  and s tud ies  w i t h  
bus f l e e t s  (48,  4 9 1  f u e l e d  w l  t h  propane, Oldsmobll e D l v l s l o n  developed 
a propane convers ion I n  t h e  l a t e  1960's  ( 4 2 ) .  With  proper  man i fo ld  
d i  s tr i  bu t i on ,  engl nes fue led  w i  t h  propane can r u n  cons iderab ly  1 eaner 
than w i t h  gas01 l n e  and r e t a i n  good d r i v e a b l l  l t y .  The extended lean  
1 i m i  t resu! t s  i n  low CO and NOx emissions, a1 though hydrocarbon emfs- 
.Sions a re  s i m i l a r  t o  those with l i q u i d  f u e l s .  Propane has a h i g h  octane 



number and i t s  energy d e n s i t y  on a  mass bas i s  i s  about the same as 
gaso l ine .  U n l i k e  o t h e r  gaseous fuels ,  propane can be l i q u e f i e d  a t  
modest pressures and n o m a l  ambient temperatures. As a  r e s u l t ,  the on- 
board storage problem I s  s i g n i f i c a n t l y  l e s s  severe than f o r  o the r  gaseous 
fue l  s  . 
Other Hydrocarbons 

A l a r g e  number of pure hydrocarbons have been i n v e s t i g a t e d  as spark 
i g n i t i o n  engine fue ls .  A s tudy o f  knocking behav ior  conducted a t  the  
Research Labora to r i es  beginning I n  t h e  1920's i nvo l ved  more than 100 ' 

hydrocarbons (50) .  A number o f  these hydrocarbons, i n c l u d i n g  isooctane,  
benzene, ethane, e thy lene,  d i  i s o b u t y l  ene, cyclopentane , and heptane 
have been used f o r  a  v a r i e t y  of  combustion and emiss lon s tud ies  
(38, 4 3 ,  4 6 ,  51-55). 

Dur ing World War I 1  General Motors b u i l t  a  p i l o t  p l a n t  and produced 
t r i p t a n e ,  a  very  h i g h  octane f u e l ,  proposed f o r  a i r c r a f t  enaine use ( 5 6 ) .  
Th i s  i s  the  o n l y  GM venture  i n t o  fue l  p roduct ion .  Since p roduc t i on  of 
any o f  these pure hydrocarbons from a l t e r n a t , i v e  pr imary  energy resources 
i nvo l ves  cons ide rab l y  more processing than the  p roduc t i on  of m ix tu res  
s i m i l a r  t o  gaso l i ne  and d i e s e l  f u e l ,  there  i s  l i t t l e  i n t e r e s t  i n  t h e i r  
general use. 

Ace t y l  ene 

Acetylene (C2H2)  1s a  gaseous fue.1 t h a t  has n o t  been mentioned pre-  
v i o u s l y .  I t can be produced from a  r e a c t i o n  between ca lc ium ca rb ide  and 
water .  The ca lc ium ca rb ide  can--be obta ined as the product  of a  r e a c t i o n  
between carbon from coal  and some n a t u r a l  l y  o c c u r r i n g  ca lc ium com7ound. 
S i n g l e - c y l  i n d e r  engine t e s t s  conducted r e c e n t l y  (57)  i n d i c a t e  t h a t  spark 
i g n i t i o n  engines can be made t o  run  over  a  narrow range of  very  l ean  
a i r - f u e l  r a t i o s  w i t h  r e l a t i v e l y  h igh ' f l ame  speeds. Acety lene has a  very 
low octane number which l i m i t s  the compression r a t i o  a t  which i t  can be 
burned. F igu re  43 i l l u s t r a t e s  these a i r - f u e l  and compression r a t i o  
problems. I n  a d d i t i o n ,  ace ty lene i s  uns tab le  and i t  i s  d i f f i c u l t  t o  
s t o r e  i n  gaseous form. Veh icu la r  use would o n l y  be f e a s i b l e  i f  the 
acety lene cou ld  ,be generated by the water -ca lc ium ca rb ide  r e a c t i o n  on 
bcrrd.  . 

G M R ' s  f i r s t  i n t e r e s t  i n  arnmonia (NH3) as an engine f u e l  was i n  con- 
n e c t i o n  w i t h  a  m i l i t a r y  a p p l i c a t i o n ,  the  Energy gepot, p r o ~ o s e d  by the 
A l l i s o n  D i v i s i o n  i n  the  e a r l y  1960's ( 5 8 ) .  The idea u t i l i z e d  a  t r a n s -  
p o r t a b l e  nuc lea r  r e a c t o r  t o  produce fue l  f o r  m i l  i t a r y  ground veh ic les  
c l o s e  t o  the  p o i n t  a t  which i t  was t o  be used. U n l i k e  most of  the  o the r  
f ue l s ,  amnonia con ta ins  no carbon, b u t  r a t h e r  combines hydrogen w i t h  
n i t rogen .  I t  i s  p o s s i b l e  t o  produce amnonia w i t h o u t  any f o s s i l  f ue l  if 
nuclear  energy i s  a v a i l a b l e .  

The Research Labora to r i es  conducted experiments us ing  a m o n i  a  t o  fue l  
bo th  s i n g l e - c y l i n d e r  and mu1 t i c y l i n d e r  engines (59 ) .  As a  resu? t of i t s  
very  slow flame speed and low hea t i ng  value, poor combustion and a  power 
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Figure 43.  Acetylene and Gasol~ne Operat~ng Ranges (57). 

o u t p u t  o n l y  abou t  one -qua r t e r  t j l a t  of  t h e  qasol  i n e  eng ine  r e s u l t e d .  
Inc reased  comgress ion r a t i o ,  supercha!-gi  ng and t he  add i  t i o n  o f  sup- 
p l  emental hydrogen s i g n i  f i c a n t l - y  in ip roved  b o t h  combust ion .and power 
o u t p u t  as shown i n  F i g u r e  4 4 .  A~mdnia has a  h i g h  oc tane  number. No C0 a 
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Figure 44. Effect of Hydroger~ Add~tion On Performance Ammonia-Fueled Single- 
Cylinder Engine (59) 



and hydrocarbon emissions a re  produced, bu t  poor combustion e f f i c i e n c y  
r e s u l t s  i n  h i g h  l e v e l s  of amnonia emiss ion.  Anmonia has a  low energy 
d e n s i t y  and hand l i ng  problems which make i t  u n a t t r a c t i v e  f o r  automot ive 
a p p l i c a t i o n s .  

Another hydron i  t r ogen  compound, hyd raz i  ne (H2N2) has a1 so been prooosed 
a s  an automot ive f u e l .  Whi le  hydraz ine  has had f a i r l y  ex tens i ve  use as 
a  r o c k e t  f u e l  , i t s  use as a  spark i g n i t i o n  engine f u e l  i s  ex t remely  
1  i m i  ted .  I n  1974, CMR con t rac ted  w i t h  the Rocket Research Corpo ra t i on  
f o r  an a n a l y t i c a l  s tudy  o f  hyd ron i t rogen  f u e l s .  Some p r e l i m i n a r y  t e s t s  
w i  t h  a  smal l  s l n g l e - c y l  i n d e r  engine were conducted by Rocket Research 
u s i n g  Rydrazine and hydraz ine-water  m ix tu res  (60 ) .  Hydrazine, 1  i ke 
amnonia, has the  d e s i r a b l e  c h a r a c t e r i s t i c  o f  be ing p r o d u c i b l e  w i t h o u t  
any f o s s i l  f u e l  resource.  However, i t  i s  t o x i c  and c o r r o s i v e ,  and a  
number o f  se r i ous  ques t ions  rema in .w i th  res.bect t o  hand l i ng  i t .  Ex- 
t e n s i  ve engine experiments would be requ i  red  t o  es tab1 i sh i t s  perform- 
ance c h a r a c t e r i s t i c s .  

Y o t i v a t e d  by the d e s i r e  t o  f i n d  new oiarL.ets f o r  farm produce, the  use of  
e thanol  (CzHsOH)  as an a d d i t i v e  f o r  gasol i n e  has been f r e q u e n t l y  p ro -  
posed s ince  the  e a r l y  days of  t.he. au to~nob i l e .  30 th  ethanol  and methanol 
were employed i n  c o m b u s t i ~ n  s tud ies  i n  193C and 1331 ( 4 3 1 ,  and a  few 
years l a t e r  a  f l e e t  t e s t  was.co,ndu.cted w i t h  10 percent  ethanol  added t o  
gasol ine .  Th is  f l e e t  t e s t  un tove ied  some mlnor problems, b u t  i.n 
genera l  conf irmed the  t e c h n i c a l  f e a s i b i l i t y  o f  such n i x t u r e s .  E thano l ,  
produced from su rp lus  sugar cane, i s  c u r r e n t l y  used i n  B r a z i l  i n  con- 
c e n t r a t i o n s  up t o  25 percent  of  the  e thano ' i -gaso l ine  m ix tu re$  Because 
o f  the  lower hea t i ng  va lue of e thanol  (about  66 percent  t h a t  of. gasol%e 
on a  vo lume t r i c  b a s i s )  , s i g n i f i c a n t  ch3nges i n  s t o i c h ' o n e t r y  occGr w i  i h  
these l a r g e  ethanol  a d d i t i o n s .  Unless chanpes are  made t o  c a r b u r e t o r  
c a l  i b r a t i o n ,  se r i ous  d e t e r i o r a t i o n  i n  d r i v e a b i  1  i t y  occurs .  Sign!: i c a n t  
emiss ion changes, depending on t h e  i n i t i a l  c a r b u r e t o r  c a l i b r a t i o n ,  a l s o  
r e s u l t  from s u b s t i t u t i o n  o f  t h e  m i x t u r e  f o r  gasol i n e  ( 6 1 ) .  

R e l a t i v e l y  l i t t l e  work has been repo r ted  u t i l i z i n g  e thano l  a lone as a  
motor  f u e l .  I t  would be expected t h a t  i t s  performance c h a r a c t e r i s t i c s  
would n o t  d i f f e r  much f rom thos? of methanol,  a l though c o l d - s t a t t i n a  
problems m igh t  be aggravated by ethdnol  ' s  lower vapor pressure.  

Methanol 

Methanol (CH30H) has probab ly  rece i ved  more a t t e n t i o n  i n  r e c e n t  years 
than any o t h e r  a l t e r n a t i v e  f u e l .  A s  w i t h  e thano l ,  much o f  t h e  emphasis 
h rs  been on b lends of  m e t h a n ~ l  and gasol i n e .  Ex tens ive  t e s t s  o f  10 
percent  methanol -gas01 fne blends have been c a r r t e d  o u t  f n  v e h l c l  es (62). 
The v o 1 u m e t r . i ~  hea t i ng  va lue  o f  methanol i s  o n l y  about one-hal f  t h a t  of 
gas01 i n e  so t h a t  t he  changes I n  s t o i c h i m e t r y  a r e  even more s i g n i f i ' c a n t  
than w i t h  e thano l .  Wi thout  c a r b u r e t o r  r e c a l  i b r a t i o n ,  some r e c e q t  



produc t i on  ca rs  su f fe r  ser ious  d e p r e c l a t l o n  I n  d r l v e a b l l l t y  w i t h  10 per -  
c e n t  methanol add1 t i  ons . A t  equ i va len t  s  t o l ch iomet ry ,  .performance and 
mi sslons are.' s1n . i l a r  t o  gasol ine- fue led  veh ic les .  Typ l ca l  r e s u l t s  a r e  
shown i n  F i g u r e  4 5 .  

(TEST RESULTS WITH.FOURTEEN CARS 
SPANNING MODEL YEARS 1966 - 1974) 

PERCENT CHANGE RELATIVE TO GASOLINE 

BETTER 
I 

WORSE 

F U E L *  
CONSUMPTION 

Figure 45. Comparison of 10% Methanol-Gasoline Blend with Gasoline (62). 

I n  o rde r  t o  assure un i fo rm f u e l  p r o p e r t i e s  from tank t o  tank and avo id  
d e p r e c i a t i o n  o f  pas t  model performance, i t  would be d e s i r a b l e  t o  u t i l i z e  
neat  methanol i n  v e h i c l e s  designed t o  use i t ,  r a t h e r  than methanol- 
gasol  i n e  m ix tu res  I n  veh i c les  designed f o r  gasol i n e .  Dynamometer and 
v e h i c l e  t e s t s  o f  neat  methanol have uncovered a  number of problems, most 
o f  which seem s o l u b l e  w i t h  some eng ineer ing  e f f o r t  (63-65). S t a r t l n g  
and warm-up have g e n e r a l l y  been poor because of methano l ' s  low vapor 
p ressure  and h i g h  heat  of  v a p o r i z a t i o n .  These c h a r a c t e r i s t i c s  can a l s o  
cause poor a i  r - f u e l  m i x t u r e  d i s t r i b u t i o n .  !./hi l e  these problems have n o t  
been comple te ly  so lved,  a  good deal of progress has been made by induc-  
t i o n  system development. Typ i ca l  emissions, d r i v e a b i l  i t y ,  and f u e l  
economy r e s u l t s  w i t h  a  fue l  i n j e c t i o n  c a r  a re  shown i n  F igu re  46. Note 
t h a t  w i t h  spark r e t a r d a t i o n  t 5 e  !]Ox and CO emissions a re  c l o s e  t o  the  
o r i g l n a l  Clean A i r  Act  st.andards (0.41 g/mi HC, 3.4 g/mi CO, 0.4 g/ml NOx). 
The p o t e n t i a l  f o r  producing methanol from e l t h e r  coa l  o r  b l m a s s ,  
combined w i t h  i t s  h i g h  octane number, i t s  low NO, emissions, and I t s  ease 
of  hand1 i n g ,  make i t  an a t t r a c t i v e  motor f u e l .  . 
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Figure 46. Emissions, Driveability and Fuel Economy of Methanol-Fueled Car 
Equipped With Fuel Injection (65). 

Less Ref ined L i q u i d  Fuels - 
High compression ratio,.l~arge,'compressio~ i g n i t i 0 . n  engines agpear to '  be 
very  f u e l  t o l e r a n t  and can be run  on a wide range of f ue l s .  Dur ing the 
pe r iod  1953 t o  1961' GM c a r r i e d  on an ex tens ive  f ree  p i s t o n  engine pro-  
gram (66-60).  Engines of  t h i s  t ype  were r u n  on a v a r l e t y  of f ue l s  
ranging from vegetable o i l s  t o  crude o i l  and r e s l d u a l  fuel 's.  A1 though 
we i n s t a l l e d  an engine of t h i s  type i n  an experimental  v e h i c l e  
(F igu re  4 7 ) ,  i t  i s  no t  w e l l  s u i t e d  t o  automot ive a p p l i c a t i o n s .  

GM's i n t e r e s t  i n  automotive gas t u r b i n e s  da,tes from about 1949, a l thouah 
work on h igh  temperature a l l o y s  was i n i t i a t e d  some t ime e a r l i e r .  The 
f i r s t  engine, a nonregenerat ive design, was i n s t a l l e d  i n  a t r a n s l t  
coach. A s e r i e s  of more sophi s . t i ca ted  engines, i n c o r p o r a t i n g  regenera- 
t i o n  and o the r  techniques t o  improve p a r t - l o a d  f u e l  eeonomy, has been . . 

B 
cons t ruc ted  over  the  i n t e r v e n i n g  years and I n s t a l l e d  i n  a v a r i e t y  of  
t r ucks ,  coaches, m i l  i t a r y  veL ic les ,  and exper imenta l  passenger c a r s .  
F igure  48 shows such an i n s t a l  l a t i o n .  



CONCLUSION CHAPTER 

~i t h '  r e s p e c t  t o  G M ' s  a l t e r n a t i v e  f u e l  e x p e r i e n c e  : 

1. GM h a s  w i d e  e x p e r i e n c e  w i t h  a l a r g e  number  o f  g a s e o u s  a n d  
l i q u i d  f u e l s  i n  s p a r k .  i g n i t i o n ,  c o m p r e s s i o n  i g n i t i o n ,  R a n k i n e ,  
. s t r a t i f i e d  c h a r g e ,  S t i r l i n g  a n d  ' g a s  t u r b i n e  e n g i n e s .  F o r  
h e a t  e n g i n e s  s imi la r  t o  t h o s e  c u r r e n t l y  e m p l o y e d ,  g a s o l i n e  
a n d  d i e s e l - l i k e  f u e l s  a re  most d e s i r a b l e .  Less r e f i n e d  c o u l d  
b e  u s e d  i n  c o n t i n u o u s  c o m b u s t i o n  e n g i n e s ,  s u c h  as  t h e  g a s  
t u r b i n e ,  o r  i n  e x t e r n a l  c o m b u s t i o n  e n g i n e s ,  b u t  h i g h  l e v e l s  
o f - n i t r o g e n  o x i d e  and  s u l f u r  o x i d e  e m i s s i o n s  m i g h t  r e s u l t .  

w i t h  r e s p e c t  t o  t r a n s i t i o n :  

1.- I f  s y n t h e t i c  g a s o l i n e  and  d i e s e l  f u e l  r e p l a c e  t h e i r  p e t r o -  
l e u m  d e r i v e d  c o u n t e r p a r t s ,  t r a n s i t i o n  is  g r e a t l y  s i m p l i f i e d .  
I f  'an u n c o n v e n t i o n a l  f u e l . s u c h  as  a n  a l c o h o l  a p p e a r s  more. 
a t t r a c t i v e ,  i t s  i n t r o d u c t i o n  w o u l d  b e  f a c i l i t a t e d  b y  t h e  
g r a d u a l  i n t r o d u c t i o n  o f  v e h i c l e s  d e s i g n e d  f o r  i t s  u s e ,  
p r e f e r a b l y  i n  f l e e t  o p e r a t i o n .  

2. A t  t h e  p r e s e n t  time, e c o n o m i c  i n c e n t i v e s  d o  n o t  e x i s t  , f o r  
t h e  p r o d u c t i o n  o f  s y n t h e t i c  f u e l s .  R e c o g n i z i n g  t h e  f e d e r a l  

4 r ;  
3 I 

g o v e r n m e n t ' s  r e l i a n c e  o n  r e g u l a t i o n ;  i t  is l i k e l y  t h a t  a t  
l e a s t  t h e  i n i t i a l  d e v e l o p m e ' n t  o f  a l t e r n a t i v e  a u t o m o t i v e  f u e l s  
w i l l  b e  c a r r i e d  o u t  ' t h r o u g h  g o v e r n m e n t  s u p p o r t e d  d e v e l o p m e n t  
p r o g r a m s  a n d  p o s s i b l e  s u b s i d . y  o f  t h e  f u e l  p r o d u c t s .  



CHAPTER I V  
ALCOHOL FUELS AND GASOLINE BLENDS 

Foreword 

I n  o r d e r  t o  commerc ia l ize  any  a l t e r n a t i v e  f u e l  t h a t ,  m igh t  r e p l a c e  
o r  e x t e n d  t h e  supp ly  o f  pe t ro l eum,  it i s  e s s e n t i a l  t o  a c h i e v e  a n  
ex t r eme lv  h i a h  d e a r e e  o f  r e l i a b i l i t v .  T h i s  r e a u i r e s  s o l u t i o n s  
t o  many r e a l  and p o t e n t i a l  problems.  P r o b l e m s i n  u s e  of  a l c o h o l  
f u e l s m a y  b e  a d d r e s s e d  by modi fy ing  t h e  f u e l  c o m p o s i t i o n ,  t h e  
mechan ica l  sys tem o r  a  combina t ion  t h e r e o f .  The work r e p o r t e d .  
h e r e i n  d g a l s  w i t h  t h e  former .  I t  w a s  aimed a t  a l c o h o l s  a s  a  
c lass ,  w i t h  emphasis  o n  methanol  a s  a  ' w o r s t  c a s e '  s i t u a t i o n .  
E thano l  i s  s p e c i f i c a l l y  a d d r e s s e d  o n l y  where i t  i s  a n t i c i p a t e d  t h a t  
t h e  a c t i o n s  o r  r e a c t i o n s  might  - n o t  f i t  w i t h i n  t h e  bounds . o f  t h e  
e f f o r t .  

  his p r o j e c t  i s  c o n t i n u i n g  w i t h  a c t i v i t y  f o c u s e d .  on e t h a n o l ,  s t r a i g h t  
and b lended  w i t h  g a s o l i n e .  I n  - e s sence ,  s p e c i f i c  d a t a  on  e t h a n o l  
w i l l  be  d e r i v e d o f  a  n a t u r e s i m i l a r  t o  t h a t  r e p o r t e d  h e r e i n  f o r  
methanol .  I n  a d d i t i o n ,  a  combina t ion  of  e t h a n o l .  and  methanol  
w i l l  a l s o  be  a d d r e s s e d .  
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Assistant Secretary for Conservation and 

Solar Applications 
Division of Transportation Energy Conservation 
Washington, D.C. 20545 

B 
July 1978 



ABSTRACT 

A number of problems t h a t  might occu r  i f  methanol  were used a s  a 

b l e n d i n g  s t o c k  o r  rep lacement  f o r  g a s o l i n e  i n  p r e s e n t  c a r s  a r e  i d e n t i f i e d  

and c h a r a c t e r i z e d  a s  t o  t h e  p r o b a b i l i t y  of  t h e i r  o c c u r r i n g  and t h e  

s e v e r i t y  of t h e i r  consequencee. P o o e i b i l i t i e s  f o r  c o r r e c t i n g  s e v e r a l  

problems a r e  r e p o r t e d .  Some problems a r e  r e s p o n s i v e  t o  f u e l  m o d i f i c a t i o n  

b u t  o t h e r s  r e q u i r e  o r  a r e  b e t t e r  d e a l t  w i t h  by m o d i f i c a t i o n  of  v e h i c l e s  

and t h e  b u l k  f u e l  d i s t r i b u t i o n  oystem. Phase s e p a r a t i o n  on exposure  t o  

w a t e r  and i n c r e a s e d  tendency t o  vapor  l o c k ,  two major  problems w i t h  

b l e n d s ,  can  b o t h  b e  a l l e v i a t e d  by inco rpora ' t i on  of c o s o l v e n t  h i g h e r  

a l c o h o l s ,  ones  which can  be  produced d t h  methanol  when i t  is  manu- 

f a c t u r e d  from s y n t h e s i s  gas .  F u e l s  c o n s i s t i n g  most ly  of methanol  
. 

r e q u i r e  some m o d i f i c a t i o n  of g a s o l f n e  eng ines  i f  t h e  eng ines  a r e  t o  

o p e r a t e .  I f  such  m o d i f i c a t i o n s  were made, s t a r t i n g  c a r s  a t  low temp- 

e r a t u r e s  would s t i l l  be  a  problem. S t a r t a b i l i t y  can  be provided  by 

adding g a s o l i n e  o r  l i g h t  hydrocarbons ;  t h e s e  i n c r e a s e  t h e  s u s c e p t i b i l i t y  

of t h e  f u e l  t o  vapor  l o c k  b u t  n o t  beyond t o l e r a b l e  l i m i t s .  Add i t i on  of 

g a s o l i n e  a l s o  a l l e v i a t e s  o t h e r  problems r e l a t e d  t o  t o x i c i t y  and s a f e t y  

h a z a r d s .  S t i l l  o t h e r  problems of bo th  b l e n d s  and methanol - r ich  f u e l s  

can  b e  t r e a t e d  w i t h  s e l e c t e d  a d d i t i v e s .  Some o b s e r v a t i o n s  have been 

made on d i f f e r e n c e s  between methanol and e t h a n o l  i n  g a s o l i n e  b l e n d s .  An 

e x t e n s i o n  of t h e  work i s  planned t o  s t u d y  problems and c o r r e c t i v e  measures 

w i t h  e t h a n o l - c o n t a i n i n g  f u e l s .  
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ABSTRACT 

The e f f e c t s  on o i l  r e f i n e r y  o p e r a t i o n s  of b l end ing  methanol  i n t o  motor 
g a s o l i n e  a r e  cons ide red  i n  hydroskimming and c a t a l y t i c  c r a c k i n g  
r e f i n e r i e s .  When methanol  is  inc luded  a  g r e a t e r  p roduc t ion  of g a s o l i n e  
i s  p o s s i b l e ,  w i t h  s i g n i f i c a n t  improvements i n  q u a l i t y .  A l t e r n a t i v e l y ,  
w i t h  c o n s t a n t  g a s o l i n e  p roduc t ion ,  c r u d e  consumption is reduced .  
C a t a l y t i c  r e fo rmer  throughput  and o p e r a t i n g  s e v e r i t y  a r e  reduced.  Some 
r e f o r m u l a t i o n  i s  n e c e s s a r y ,  main ly  t o  overcome t h e  i n c r e a s e  i n  v o l a t i l i t y .  
RON afid R O N ~ O O O C  a r e  i n c r e a s e d  w h i l s t  benzene c o n t e n t  and MOK a r e  dec reased .  
Although t h e  methanol  b l ends  cons ide red  meet t h e  normal q u a l i t y  s p e c i f i -  
c a t i o n s ,  i t  should  be noted  t h a t  no accoun t  has  been t aken  of t h e  problems 
of  wa te r  t o l e r a n c e ,  i n c r e a s e d  f u e l  consumption and changes of s p e c i f i c a t i o n  
which may be  n e c e s s a r y  t o  e n s u r e  adequa te  road performance.  Economics a r e  
n o t  cons ide red .  

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

I n  view of t h e ' i n t e r e s t  be ing  shown 
c u r r e n t l y  i n  i n t r o d u c i n g  methanol  and 
'h igher  a l c o h o l s  i n t o  motor g a s o l i n e ,  
s t u d i e s  have been made t o  a s s e s s  t h e  
impact of such  components on g a s o l i n e  
composi t ion  and q u a l i t y  and on t h e  
o p e r a t i o n  of t h e  o i l  r e f i n e r y .  The 
i n c e n t i v e  t o  u se  a l c o h o l s ,  whether  
economic o r  l o g i s t i c ,  is n o t  
cons ide red .  

B. Hydrosk iming  R e f i n e r i e s  

The f i r s t  s t u d y ,  prepared  f o r  Svensk 
Metanolu tveckl ing  AB, cons ide red  a  
number of b a s i c a l l y  hydroskimming 
r e f i n e r i e s  , ( c a t a l y t i c  r e f o r m a t e  a s  t h e  
major h igh  o c t a n e  component) w i th  a  
p r o p o r t i o n  of s team c r a c k e r  g a s o l i n e  
r e t u r n e d  from a  chemica l s  complex. For 
s i m p l i c i t y  they  were cons ide red  a s  one 
r e f i n e r y .  

Three c a s e s  a r e  p re sen ted  i n  Tab le  1: 

(1)  Base c a s e  w i thou t  a l c o h o l ,  0.15 
g  P b / l  l e a d  c o n t e n t .  

( 2 )  Gaso l ines  w i th  16 p e r  c e n t  
methanol  4 p e r  c e n t  i s o b u t a n o l  
and 0.15 g  P b / l  l e a d  c o n t e n t .  
(For  s i m p l i c i t y  t h e  a l c o h o l  
mix tu re  i s  r e f e r r e d  t o  a s  
methanol  throughout  t h e  
p a p e r ) .  

( 3 )  A s  ( 2 )  bu t  w i t h  ze ro  l e a d  
c o n t e n t .  

1. Without Methanol - Lead 0.15 g P b l l  

The base  c a s e  shows t h e  t y p i c a l  
problem f o r  t h e  hydroskimming 
r e f i n e r y  w i th  on ly  0.15 g  P b / l  
l e a d  a l l owed ,  t h a t  i s  a  d e f i c i e n c y  
of low b o i l i n g  h igh  o c t a n e  
components,  r e s u l t i n g  i n  i n a b i l i t y  

1-59 
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to produce gasoline of adequate 
RONlooOc (Research Octane Number 
of the fraction of the gasoline 
boiling below 10o°C). With too low 
a value for RON~OOOC, low speed 
acceleration knock occurs in the 
engine. (Further details of the 
effects of lead reduction on 
gasoline composition and quality 
may be found in references 1 and 
2.) 

With the plant available, it is not 
possible to neet all product 
requirements. The deficits, 
including the 628 000 t/a of 
premium gasoline, would be met by 

. imports. 

Figure 1 shows that in the premium 
gasoline of Case 1 the distribution 
of octane number through-the 
boiling range is uneven, largely 
because of the relatively low 
octane number of the lower boiling 
part of the reformate. With 
higher lead contents the volatile 
lead alkyl, tetra methyl lead, 
would have been used to improve 
RON1OOoC, but with the low lead 
content of this case, reformulation 
to replace low octane by high 
octane components boiling beloy 
100°C is required. 

To improve the RON1OOoC, considera- 
tion could be given to the use of 
more butane, less straight run 
gasoline and less reformate 
boiling below 1 0 0 ~ ~ .  The quantities 
of any of these components that 
can be used may be influenced by 
their availability or by lack of 
alternative uses or by quality 
considerations. Construction of 
reformate splitters may be 
advantageous in those refineries 
not already possessing them: the 
light straight run gasoline and 
less reformate boiling below 100°C. 
The quantities of any of these 
components that can be used may be 

influenced by their availability or 
by lack'of alternative uses or by 
quality considerations. Construction 
of reformate splitters may be 
advantageous in those refineries not 
already possessing them: the light 
straight run gasoline could then 
be replaced by light refornate 
giving an increase in RONloooC. 

Such reformulation must take account 
of gasoline volatility parameters 
also. In the blend under considera- 
tion, rejection of light straight 
run gasoline would reduce the 
"Ll+I.lOOoC1l (distillate plus loss to 
100 C) giving poorer engine warm up 
characteristics. 

Inclusion of more butane would 
increase the RVP (Reid Vapour 
Pressure) which could lead to 
vapour lock or carburettor icing. 

An increase in catalytic reforming 
severity (reformate RON) would 
improve RONlooo~ but would also 
wastefully increase the RON of the 
total gasoline above that required. 
Increase of reforming severity has 
financial and energy conservation 
repercussions. The yield of 
reformate is decreased and conversely 
that of gas increased and, for a 
given quantity of reformate, more 
feedstock is required. This may 
require that more crude oil is 
processed resulting in surpluses of 
other products for which there is 
no demand. More process fuel will 
be used. The throughput of a 
catalytic reformer is lower at 
higher severity, and some older 
units are limited to relatively 
low severity and could not produce 
the 95 - 100 RON reformate required 
at 0.15 g Pb/l lead. 

The problems could be overcome, at 
a cost, by the building of new 
process units for the production of 
low boiling high octane components 
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such  a s  i s o m e r i s a t e  and i s o p e n t a n e .  ( e )  I n  premium g r a d e  RON i s  h i g h e r  
The u s e  of methanol  may, however, and MON i s  reduced t o  t h e  
p rov ide  a  more economical  o r  minimum requ i r emen t .  (Table  1 
l o g i s t i c a l l y  a t t r a c t i v e  s o l u t i o n ,  and f i g u r e s  1 and 2)  
provided  t h a t  problems of r e a c t i o n  
w i t h  w a t e r ,  p o o r e r  road  performance ( f )  RONIOOoC i s  i n c r e a s e d ,  and now 
and f u e l  economy c a n  be reduced exceeds  t h e  minimum. (Table  1 
t o  a c c e p t a b l e  l e v e l s  ( 3 , 4 ) .  and f i g u r e s  1 and 2)  

(g)  Benzene c o n t e n t  is  reduced i n  
2 .  Use of Yethanol  - Lead 0 .15  g ~ b / i  bo th  g r a d e s .  

I n  Case 2 ,  20 p e r c e n t  we igh t  of 
methanol  i s  inc luded  i n  t h e  motor 
ga so l i ne . '  T h i s  e n a b l e s  t h e  f u l l  
requi rement  of premium motor  
g a s o l i n e  t o  be  met ,  a v o i d i n g  t h e  
iinport of 628 000 t l a  i n  Case 1. 
F igu re  2  shows t h e  compos i t ion  and 
q u a l i t y  of t h e  premium g rade .  

The more impor t an t  changes from 
Case 1 a r e :  

( a )  C a t a l y t i c  r e fo rming  s e v e r i t y  
i s  reduced from 100  RON t o  92 
RON f o r  premium g rade  ( F i g s  1 
and 2) and from 90 t o  85 RON 
f o r  r e g u l a r ,  g i v i n g  advan t ages  
of i n c r e a s e d  r e f o m a t e  percen-  
t a g e  y i e l d  and  reduced p r o c e s s  
f u e l  consumption.  

(b)  C a t a l y t i c  ref0rme.r t h roughpu t  is 
, reduced .  (Table  1 )  

(c),  Butane and l i g h t  s t r a i g h t  r u n  
g a s o l i n e  a r e  d i s p l a c e d  ( F i g s  1 
and 2) and ,  i n  r e g u l a r  
g a s o l i n e ,  s t r a i g h t  r u n  naphtha  
i s  i n t r o d u c e d  i n  o r d e r  t o  
compensate f o r  t h e  h i g h  
v o l a t i l i t y  of methanol .  

(d )  The s team c r a c k e r  g a s o l i n e  is  
d i s p l a c e d  from premium t o  
r e g u l a r  g r a d e ,  r educ ing  t h e  
r e fo rma te  c o n t e n t  of t h e  
l a t t e r .  

I t  i s  emphasised t h a t  t h e  b l end  
q u a l i t i e s  i n  t h i s  c a s e  were a s s e s s e d  
a g a i n s t  t h e  normal s p e c i f i c a t i o n  
l i m i t s  f o r  RON, XON, D+LlOooC e t c .  
D i f f i c u l t i e s  have been expe r i enced  i n  
some c a r s  u s i n g  g a s o l i n e s  w i t h  
r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  of 
methanol  eg w i t h  r e s p e c t  t o  c o l d  
s t a r t ,  warm up and h o t  f u e l  h a n d l i n g  
c h a r a c t e r i s t i c s ,  a l t h o u g h  t h e  f u e l s  
met s p e c i f i c a t i o n  r equ i r emen t s .  
Poorer  f u e l . c o n s u m p t i o n  has  a l s o  been 
no t ed .  It may be n e c e s s a r y  t o  amend 
g a s o l i n e  s p e c i f i c a t i o n s  i n  o r d e r  t o  
o b t a i n  a  p roduc t  o f ' e q u i v a l e n t  r oad  
pe r fo rnance .  

3. Hethanol  i n  Unleaded Gaso l ine  

With t h e  p l a n t  a v a i l a b l e  i t  was 
found imposs ib l e  t o  make premium , 

grade  t o  t h e  r e q u i r e d  q u a l i t y  w i thou t  
methanol  and no c a s e  is  p r e s e n t e d .  
Case 3  shows t h a t  w i t h  methanol ,  93 
p e r  c e n t  o f  t h e  premium g a s o l i n e  and 
a l l  of t h e  r e g u l a r  g r ade  c a n  be made, 
meet ing  a l l  of t h e  q u a l i t y  c r i t e r i a .  

The e f f e c t s  o f  l e a d  r e d u c t i o n  w i t h  
methanol  p r e s e n t  a r e  shown by 
comparison of Case 3  w i t h  Case 2. 
I n  o r d e r  t o  meet t h e  HOY minimum 
requ i r emen t ,  i t  i s  n e c e s s a r y  t o  u se  
a  h i g h e r  r e fo rming  s e v e r i t y  than  i n  
Case 2 .  I n  consequence t h e  XON and 
R O N l ~ O ~ C  a r e  h i g h e r  d e s p i t e  t h e  
absence  of  l e a d .  Senzene c o n t e n t s  
a r e  h i g h e r  t h a n  i n  Case 2 but  s t i l l  
lower than  i n  Case 1. 
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4 .  ~ u p p l y / M a r k e t i n g  Cons ide ra t ions  i n  g a s  o i l  and f u e l  o i l  o c c u r ,  b u t  
t h e s e  a r e  much s m a l l e r  t han  t h e  

A t  0 .15 g P b / l ,  by impor t ing  an i n c r e a s e  i n  t h e  l i g h t e r  p roduc t s .  
e x t r a  26-000 t / a  of  c rude  oi.1 and 
p rov id ing  800 000 t / a  of methanol ,  
t h e  628 000 t / a  d e f i c i t  of premium 
g rade  has  been made good and 
chemica ls  f e e d s t o c k  p roduc t ion  has  
been i n c r e a s e d ,  t h u s  r educ ing  
impor t  requi rements .  The c rude  
s l a t e  change i n c l u d e s  some rep iace -  
ment of  Xorth Sea c r u d e  by I r a n i a n  
L igh t  w i t h  a  c o s t  s a v i n g .  Decreases 

Figure 1: 
.Premium gasoline without methanol 

With unleaded g a s o l i n e ,  methanol 
has  pe rmi t t ed  a n  imposs ib l e  problem 
of b l end ing  premium grade  from t h e  
components a v a i l a b l e ,  t o  be overcome 
almost  e n t i r e l y .  The a l t e r n a t i v e s ,  
w i thou t  methanol ,  would be t o  i n v e s t  
i n  p l a n t  t o  produce low b o i l i n g  h igh  
oc tane ,components ,  import  components 
o r  r educe  q u a l i t y .  

Figure 2: 
Premium gasoline with methanol 

Note: for the purpose of ~llustratlon. 
reformate and steam cracker gasoline 
are shown In two parts, as < 100°C 
and > 1000C. In practice they are not 
separate. 
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C. O t h e r  R e f i n e r i e s  - C a t a l y t i c  C r a c k i n g  These  c a s e s  show many o f  t h e  c h a n g e s  which  
o c c u r r e d  i n  t h e  hydrosk imming  r e f i n e r i e s ;  

The c o n c l u s i o n s  above  a r e  d e p e n d e n t  o n  t h e  : 
, p a r t i c u l a r  c  r u d e / p r o d u c  t / p l a n t  c o n f i g u r a t i o n .  
Had t h e r e  b e e n  s p a r e  c r u d e  c a p a c i t y ,  more c r u d e  
would h a v e  b e e n  r u n  tc r e d u c e  i m p o r t s .  The 
r .e iormer  t h r o u g h p u t  s a v i n g  m i g h t  a p p e a r  t o  be  o f  
no i i g n i f i c a n c c  s i n c e  t h e r e  is  s p a r e  c a p a c i t y  i n  
t h e  b a s e  c a s e .  b u t  i n  a n o t h e r  s i t u a t i o n . .  w i t h  t h e  
r a p a c i t y  f u l l y  u t i l i s r d .  t h e  u s e  o f  m e t h a n o l  
c o u l d  be a n  a l t e r n a t i v e  t o  b u i l d i n g  more c a t a l y t i c  
r e  l'orming. I towever ,  t h e s e  c a s e s  show t h e  b r o a d  
p r i n c i p l e s  o f  m e t h a n o l  a l l o w i n g  d e c r e a s e d  
rp i t - rminn s e v e r i t y  and  t .hroughput l  a n d / o r  y . = n  1  i n @  
.IF<! i h c m i c a l s  f e ~ d s t o c k  p r o d u c t  i o n  i n c r e a s e s .  
r a > g e t h e r  ~ i i , t h  i lnprovrment  i n  RUNlonac. Thr 
!)*rizene c o n t e n t  r e d u c t i o n  c o u l d  b e  o f  impor tnnc t ,  
i ~ :  r . \ s c s  v i t h  h i g h  a v a i l a b i l i t y  o f  ! l igh b e n z e n e  
:nr : tant  c o m p o n e n t s  a n d  low b e n z e n e  1  i m i t a t i o n s .  
'e? i i l ; t  t h e  YO?: d e c r e a s e  was a c c e p t a b l e  i n  t h i s  
i r ~ . = t a n c e .  i t  111ight n o t  b e  i n  o t h e r  m a r k e t s  a n d  
f u r t h e r  r e f o r m u l a t i o n  l iou ld  need t o  be  c o n s i d e r e d .  

A l i m i t e d  s t u d y  o f  t h e  i n c l u s i o n  o f  m e t h a n o l  i n  
g a s o l i n e  , f rom a  r e f i n e m  w i t h  b o t h  c a t a l y t i c  
: . e f o n n i n g  a n d  c a t a l y t i c  c r a c k i n g  h a s  a l s o  b e e n  
made. The  r e s u l t s  a r e  g i v e n  i n  T a b l e  2. . 

In  t h e  b a s e  c a s e  v i t h o u t  m e t h a n o l ,  C a s e  4 .  i t  is 
n o t  p o s s i b l e  t o  make t h e  f u l l  r e q u i r e m e n t  o f  
g a s o l i n e  l r o m  t h e  componen t s  a v a i l a b l e  a n d  t h e  
b a i a n c e  o f  256 000 t,/a o f  premium g r a d e  v o u l d  
n e e d  t o  b e  i m p o r t e d .  The p remiun  g r a d e  q u a l i t y  

i s  b e l o v  r e q u i r e m e n t  f o r  ROS a n d  4 0 S I ~ n O c  

r e f o r m e r  t h r o u g h p u t  a n d  s e v e r i t y  r e d u c t i o n ,  
b u t a n e  c o n t e n t s  a r e  r e d u c e d ,  s t r a i g h t  r u n  n a p h t h a  
is r e q u i r e d  t o  k e e p  v o l a t i l i t y  down a n d  i n  C a s e  6 
l i g h t  s t r a i g h t  r u n  g a s o l i n e  r e j e c t e d  f o r  t h e  same 
r e a s o n .  IZOS a n d  KOS1OOo~ a r e  i n c r e a s e d  a n d  !-!ON 
r e d u c e d .  Benzene h a s  n o t  b e e n  e s t i m a t e d  a s  i t  
v o u l d  n o t  be  o f  s i g n i f i c a n c e ,  a l t h o u g h  t h e  
p r e s e n c e  o f  m e t h a n o l  and  r e d u c t i o n  o f  r e f o r m i n g  
s r ? v e r i t y  ko111d r e d u c e  b e n z ~ n e  c o n c e n t r a t  i o n .  

. . 
D. C o n c l u s i o n s  

( 1 )  The i n r l u 9 i : r n  o f  n c t h a n o l  i n  m t o r  g a s o l i n e  
c a n  be adv.1ntageou.s t e r h n i r a l l y  i n  s i t u e t i o n s  
h h e r *  a n  i n c r e a s e  i n  n o t o r  g a s o l i n e  p r o d u c t i o n  
v i t h o c t  h l r i ld i r lg  new p l . ?n t  o r  i n c r e a s i n g  
crurlr- rons r im[~ t  i o n  is r e q u i r e d .  o r  
a l t e r n a t  iv{!i?. w i t h  c o n s t a n t  p r o d u c t  ior ,  a n d  
reducer1 r r u r l e  consumpt  ion .  Economic and  
l o g i s t i c  f a c t o r s  h i v e  n o t  b e e n  c o n s i d e r e d .  

- ( 2 )  Q u a l i t y .  i n  t e r m s  o t  IIUS a n d  HOX1009C, c a n  
be imprnved .  ?10S is d e c r e a s e d  a n 4  
v o l a t i l i t y  i n c r o a s e d  n e c e s s i t a t i n g  
r e f o r m u l a t i o n  o f  t h e  h y d r o c a r b o n  p o r t i o n  o f  
t h e  g a s o l i n e .  Yo .3ccour.t h a s  b e e n  t a k e n  o i  
t h e  p r o b l e m s  o f  t h e  i n t e r a c t i o n s  be tween  
w a t e r  a n d  m e t h a n o l .  p o o r e r  r o a d  p e r f o r m a n c e  
an,! h i g h e r  f u e ;  c o n s u m p t i o n .  

( 3 )  C a t a l y t i c  r e f o r c e r  sevct t - i ty  dnd t h r o u g h p u t  
a r e  r e d u c e d .  

C a s e  5 shows t h e  i n c l u s i o n  o f  s u f f i c i e n t  m e t h a n o l  (!*) The e f f e c t s  a r e  d e p e n d e n t  o n  t h e  p l a n t  
(12.L p e r  c e n t  volume) t o  a v o i d  g a s o l i n e  i m p o r t  a \ . a i l a b l e  a n d  p r o d u c t ;  r e q u i r e d .  e g  more 
hnd t o  meet t h e  q u a l i t y  ; - equ i remen t s .  ROs loo;C n a p h t h a  f o r  chemicals f e e d s t o c k  2 a y  be  
i i  i n c r e a s e d  by f o u r  numbers ,  YO:< is r e d u c e d  ~ o  p r c d u c r ~ i  i f  r e q u i r e d .  
t h e  m i n i n m  a n d  D-LIo00c is i n c r e a s e d  ' to  t h e  
naximun.  T h e s e  c h a n g e s  a l l  r e f l e c t  t h e  
c h a r a c t e r i s t i c s  o f  m e t h a n o l .  The g a s o l i n e s  a r e  
n o t  i e r e l y  t h e  o r i g i n a l s  v i t h  a d d e d  m e t h a n o l . .  I n  
o r d e r  t o  mee t  q u a l i t y  r e q u i r e m e n t s  r e f o r n u l a t  i o n  
s i m i l a r  t:, t h a t  i n  C a s e  2 is n e c e s s a r y .  
Re io rming  s e v c r i t j -  is d e c r e a s e d  f rom 93 .5  t o  82 
CO:; a n d  t h r o u g h p u t  r e d u c e d .  T h i s  r e s u l t s  i n  a ,  
r - ~ l u c ? i o r i  i n  t h e  i s o - b u t a n e  a v a i l a b l e  f o r  f e e d  t o  
t h e  a l k y l a t i o n  u n i t  a n d  h e n c e  t o  a  d e c r e a s e  i n  
s ! k y l a t e  . ? . ~ i i  lab!e. 

In  C a s e  6 e x t r a  g a s o l i n e  is made by a l l o w i n y  
h i q h e r  c o n c e n t i . a t i o n s  o f  n e t h a n o l  o n  t h e  
. ~ . = ~ ~ : m p t i o r .  t h a t  demand v o u l d  be  h i g h e r  a t  a  l a t e r  
. l a t r .  The premium g r e d e  c o n t a i n s  13.3  ' p e r  c e n t  
\ . c l&~e -? than01  ai;d t h e  r e ~ u l a r  19.8  p e r  r e n t  
vo:u:2e. Z c f o r m i n g  s e v e r i t y  is r e d u c e d  t o  86 RON. 
Occc a 9 3 i n  a l l  q u a l i t y  r e q u i r e m e n t s  a r e  .net. 

i l s e  7 s h o v s  t h c  e f f e c t  o f  f o r c i n g  2 0  p e r  c e n t  
... o l m e  o f  m e t h a n o l  i n  b o t h  g r a d e s ,  when s u r p l ~ u s e s  
. ~ f  ~ a s o l  i n e  c o c p o n e c t s  a r e  u n a v o i d a b l e .  
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In terrru o f  Kuwait c n d o ,  ul r ing .a l lowanc .  f o r  l o w r  p r f o m n c e  of  mi t  on o t h e r  crudem 
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66.9 p l u s  make from r c f o n m r  a i c h  v a r i e a  k t r e n  -0s 

* *  T o n ~ g *  v a r i e s  - t o t a l  a v a i l a b i l i t y  w e d  i n  a l l  c u e s  

P p n m i m  g a s o l i n e  

, 

N o l r :  Naphtha diapomal:  903, 100  t/a of m p h t h a  a v a i l a b i c  m y  bo rued  a a  
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Gasoline-Methanol Fuels; Blending Optimisation with Respect 
to Manufacturing Economics and Engine Performance 

R.W. Hooks. K.H. Reders. A.A .  Reglitzky -.West Gefrtc~ny 
Deutsche Shell A G  

PAE-Labor, Hamburg 'J 

Abstract: . , ." . , . . 
Prev*ous studies have shown that the addition of methanol to current-motor gasolines and 11s use in todays car populat~on could be dis. 
advantageous from fuel manufacturing and handling. and also engine performance points of view. if such fuels are not carefully formulated. 

' 

A joint Volkswagenwerk~Shell engine/fuels development programme, sponsored partially by the German Federal Min~stry of Research and 
Technologv, i s  at piesent being carried out to study the whole subiect 

Inillally premium and regular type blends have been prepared for various European rhinery concepts i.e. hydroskimmnng. conversion and 
petrochemical. Components which these types of refineries can produce konomica~~y have been used to formulate candidate methanol 
containing fue!s. Although these fuels do not meet current gasoline s~ec~ficattons, certain quality aspecls such as antiknock performance 
and com~osition stability had to be ensured as only slight modifications to the engines. will be possible in the short.term. 

Laboratory studies with respect to antiknock performance. composttton stability and analytical parameters, as well as !es:s 
witn current and modified cars and thew effects on fuel composition are described in this paper. 

The rerdlts given here and the results from further optimisation programmes will give guidel~nes lor future quality reaulrements. should the 
need for widespread addition of methanol to automotive fuels ever arise. . 

I .  Introduction 
The traditoonal role of the oil industry has been to provide fuels and lubri. 
car.3 to meet the needs of transpon and industrial mach~nery worldwide 
while at the same time supplying chemical feedstocks and b~tumen. However. 
there is a growlng awareness that oil will not last for ever, and steps must be 
taken to conserve energy and use alternatives wherever possible. 

It IS not possible 'to predicl with certainty the pat1e.n of demand for energy 
and oil products over the next ten to twenty years." The policies of gover?. 
ments in oil producing and oil consuming countries relating to the rate of 
crude oil production and prices on the one nand. and energy conservation, em- 
v~ronmental conservation and the development of alternative sources of 
energy on the other, are obvious important influences. Othe'r factors whit< 
specifically affect the supply of automotive.-fuels are the product reauire. 

Fig. 1: 
Total oi l  and gasoline 
consumption and 
development of car 
population in West 
G,ermany . 

ments of other inoustr~es such as the ;hemtcal ~ndustry, the nmprct of alter. 
native hydrocarbon fuels such as  l iauif~ed natural gas and changes in the fuel 
requirements of automotwe engines. However, with the growing atlention to 
energy conservarion throughout :he world it now seems likely that the crude 
oil supplies will be suffic~enl to meet the needs f luels for transportation 

29 purposes well into the first half of next century. . In the case 01 West Ger. 
many (Fig. 11, for exarnole, the future gasoline consumption is expected to 
increase 1 a s~gnificantly slower rate than the total oil consumDtlon for this 
country. 3 1 

Furthermore. it is an!icipated that durmg th~s period. as alternative sources of 
energy such as coal or nuclear power are used more extensively for base 
power generation. that there will be btrend towards increas~ng conversion of 
heavy fuel oil into lighter matirials such as motor gasoline.'Fig. 2 ~llust:ates 
the lac1 that Europe has, for example In comparison to ihe U.S.A.. so far not 
explotted the potential in the manufa lure of gasoline or gasol~ne conoo. 
nents from a gwen barrel of crude otl However. there is also the pdssioie 
strategic and f!nancial 'idvantage of uslng unconventional luels from ind;. 
genous sources. such' as methanol from coal This is ~articularlv true if the 
unconventtonal fuel can be produced locally. Among other alternatives pure 
methanol as a laquid fuel could be a rather atlractlve Droposltlon when Con. 
ventional crude oil derived fuels are no longer available. In the medium.term 
the use of methanol as a fuel component 1i.e. as a gasoline extender) may be . . 

o,... ,.,.mu,.. ' . . ,  

I Fig. 2: Marker Profiles o f ' ~ i n e r a l  Oil Products in 'Various Countries 
( %  by volume of total consumptionl ' , , 
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oreferec! bv some governments for the Otto englne which will maintam its Fig. 4: Target properties for test fuels 
:eadnnc] 3os1lion on Dassenger r ra f f~c .  Moreover. the re1ativ.e h ~ g h  manu. 
fact~fang cost o f  methanol means that i t  ns only lnkely to be commercially f Pro~ertv  i r l r a r l  1 
$:able nn the h ~ g h  prnce, automottve sector of  the market. I I I 

! Pr.maum 98 RON 88 UON mnn 

If   ethanol is to be used as a gasoline component. the fuel and the vehicle I Rrqulrr 9 1  Q O N  8 2  8 UON mnn 1 
manufacturers onus1 work together to opt~mise the blending o f  the fuel and 
!-e deslgn o f  tho englne. 80th the manufacturers must make best use of the 
:nnerenl benefits whlch methanol offers as a blending comoonent and at the 
same t ~ m e  reduce the'disadvantages associated with the resultant fuel and its 
use in current engines. To b r~ng  a ..new product" to th'e market place the fuel 
manufacturer has :O ensure a high degree o f  customer satisfaction. With auto. 
.nobile fuels three maon areas have to be cons~dered; octane qualaty, fuel 
stabilitv, and volatility,i.e. driveability performance. Volkswagen and Deut. 
sche Shell and other companies are therefore studymng some o f  the asoects 
~nvolved and establ~sh how methanol may be used most econom~cally i n  an 
automotwe fuel. The work 0s partly soonsored by the German Federal, MI. 
-i!try o f  Serearch and Technology. 

1. Object ives and Targets conceots !F,gure 31 The targets for :he methanol conratn~ng f.~els are gtven In 

This paper dexr~bes the study o f  gasol~ne.me!hanol blends. *vhere an attempt 
Flgure 4 Octane 'aualotv 3na :cad level are In ltne ,vtth. present German 

Ld) >ern made 10 op t~m~se  such fuel3 from s soouct8on and cost Dolnl o f  
reauorarrents. 

glew. These fuels do not necessarily have to fulfl l current soec~ftcafions f c ~  
conventional automotive fuel, but should broadly be suitable for use In gaso. The methanol iontent been selected at '5  by volume. There a 

:,ne ?-g,nes T~~ fuels ,vere used for eng,ne tes ts  to determane the mlnlmum need to include jn :nls IS ^- nhgher molecular ire:ght alcohols In order to 

amount o f  modificat,on needed to make methanol cOnta,n,ng fuels dcceDt. orovnde :ha fuel .w+th a i.agner :egree of s:abllity agalnsl share SeDdratlOn. 

able. The questton of product~on and econom~cs of methanol plus ntgher mole., 
c ~ l a r  .fiejght alcohols lor methyl fuel1 on the one hand and the amount o f  

In :nts context we discuss the following work: .hater llkely !O be >resent .n :he storage and disrr~burion system on the other 

- T - ~  usage of the high Octane quality o f  methanol ,n formulating fuel nand 3re unknown 31 aresent For thts .earon .we have admed a: fuel blends 

'~ lends.  beqng homogeneous at -jot ,:rhtle contalnlng uo to 0 . 1  'iw of ,water. 

- Q~anri f icat ion of the parameters :vhich determine gasoline-metnanol 3.  Labo ra lo r y  Studies 
stao~lity. 

- By combining the results o f  the two above mentioned the p!e. 
As stated before some ba51C ~nformation about the blendlng aor~errles of 

oaration of candidate contain,ng fuels from mim,mm cost methanol In the fields o f  octane auality and fuel staboloty ;vereneedea before 

c9mponents of three typical ref~nery concepts. the preparat~on at candtdate fuels for engine tesrlng were ooss~ble As 'ar as 
possmble typical Gasoline comoonents that varaed widely tn hydrocarbon - C~nt ro l led  car tests w ~ t h  these fuels and others to nnvesttgate volat~tity comoos,t,on have 2een used ,n th,s 

related aSOeCtS at low and hogh dmbtent temperatures and also road 
3nt;knock performance. 3.1 Octane Qua l+ t v  

- Fnnally, investigations on more meaningful analytdcal test trchnqoues well 
oe discussed. 

11 IS  known that !he octane value 9 f  a fuel compoynt, i  e t s  ..31dqa1ng 
Octane Num er" may jif!er ,vadely 'rom .IS 3c!ane number .when .t 0s rea .  

has concenlraled on gasoline that w,ll be mmu,ac 
sufed 'lone Ge-erally !he 8leno.ng Octane Number o f  a comoonent 5 ;:9*' 

b red  .n ea;sttng Eurooean ~ef iner~es an the near term. Three types of re. 
&men nt IS used together .wath low octane qualtty oaraftantc :voe comoonents 

tlneraes have been considered: hydroskimming, conversion and Derrochem,cal Is low *hen Is used 'n.'tn Or s'ef'n'c cOmOOnenrs O f  
htgn octane qudlory. 

To sruay the blendtng sctane qualntv of vethdnol.vdraous base fuels 'or :?e 
rel4nery systems ~ n d e r  .onstderat~on, v.e. hyc!rosk~mm!ng. :mverimn And 
oetrochemical'refinery have Seen oreoared These blends covered a .v!ae 
range o f  octane aualqty and .ve,e used leadfree and #nth a le3d concentratton 

On of 0 I 3  g;l The Research and Hotor Octane Numbers :RON and WON) of 
5ase blends ,were ohtanned Methanol, I 5  '; by vo!ume. was then added 

Jno ~qa in  the RON i n d  \ION .\ere Jotanneo From :*.e ?c.rase tn .?esearcn 
JGO ',!oror 0c :~ne  Number .3f :ke Ilends :he ..3lend#ng Oct3r.e Uumberc" s f  
metndnol ..vere c3lcul3led Fngure 5 

4s .'-oec:ea :ne .esu!ts zemonstrale :ne excellent aesearch 81erdang 0c:~ne 
?lumber o l  methanol varymng !,om I15 to i5i) and at the same !.me the only 
moderate Motor 81endtng Oc ra~e  Yumber :88 to 1201. 

Both. Research and Motor 3lendlnq Octane Numbers decrease strongly wl lh 
.ncreasong octane audlatb dl :he base blend Largest 81endlng Octane Numbers 
..vere notamed En re fo rm~ te  !vpe !uels snd :owes1 tn cat. cracked :voe Fuels 
wn,le those calculated from blends Jared on ~omoonents from :he 3elr3. 
chemmcal .ef!ne!y !be sn between I t  sooears !nat :he 31ecdlng gctanr Vumoer 
o f  methdnol es htgher .n !eadea 3asolmes than mn :*e unleaded olends. T*:s 
can be exolanned by the use 31 !ower octane y l o e  comoonents on lne IddCeC 
base gasol!ne for a garan f:nJI actane oudldly. 

:- ..-.: x.. ... .. "77'........." One further asoect whnch 0s ~ o f t h w h ~ l e  .nent:onang s : r e  sharoer decrssse .n 

- A Hotor 31endnng Octane Numoer o f  nethdnol .vmrn *~c,zJsong oc:Jne 'eve1 
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Blending Octane 

'L. .. '\ Numbers of methanol 
I depending on base 

I 
fuel octane level 

0 

-,..I- ---- ,,-- 
\ .  ..a\+ :-:,, ..".-,'.,-. 

L..: ..4---. 
. . 

, . \ --..- ..,..-. 
1 -I\,'. \ t 
I '. 'c  \ 

when compared with the Research Blending Octane Number. This pheno- 
menon i s  causing the increasing sensitivity (RON - MONI of the final gaso- 
line-methanol fuels with increasing octane quality. 

The Front End Octane Number RON ~OO'C, which is used to predict accels 
ration knock performance was checked for some of the blends. I t  was found 
as expected that it was often higher than the RON of the total fuel. As 
acceleration knock is therefore no problem with 'methanol containing fuels 
no funher investi~t ions in this direction were necessary. 

The aclual inctease in octane quality by use of lead plus methanoi to the 
three refinery type blends. Figure 6, shows that with the components &lec 
red, the Motor Octane Number in the conversion and petrochemical.refinccy 
cannot be raised above 88, whereas in the reforming refinery a MON of about 
90 w w l d  be the upper limit. To ensure the motor octane lwel of 88,the RON 
of the blends bawd on the components from the conversion and petro. 
chemical refinery will increase at the smc,time to a level of arwnd 102. In 
this context i t  should be mentioned that in the future conversion type and 
Petrochemica! type refineries will increase in Europe and might wen domi- 
nate in countries &ch as Germany. 

Fig. 6: Increase in octane numbeydue to the addition of lead ., 
(0.13 gll) plus methanol (15 5 v) for various base fuel 
octane levels 
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3.2. Fuel Stabi l i ty 

The use of gasoline.methanol blends p-esents the problem of how to keep 
the fuel stable against phase separation. Methanol has only a limited solubility 
in gasoline at low temperatures. The problem i s  further enhanced in the 
presence of very small amounts of water which are present due to both 
the hygroscopic nature of methanol and from adventitious water which 
is present for example in storage tanks and transfer pipelines. Phase sepa. 
ration may therefore occur in storage tanks (at both distribution and fore. 
court). vehicle tanks and in carburettor bowls. This could result in either loss 
of a high ootbno blending ssmponcnt lmrthsnbll 08 j i r s  # i s  l u  a ~ ~ ~ e t l ~ a ~ l u l  . 
rich phase. A loss of mithanol would cause knock problems and an enrich. 
ment of methanol would ause driveability problems. 

The level of water tolerance necessary for a gasoline.methanol blend to be 
distributed successfully is unknown: it deoends on the type of distribution 
network and on climatic conditions. Until field trials are carried out to 
determine the water tolerance in gawline-methanol blends it is not possible 
l o  assess with certainty the level but as 8anks6' has pointed out, i t  i s  unlikely 
to be less than 0.1 per cent and may be in excess of 0.5 per cent. 

In order to be able. to make a selection of appropriate base fuels we have 
inveniqated methariol/hydrocarbon miscibility and the influence that small 
amounts of water has upon the miscibilit'y. The solubility of methanol in 
gasoline is influenced by the hydrocarbon composition of the blend. In 
general i t  is well known that an increase in aromatic content improves low 
temperature solubility of methanol and increase in paraffinic content deterio- 
rates the low temperature solubility of methanol. The influence of olefinic 
material lies somewhere in between the two. High aromaticity. however. is no 
grarantee of a high degree of low temperature solubility, e.g. discrepancies 
between the components heavy aromatics and heavy reformate and between 
cat. cracked naphtha,and full range reformate in Figure 7.illustrate this fact. 
The point is funher illustrated in Figure 8 which shows a wide uatter of 
results when the total aromatic content of methanol/gasoline (15185) blends 
(both experimental and marketed gasolinesl are compared with' their deter. 
mined phase separaii~n temperatures. 

type on phase 
A l f i Y L A l E  

S l R A l G M l  
RUN 106 methanol (1 5 5 by  
GASOLlWL 

M L A V Y  

FULL RAMGL 
RLFORuAlL aq - - 35 

' M L A V V  
atroaurrr 14 1 85 ( - 5 0  

High re-lution gas liquid chromatographic IGLCI analysis on the aromatic 
distribution in the gadline hydrocarbon components and comparisons of 
the phase separation temperatures in Figure 7 indicated that the low mole- 
cular weight aromatic material ii!most effective in increasing mivibility with 
methanol containing fuels. By use of a five variable linear regression analysis. 
equations were developed from which the phase separation temperatures 
from a knowledge of water content, low molecular weight aromatic content. 
high molecular weight aromatic content, and olefinic content can be Pre. 
dicted. For individual refinery type blends the equations have an accuracy 
within f 2 ' ~  between predicted and determined values. The single muation 
fOt b l l  I~.IIW ~ef inr ry  type blerids as ylve~l below is orlly accurate lU withln 
t6Oc at a 90 9b probability level as illusrated in Figure 9. 



Fig. 8: Effect of aromatic concentration on the phase separation 
temperature of gasoline/methanol blends ' 

Fig. 10: Optimised fuels for engine tests and development 

PREMIUM 

r volume C A 3 

Fig. 9:  Correlation between predicted and determined phase . 
s?paration.temperatures 

The octane qualstv' of  !?e bets $ 5  such that all meet the'mnntmum MON 
spec~ficatlons. Tyoical data ootained by conventional automotive onr~ection 
tests are summarired In F:gure 11. Stud~es on the low temperature stability 
and water tolerance o f  !he premium.tv~e fuels. Figure 12,have shown to what 

extent the phase seoaratnon Tav oe shl!ted to lower temperatures fhtgher fuel - 
stabiiityl A i lh  the part sdostltut~on of methanol wirh tsobutanol 15.1 or 2:1 
methanol~isobutanol .moxrurerl. With :he tncreased amount of isobutanol the - .  
differences In phase separarlon temperatures between the !hree blend tyoes 
diminishes. ' 

Fig. 11: Inspection Data on Experimental Fuels 
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T i e  correlation could be poo~b l y  further ~mproved by splitting the olefinic 
-aterial :n a simnlar ;vay as the aromatic material was split. Aga~n wirh 
.?ference to Fig. 7 11 can oe seen that wirh regard to low temperature solu- 
3~11ty that although the components pyrolys~s toos and polymerired gasoline 
nave stm~!ar slefinic contents. :he!r phase srpararion temperature% are vastly 
atfferent. The pyrolysis tops behaves sam~lar to an aromatic component and 
the polvmerised gasoline similar to a paraffinic component. 
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4. Resulting Fuel Blends and Economics 

From the studies .2n octane quality and fuel stab~lity i t  has been Dosslble to 
formulate some candidate methanol containing fuels ;hat met our targets. 

E i o o O c  I \ v  i JS to 10 i 42 to 65 ; 64 / ol  j 56 i S B  1 66 j 
E180°C I 8 v , ; ) 9 0  1 ) 9 0  1 100 

FBP / O C  ; (215 1 < 215 i 114 

An interesting feature from :h$s ldtter work has emerged as ~llustrated In 

Figure 13. The exoerament~~ data !or :he Drem~um.tyoe and rdgular.type fuels 
have Seen plotted ,n Tore ~ene r j l  terms an0 the nfludnce on pnase seoa. 
rarlon by tsobutanol dnd .b~rer contents can clearly Se seen. 4 .1  Candadare b Ie thano l . cbn ta~n~ng  Fuels 
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Three premium.type methanol containing fuels and ruo  regular.type alcohol 
containing fuels uere prepared. Fig. 10. I t  was not possible to prepare econo. 
-LC ,egular.type !uels containing methanol alone. This is due to the conflict 
of  Irclng low octane auality basestocks which utilize :he inherent octane 
!~enefits of  methanol, 3ut at the same time the low octane quality basertocks, 
3y nature. have rery poor !ow temperature miscibility wlth methanol and 
segllgsble uater :olerance because of their.10~ aromatic content. As a result 
of !has the regular-type fuels have been blended with methanol and isobu. 
tanoi 15.1). 

188 ' 215 i 195 

4 . 2 .  Economics  o f  the Cdndtdate Blends 

241 : 

- 9 '  
I 

The exper~mental fuels have been formulated matnly from jasollne comoo. 
news ~ h ~ c h  are produced ~ommercially at minnmum cost. The cost. which 
can broadly be relaled to ' ~ c t ~ n e  qual~ty.  IS ,nfluenced by :he Jmounr o f  
octane upgrad~ng process needed. An example 01 the latter ts that by de. 
creaslng the severltv of  the cat reformer to produce lower octane qualtty 
reformate results not only ;n an ~ncrease on overall yneld but at the sdme t m e  
requores less energy. 
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In general :he premlum.tyoe methanol fuels have been produced from corn. 
ponents which are normally used for blending regular grade gasoline >sing the 
addition of methanol to improve the octane quality. An .indication for the 
maximum possible cost saving might be the current differentia! manufactu. 
ring costs ~n Germany between premium and regular gasolines. The situation 
for a aotential cost savlng IS different with regular gasolines as  the price 
d14'erence to chemical feedstock (naphtha) is only marg~nal. Virtually no 
cost advantage can be gained by blending regular.tyoe methanol containing 
fuels. 

Tne above comments relate only to the cost of components that are produced 
in current :efineries !n Germany. The premium and regular candidate metha. 
no1 contalntng 'fuels have to be considered separately. because so far we have 
not oeen able to blend an economic premium.type methanol conta~ning fuel 
and an economic regular.type methanol containing fuel from the single 
refineries working to the hydroskimming and conversion concept. The critbcal 
problem is how to produce economic regular.tvoe fuels from !he c o m ~ 0 n m t i  
available that will meet our fuel stability target e.g. i t  i necessary to use4oy 
moiecular weight aromaticcontaining components. ,whtch are htgh- quality 
octane components and hence premium priced components and whch have 
to be transported from other refineries. The low cost advantage when blep. 
ding regular.type fuels which contain methanol would make this concepi IeSS 
ar1:active than the blending of premium.type fuels. Desp~te these fac:~ in our 
s:ud:es oyrolysis gasoline component has been used to formulate regular.type 

Phase 
ltoaollon 

:tmOtfat"'t 
i0c: 

-201 
- 
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Fig. 13: Effect of 
substituting isobuta- 
no1 for rnethanol on 
the phase separation 
temperature for both 
PREMIUM and 
REGULAR blends 
fuels 
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PRtMIUM. selnanal: isobulanolI (asol in ('3) 

fuels. However, as pointed out earlier it was even then necessary to use 
isobutanol to meet our fuel stability target. This tyoe of blend represents 
only a small fracrion ot the total European gasoline output. 

Two other overall refonerv aspect, r ~ ~ u s t  be considered when di~ussing econn. 
mics. The first is that as a result of lowerlng the severity o f  the re!ormer. the 
retonery may become defic~ent in hydrogen which is used a g. tn de.suiphur. 
ization units. I t  may Se necessary, in this case. to bu~ ld  an extra rrntt for the 
manufacture of hydrogen Secondly, existing refinery fac1I4ties e.g, isomer 
ization units. tnstalled to manufacture high cost gasoline components .:,hach 
are necessary to meet current automotive spec~ficar~ons have a life o l  about 
20 years. I t  ha( been necerrcry over the oar1 f ive vearc In hullfi 511~ih llnllr ~n 
German refineries to produce low leaded premlum gasolnnes. To start 
produc~ng low octane qual~ty base gasoline In the mort.term for use with 
methanol would result in considerable loss of investment on these urllts. 

In respect of economics 11 C d r l  be summarised that In a developing soclery, 
where new industr~al concepts are set up. the potential octane 0001 of metha. 
no1 could be built in benefic~ally, whereas in an establ8sned modernired 
refinery system, in a highly industr~al~sed area, the benefits are difficult lo 
establtsh from a manufacturers point of view. This is because of the m e .  
grated complex refinery production system. 

5 .  Controlled Car Performance Tests 

5.1  Road Ant iknock Performance 

Methanol containing !uels cause a greater temperature drop in the inle! 
manifold and in the combustion chamber than conventional ~asolanes. Cvse. 
quently this phenomenon reduces the peak temperatures of :he corntustton 
cycle and will thus reduce the knocking tendencies of the abr.fuel mdature. 
However this ternoeralure decrease cannot take, place in the Icboratory CFR 
knock test engine as the air.fuel mixture. for the more critncal Votor Octane 
Number, i s  heated to a constant temperature. It has therefore 5een sugges!ea 
that the antiknock performance of gasoline.methanol blends In mul1t.cvllnoef 
car engines is better than is shown by the MON of the laboratory CFR engine. 

To investigate this we nave compared the road antlknocC performance of 
about 24 fuels in two cars under hlgh constant speed conditions. All tjasolines 
had a lead concentration of 0 15 g!I and Research Octane Yumoers cetween 
96 and 102 and Motor Octane Numbers between 85 and 91. Half of !he fuels 
were conventional gasol~nes, whole the other half were gasoline blends 
containing '15 % by volume rnethanol. The range of RON anc MON was 
nearly idenllcal for the two fuel groups. With the measured Road Octane 
Numbers lRoONl and the RON and MbN of the !uels tested a ~redtcting 
equation of the followtng form was dernveo for each car 

RoON = a - b 8ON - c Sensit~v~ty 

where RoON = Road Octane Number 

RON = Research Octane Number 

Sensdt~vjty = Research Octane Number minus 
Motor 0c:ane Number 

To fund .&nether methanol ContatnDng fuels oerformed Se1:er than c:?. 
vent~onal gasoltnes an0 oette! than expected lrom their RON anc \ION. tne 
Road Octane Numoer of  a l l  fuels were calcula:eo from tna dercved rcuat8on 
and the defference aetween observed RoON ano calculateo RoON \\ere 
compared for the two fuel groups. It D S  shown tn Ftgure 14 that in neitner of  
the two test cars there ealsts a systama:ac d~fference oetween :he conven. . 
ttonal and the metnanol contafnlng fuels. It IS concluded there'ore mat uncel 
constant syeed cond~r~ons the suggested roao ant~knock bonus move ROS 
and MON of methanol contalntng fuels does not exist. 11 ~i aoprectateo tnat 
usbng only two test cars a generalisation i s  somewhat d~ff iculr.  I t  may Se 
necesdry, therefore, to val~date this COnCluSlOn In other car models 

5.2. Fuel Performance at L O W  Ambient Temperatures 

It was descr~bed earlier tnat gasoline.methanol fuels may cause englne mal. 
functions under low temperature cold runnlng condit~ons because 5f the 
larger temperature droD in the mlet system of the engine. Therefore 11 ha0 to 
be investigated whether the developed gasoline.methanol blends would ensure 
acceptably smooth engtne operation at cold running condilions. From tne 
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five 'uel blends 13 premlum and 2 regular) four *were tested at -5 '~ .  a typical 
atn:er :emoerature for mnddle Europe. in three vehicles on the chassis 
dv~amnrrptar For cnmnarisnn the CFC r~ference nremium oratfe gasoline 
. A ?  O i  T 1Ji was Incluaeo. The volarlllry of tnls fuel IS In tne nliudie vanye 
of :ne .vmnter specification and will thus represent about the average perfor. 
mance o f  current conventional garolines. 

Prev.ous tests have shown that the addition of methanol has litt le or no 
er!ect on cold starting ~erfor6ance. This means that to ensure adequate 
itarr,ng aerformance the percentage volume of fuel evaporated at 70°c 
I E ~ O ' C ~  of a  ethanol containing fuel has to be tn the upper range or higher 
than perm~tted by the current DIN specification. The results on our rest fuel1 
are generally in line wtth this observation. Also en line with prevtous work " 

is the ob-arlon of relatively large differences between car types. ~ i g u r i  15 
shows the average ratings obtained for cold starling together with the-volati. 
l ity of  a e  fuel. I t  appears from this work that for cold starting the ~ 7 0 ~ ~  o f  
the Dare gasoline is the overriding factor. 

Inldl 
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In contrast to the f~nd~ngs  on cold starting. methanol as a blending.com. 
ponent may deter8orale the driveability oerformance at 10.w temperature. 
Again i t  was found that certain cars i.e. with fuel injection rystems, are 
insens~tive. I t  also appears that in those cars wh~ch  are sensitive to fuel 
volattliry. methanol containing fuels caure poor driveability tf the percentage 
volume o f  fuel evdporared at 1 0 0 ~ ~  ~ E ~ O O ~ C ~  IS in the monomum range of :he 
DIN specification. I n  contrast to the results on cold starting the . . ~ 1 0 0 ~ ~ "  o f  
the methanol containlng fuel. Figure 16, and nor of the base gas0lnr.e seems 
to be the better parameter to dev r~be  dr~veabi l~ty ~erformance. However. 
more controlled tests would be necessary to substant~ate these find~ngs. 

Fig. 16: Performance of test fuels at low ambient temperatures. 
Driveability performance 

hAerhanol containing fu?l. E 100° C . . 
C C E C  :eference luel 

5 3 Fuel Per!ormance dt H ~ g h  Amo len t  Temoeratures 

A crit1c31 aspect of  merbanol as a fuel component IS .IS low boiling ~ o ; n l  
wh~ch may cause vaoour lock problems dn tne car !uel system To tnvestigate 
this aspect a Itmired programme was carr~ed out on a cnassis dynamometer by 
Volkswagenwerk Research followed Sy a ,more extensive test 00 :he road In 
the south of Soain. I n  both tests the SlandarC :err orocedure was used. 1.e. the 
temperatures of the fuel systemr were stabd~sed while ortvzng with 80 T of 
the wax. speed or ,wstn a lower speed which was sossible on :he road This 
temoerature srab~l~satlon .was followed by a hot soak with either engine 
stooped or englne jdl~ng. The three performance asoects. 901 starting, hot idle 
and acceleratton oer!ormance after soak are used :o rate :he 'uels. 

5.3.1 Vapour Lock  Tests o n  the Chassos D v n a . ~ o m e t e r  

The prem~um.tyoe nethanol containtng fuels reoresentnng tne three refinery 
systems have been tested an a Volkswagen Golf .wh!ch ?ad ?een orepared to 
use methanol conta~n~ng !uels. As explained >efo(e :Re volat~lity IS Jround 
the maximum for c3nventtonal vvlnter fuels ;expressed as rne Re~d Vapcur 
Pressure ' 7 :~mes :?e oercentage evaporated at 70 '~ .  RVP 7€7018'. The 
vapour lock 9erformance 31 !here fuels IFtgure 17) was found to be u f e  up 
to !he amblent temperatures o f  31!32Oc. .which IS about the maximum sum.' 
mer temperature or. Germany I t  ivas shown by :his exceriment that providing 
soec~al care IS :aien when drsngntng the car fuel sysrem,vvinter.!ype fuels can 
be used wathout nalfunc:~bns at high ambnent summer temoeratures. I t  
should be mentnoned however that fuels of hlgh Retd Vaoour Pressures day  
encounter problems ,&hen rransported and when jtsoensed from servtce 
stallon Dumps at ?:gh summer temperatures. 

5.3.2. Vaoour Lock  Tests o n  the Road 

In contrast with the chassis dynamometer teat the :oad test was ~ a n n l y  
carried out w ~ t h  normal production cars. I t  was iolntly carried out by Aral. 
Shell. Veba and Volkswagen. The des~gn dnd :he ,esults o f  1h1s work .will be 
explained In anorher paper at t h~s  symposium3'. Thls present paper is Con- 
cerned only with the blending of the fuels used ;n this test. 



Fig. 17:  Performance o f  test fuels a t  high ambient temperatures. 
Comparison with seasonal max. temperatures and 
volat i l i ty spec~ficat ions 

Three sets 31 fuels were used: hydrocarbon base fuels. methanol contain~ng 
fuels and hydrocarbon fuels with similar volatility characteristics as the 
methanol contalnlng fuels. 

Four hydrocarbon base fuels were blended, one with low volatility Iminimum 
DIN summer spec~fication according to RVP and E?O~CI,  one with hogh 
volat~lity lmax~mum DIN summer specificationl, and two intermediate 
volatility fuels. A w~de range of refinery components were used to blend the 
base fuels. 

The methanol containing fuels weie prepared at the lest slte by blending 
aporoprlate hydrocarbon base fuel together with methanol at 5. 10 and 15 Yo 
by volume. The volat~ljty effect that the methanol component has on the 
base hydrocarbon fuel is shown in Figure 18. Where techn~cally posslbLe the 
three experimental premium.ty~e methanol contalnmg fuels were also used 

F ~ c .  18: Volat i l i ty  charac?eristics of fuels used in summer tes t  
(ho t  fuel handling) 

A !bird set of hydrocarbon fuels was prepared at the test site to match the 
volatillty characterlstics of the methanol containing fuels. This was ach~eved 
bv blending butane andlor ;sopenlane into an approoriare ilydrocarbon base 
fue!. 

6. lnvestigarions on Jleaningful ,Analytical Test Techniques 

Englne performance i.e. cold starting ability, driveability and the avoidance 
to vapour !ock, a l l  depend on the volati!ity of the fuel. I t  is well known that 
methanol has unusual effects on.the volatility of the gasoline biend which 
maker the prediction of engine performance difficult when using the con- 
ventional analyttcal test techniques. Experiments for improved interpretation 
of both the boiling and the vaoour pressure characteristics have been studied. 

6 .1 .  Studies.on the Boi l ing Characteristics I 
The boiling characteristics of a conventtonal gasoline changes considerably 
when methanol is added. The d~stillation curves determlned according to 
DIN 51 751 are. in cnnlrasl to convent~onal curves, neariy horrzorrtal in the . 
boiling range from about 30 lo  50 9; evaporated volume. i.e. cons~derably 
more fuel components evaporate in.thas temperature range than Ln thecase of 
conventional gasolnne. This boil~ng behaviour IS caused by the format8on of 
azeotropes of methanol with certamn hydrocarbons wh~ch distd below the~r 
own boiling paint and even below the bod~ng point o f  pure methanol !65'~1. 

For conventtonal gasoline such an increase in volatility would generally cause 
an improved warm.up performance of a cold engene. Hnwsvar, such an inter. 
pretation of the boilmg curves is not perm~sslble with gasol:ne.methanol 
blends, as the distillat~on according to DIN 51 751 compensates for the 
higher heat of evaporation of methanol, whtcn IS  about three lin?M nigher 
than that of gasoline (the heating rate is controlled automatically with the 
distillation apparatus to acht'eve the prexribed distillation ratc). 

* 
In contrast 16 the dislillation aooararus. the amount of heat available i r ~  the 
engine IS ltmited, especially when the engine is still cold. Owing to the h~gh 
heat of evaporation of the methanol, less fuel is evaporated and a higher 
temperature drop in the inlet manifold is brought about, which both have a 
negative effect on the mixture pre~aration. The problem involved is to show 
the higher heat of evaporation of gasoline.methanol blends analytically In 
such a way that a reasonable interpretation of the date obtained would be 
possible. As a first approach this was attempted by modif,ying the boding 
analysis techn~que. The heatang rate. which i s  normally varfable wirhrn wide 
limits. was fixed in the form of a linear increasing pattern with time, and to 
zharacterise the gasoline, the dist~llation time was plJtted instead 9f the fuel 
temperature. Although with this method the relatively hogher heat of evaoo. 
ration of the blended fuel could be represented, the reproductbil~ty was 
found ;o be inadeauate. As a second approach Ihe standard distillat~on was 
used, but the heating voltage was measured as an indication of the healing 
rate. This again snofled !hat :here was a clearly higher energy input when 
evaporating the me!hanol containing fuel (Figure 19). I t  .%ill be seen that the 
hearing voltage is hqgher in the first phase of dist~lla!ton. The steep rise at 
about 50 Lc of the evaporated volume Is, however, partly bt0ught about bY . 
the.inert~a of th'e apparatus, which i s  clearly discern~ble bv the subseauent 
crossover of the heatlng voltage curve of the methanol fuel below :he heating 

voltage curve of the base fuel. 

'" Fig. 19: 
: Dist i l lat ion and 

heating voltage 

.$; curves for gasoline i 
methanol blends 

" accbrding to  , 

.:: 5 DIN 51  7 5 1  

6.2.  Study on.the Vapour Pressure Characieristics . 

At  3 8 O ~ . ~ u r e  methanol has a relatively low vapou? pressure. 300 mba!. 
Compared wvth current gasoline of about 450 to 900 mbar. However. ,when. 
methlnol is blended with gasoline a posi:lve deviation from Raoult's Law for 
molar vaoour pressure add~tlvity results, i.e. the vapour Pressure of the blend 
is higher than efther componentto'. 



Tnls is due to the fact that merhanol i s  a polar molecule. whereas gasoline 
is essentially non.polar. The hydrogen bonding between methanol molecules 
treason for or navlng a high b o ~ l ~ n g  point) are less significant in gasoline. 
methanol blenas. Consequently methanol rends to behave more like one 
would predict from its molecular weight, i.e. less rhan propane "I, Hence. 
small add~taons of methanol to gasoline results in large increase in the vapour 
orelsure as determined by the Reid method. I t  can be seen from Figure 20 
that the Increase in vapour pressure due to merhanol i s  andependant of base 
fuel volat~lity. The result of adding methanot above 15 'b by volume i s  that 
the vapour pressure of the fuel decrease$. r h ~ s  IS due to hydrogen bonding 
.ecommenctng between the methanol molecules and hence reducing the 
blends overall vapour pressure. 

The above conclusions have been obtained from the dry bomb results. We 
consider it quite tmportanr that there be more genecal recognition of the fact. 
that :he presence of traces of water, nnnerent in the normal Re~d Vapcur 
Pressure method. may give rise to ohase reparatoon w~th in the bomb and 
3ence result on low values as shown in Figure 20. 

Fig. 20: Comparison of wet a ~ ~ d  dry bomb Reid vapour pressure 
methods for base gasolines and methanol-containing fuels 

7. Summary 

a1 If  In !he long.term crude oil der~ved gasoline ,~ould be in short supply or 
no :anger available, methanol is considered to be a rather attractivg alter. 
native proposition compared with other possible alternative contenders. 

5 )  In contrast to previous work an attempt has been made to build in the 
aovantager and overcome the disadvantages of methanol 115 w, by 
volume) as a fuel component for refinery tyoes, i.e. hydroskimming. . 
conversoon and petrochemical. ' 

the predicting equation may be possible by taking into account the 
different types of olefinr. 

- the use of isobutanol lmproves fuel srabilttv . . - cold starting performance i s  better predicted bv the volatility ot the 
base garol~ne rather rhan by the finlshed methanol fuel. whereas the 
draveabil~ty performance is controlled by the volatility of the 
finoshed merhanol containing fuel. 

- to ensure acceptable starting and driveability. the front end volatility 
of the methanol containing fuel should be at the maximum or even 
higher rhan current DIN specification. 

- raoour lock performance is one of the crifical areas with methanol 
conra~ning fuels. I f  spec~al care 8s !aken:in designing the car firel 
SYSlem, vaoour lock problems with merhanol contain~ng fuels can be 
avo~ded. 

- analyr~cal test techntques could be altered to enable a better inter. 
orerafion of the engtne performance of me!hanol containing fuels 
raking nnto account the energy consumed in a distillation rest. or 
using a dry bomb technnaue !or the vapour pressure measurement. 

d l  The nigh octane quality of ~e tnano l  makes it a useful motor fuel blen. 
dfng comoonent. Assum~ng'methanol .r,ould be available at the same or 
lower once :nan gasol~ne components. cost ravnngs m~ght be possible . 
when blending premium.tyoe tuels with methanol. These could be off.set 
In established modern refineries wnere certain octane upgrading facilities 
would no longer be needed. and transportation of comoonents. required 
for the blendnng ot .economic regular.rype. methanol containing fuels 
would be necessary. 

I cl From raboratory studies and controlled road tests the follow!ng con. 
clus~ons can :e made: 

e l  Possible future work has to 3e aimed at a better understandingiinter. . 
p r e t ~ j p n  of~analvticallv obtained data, and srudies carried our of :he 
POtenttal aroblem areas with regards to storage anc handlong of methanol 
containing fuels. Additional ~nvest~gations to quanr~fy. #n more detail. 
the imolicat~on on cost and energy savnngs ~ 0 t h  such fuels are reedm. 

- tne :ncr?ase in octane qual~ty by use 3f merhanol as a component i s  
largest ,.u\th lovr octane quality fuel components. 

- :he value of methanol as an octane blending component i s  greatest 
for :Ye nvdroskmm~ng type of refinery and loorest for the con. 
.erslon :yoe of refinery. The value in the oetrochr'm#cal refineiy l~es 
.n Set;.eeri :he two. 

- :r:h ;.be comoonent; selected ;or :?e conversnon and pe!rochemncal 
.?I..-?rles. :re bAotor 0c:alie Number :!AONI c3n lor  De raised J. bove 
38 ~ : t n  ,*e use 3f methanol #.e. high sptrd knock performance 
couirl cot 3e .mpro.red. 

- ' i r r e  :.as na road antoknock bonus of rnet'lanol conts~nnng fuels 
S3mDdred 21th conventtonal fuels of the same Research and Motor 
C)c:~ne 'Lmher Th~s was md~cated Sy restring 24 fuels In :*NO cars. 

- iovr molrcutar .weight aromatrcs mprove tne fuel stab~lity more 
than the h~ph ~olecular , ~ e ~ g h t  aromai~cs. 

a dseful equataon has been developed ..vh~ch can pred~ct the phase 
ieDara:oon [emoerature lrom Ihe ,water, low and h~gh molecular 
.:'e!qhl Irorr.artcs. and olel%n%c conrcnts. 1 fur!her nmorovemenr to 

I*, . 
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CHAPTER I 

ALCOHOLS - CHARACTE@ISTICS-FORMS-SOURCES 

Introduction , 

Fossil-based liquid fuels, such as gasoline, diesel and kerosene, are a dis- 
organized mixture of hydrocarbons. ' Their basic characteristics are only the 
average of a mixture of related.factors, each factor being provided and controlled 
'by different types of moleculars. Basically, the specifications of any. liquid fossil 
fuel are defined by its average molecular behavior. 

To the contrary, alcohols are well ' defined chemical substances. The cha- 
racteristics of these substances are totally related Po their molecular arrange- 
ment as well as to the physical and energy contributions of their atomic struc- 
ture. . r 

These well known and defined characteristics of alcohol, as a pure substance 
are of paramount importance in determining the expected behavior of biomass- 
based formulated fuels. 

Preparation and Physical Proper ties 
+ 

Structure , 

Alcohols are compounds of the general formula, ROH, w.here' R is an  alkyl or 
substituted alkyl group.. The group may be primary, secondary, or tertiary; it may , 
be openchained or cyclic; it may contain a double bond, a halogen atom, or an 
aromatic ring. For example: 

I tert-Butyl alcohol . Ally1 alcohol Cyclobexanol 

Benzyl alcohol Ethylene chlorohydrin 
(6-Chloroethyl alcohol) 

Glycerol 

B All alcohols contain the hydroxyl (-OH) group, which, as the functional group, 
determines the properties and characteristic of this family. Yariations in 
structure and the R grcup may affect the rate at  which the alcoh6l' undergoes 
certain reactions, and even, in a few cases, may affect the kind of reaction. 



Nomenclature 

Alcohols are named by three different systems. 

For the simpler alcohols the common names are most often used. These 
consist simply of the name of the alkyl group followed by the 'word alcohol. For 

. I <. example:' 

Ethyl alcohol Isopropyl alcohol Isobutyl alcohol 

test-Pentyl alcohol p-Nitrobenzyl alcohol a-Phenylethyl alcohol 

We should notice that similar names do not always mean the same classification; 
for example, isopropyl alcohol is a secondary alcohol, whereas isobutyl alcohol, is 
a primary alcohol. 

As mentioned before, compounds too complicated for common names may be 
given derived names. According' to this system, alcohols are considered to be 
derived from methyl alcohol, CH30H, by the replacement of one. or more 
hydrogen atoms by other .groups. .We simply name the groups attached to the 
car.bon bearing the -OH and then add the suffix -carbin01 to include the C-OH 
portion: 

ALCOHOLS I 

Triphenylcarbinol Triethylcarbinol sec-Butylcarbtnol 



Finally, there is the most versatile system, the IUPAC. The rules are: 

(1) Select as the parent structure the longest continuous carbon chain that 
contains the -OH group; then consider the compound to have been derived from 
this structure 'by replacement o f  hydrogen by various groups. The parent struc- 
ture is known as ethanol, propanol, butanol, etc., depending-upon t h e  number of 
-carbon atoms; each name is derived by replacing the terminal *-e of the ' 

cbrresponding alkane name by -01. 

(2) Indicate by a number the position of the -OH group in the parent chain, 
generally using the lowest possible number for this purpose. 

. (3)  Indicate by numbers the positions of other groups attached to the parent 
chain. , . 



Physical Properties 

The compounds we have studied 'so far, the various hydrocarbons, have the 
physical properties that we might expect of such non-polar compounds: The 
relatively low melting points and boiling points, that are characteristic of sub- 
stances with weak intermolecular forces; 'solubility in non-polar solverits and' in- 
solubility in polar. solvents like water. We shall find alcohols to be cqnsiderably 
different from hydrocarbons because of the presence in alcohol molecules of the 
Very polar -OH group, and in particular because this polar group contains 
hydrogen. 

A striking difference between alcohols and hydrocarbons is the miscibility of 
the lower alcohols with water. Because of the polar -OH group alcohols are held 
together by very much the same sort of intermolecular forces as '  those holding 
together water molecules. As'a result there can be mixing of the two kinds of 
molecules, the energy required to break apart two water molecules or two alcohol 
molecules being .supplied by formation of' a similar bond between a water 
molecule and an alcohol molecule. 

This is true, however, only for the lower alcohols, where the -OH groups 
constitutes a large portion of the molecule. A long aliphatic chain with a small 
-OH group at  one end is mostly alkane,. and its physical properties reflect this. 

For practical purposes we consider that the borderline between solubility and 
insolubility in water occurs at  about 4 to 5 carbon atoms for normal primary 
alcohols. , . 

The boiling points show the usual increase with increasing carbon number, and 
the usual decrease with branching. The unusual thing about the boiling points of 
alcohols is that they are so much higher than those of the corresponding 
hydrocarbons. 

Hydrogen Bonding - Association 

Among hydrocarbons the factors that determine boiling point seem to be 
chiefly molecular weight and shape; this is reasonable for molecules that are held 
together chiefly by van der Waals forces. 

Name 

Structure and Boiling Point 
Dipole 

Structure Mol. Wt. Moment, D B.P., OC 

n-Pen tane Ch3CH2CH2CH2CH2 7 2 0 36 
Ethyl ether CH3CH2-CH2CH2 74 1.18 3 5 
n-Propyl chloride CH3CH2CH2C1 7 9 2.10 4 7 
n-But yraldehyde CH4CH2CH2CH0 7 2 2.72 7 6 
n-Butyl alcohol CH3CH2CH2CH20H 74 1.63 11 8 



Table I 
PHYSICAL PROPERTIES 

ALCOHOLS 

Methyl 
E thy l  
WPropyl  
n-Butyl 
rt-Pentyl 
71-Hexyl 
WHeptyl 
n-Octyl 
r)-Decyl 
Q-Dodecyl 

(Lauryl 
+Tetradecyl  

(Myr is ty l )  
rt-Hexadecyl 

(Cety l )  
WOctadecyl 

I sopropyl  
I s o b u t y l  
3 eC-Butyl 
f ~ ; t t - ~ u t ~ l  
I sopen ty l  
ac.tive- 1 

[(-I -2-Methyl- 
l-butanol] 

~ c Q - ~ e n t y l  
Cyclopen t h o 1  
Cyclohexanol 

A l ly1  
Croty 1 
Methylvinyl- 

c a r b i n o l  

Benzyl 
a-Phenyle t hy1  
6 -?lrenylethyl 
Diphenylcarbinol  

(Benzhydrol) 
~ r i p h e n y l c a r b i n o l  
Cinnamy 1 

Density, 
a t  20°c 

0.793 
.789 
.804 
.810 
,817 
.819 
.822 
-825 
.829 

Solub.,  
9/100g H 0 



Alcohols contain the strongly polar -OH group, and we might first consider 
that the difference in boiling point is due to the greater polarity of the alcohol 
molecule. This is undoubtedly a factor. The dipole moment of n-butyl alcohol 
(1.63) is lar-r than that of the ether (1.18) and much larger than the zero 
moment for n-pentane. The stronger intermolecular forces arising from 
dipole-dipole attractions are overcome,. and boiling occurs, ' only ta t  higher 
temperatures. 

To account for these "abnormalities", and on the basis of evidence of many 
kinds, hydrogen bonding has been proposed: a hydrogen atom serves as a bridge 
between two electronegative atoms, holding one by a covalent bond and the other 
by purely electrostatic forces. This electrostatic bond has a strength of about 5 
kcallmole (compared with 50-100 kcallmole for most covalent bonds). . Liquids 
whose molecules are held together by hydrogen -bonds are called associated 
liquids; their abnormally high boiling points are due to the greater energy required 
to  break the hydrogen. bonds. :. 

Like water, alcohols are associated liquids, their abnormal boiling points 
arising from hydrogen bonding. Although ethers and aldehydes contain oxygen, 
they contain hydrogen that is bonded only to carbon; these hydrogens are not 
positive enough to bond appreciably with oxygen. The solubility of the lower 
alcohols in water is due to the hydrogen bond that can exist between a molecule 
of water and a molecule of alcohol, as well as between two molecules of alcohol 
or between two molecules of water. 

Source of Alcohols 

If an organic chemist were allowed to choose ten aliphatic compounds with 
which to be stranded on a desert island, he would almost certainly pick alcohols. 
From them he could make nearly every other kind of aliphatic compound: 
alkenes, alkyl halides, ethers, aldehydes, ketones, acids, esters, and a host of 
others. From, the alkyl' halides he c.ould make Grignard reagents, and from the 
reaction between these .and the aldehydes and ketones obtain more complicated 
alcohols not only as raw materials but frequently as the solvents in .which 
reactions are carried out and from which products are recrystallized. 

For alcohols to  be such important starting materials in aliphatic chemistry, 
they must be not only versatile in their reactions but also available in large 
amounts and at low prices. There are two principal ways to get the simple 
alcohols that are the backbone of aliphatic organic synthesis: by hydration of 
alkenes obtained from the cracking of petroleum, and by fermeptation of car- 
bohydrates. In addition to these two chief methods, there are some others that 
have more limited application. 

Hvdration of Alkenes 

Alkenes containing up to four or five carbon atoms can be separated from the 
mixture obtained from the cracking of petroleum. Alkenes are readily converted 
into alcohols either by direct addition of water, or by addition of sulfuric acid 
followed by hydrolysis. By this process there can be obtained only those alcohols 
whose formation is consistent with the application of Markovnikov's rule: for 
example, isopropyl but not n-propyl, sec-butyl but not n-butyl, tert-butyl but not 
isobutyl. Thus the only primary alcohol obtainable in this way is ethyl alcohol. . a 



Fermentation of Carbohvdrates 

Fermentation of sugars by yeast, the oldest synthetic chemical used by man, 
is still of eriormous importance for the preparation of ethyl alcohol and certain 
other alcohols. The sugars come from a variety of sources, mostly rn6lasses from 
sugar cane or starch obtained from various grains; the name "grain 'lllcohol" has 
been given to ethyl alcohol for this reason. In addition to .ethyl alc?%ol there is 

- -obtained a smaller amount of a substance known as fuse1 oil, a mixture of primary 
alcohols: mostly isopentyl alcohol with smaller amounts of n-propyl alcohol, 
' isobut 1 alcohol, and 2-methyl-1-butanol, known as active amyl alcohol (amyl = 
pentyJ. 

Much newer is the Weizmann process for the bacterial fermentation of 
starch, which yields a mixture consisting of n-butyl alcohol (60%); ethyl alcohol 
(lo%), and acetone (30%), CH3COCH3. Discovered at..the time of World War I 
by Chaim Weizmann (then a t  the University of Manchester, and at  his death in 
1942 as the first President of Israel), this process was first important as a source 
of acetone, needed in the manufacture of smokeless powder; the butyl alcohol was 
considered a by-product and was simply stockpiled. . After the war, the 
development of lacquers for the rapidly expanding automobile industry made butyl . 

alcohol the more valuable product, and in a sense acetone became the by-product. 
Now both are important. 

Synthesis of Methanol 

As is very often the case for the smallest member of a family, methanol is 
prepared quite differently from the others: from simple inorganic compounds. At 
350-400°, and in the presence of certain metallic oxides, carbon monoxide and 
hydrogen react to yield methanol. 

CO + 2H2 Cr2O3 + ZnO, 350-400°, 3000 ~ b / i n . ~  CH30H * Methanol 

Methanol is poisonous: drinking it ,  breathing it for prolonged periods, or 
allowing it to remain long on the skin can lead to blindness or death. 

Aldol Condensation 

The methods just outlined yield comparatively simple alcohols. More com- 
plicated alcohols are prepared on an industrial scale from aldehydes and ketones 
by what is essentially an aldol condensation; this method, which is also used in 
the laboratory, is discussed later. 

0 x 0  Process 

Addition of carbon monoxide and hydrogen to alkenes (hydroformylation) in 
the presence of a catalyst yields aldehydes and ketones, which can be reduced to 
alcohols. This is the 0x0 process, initially developed in Germany, and of growing 
importance in the chemical industry. 



ETHANOL - Its Various Forms and Sources 

Alcohol. (Fr., alcool; Fer., alkohol.) Formula, C2H60. 

Pure alcohol is a liquid substance, composed of carbon, hydrogen and oxygen, 
in the following proportions: 

C . .  . . . . . . . . . . . . . . . . . . . . .  52.17 
H. . . . . . . . . . . . . .  .',. . . . . . . . .  13.04 
0 4  b , . . . . . . . . . . . . . . . . . . .  :34.79 

.1 om , 

It is the most important ' member of an important series of organic 
compounds, all of which resemble each other closely, and possess mariy analogous 
properties. They are classed by the chemist urider the generic title of "Alcohol's." 

~ l c o h o l  does not occur '  in nsture; it is the product of the decomposition of 
sugar, or, more properly, of glucose, which, under the. influence of certain 
organic, nitrogenous substances, called ferments is split up into alcohol and 
carbonic.anhydride. The latter is evolved in the form of gas, alcohol remaining 
behind mixed with water, from which it is separated by distillation. The 
necessary purification is effected in a variety of ways. 

Pure, absolute alcohol is a colorless, mobile, very volatile liquid, having a 
hot, burning taste, and a pungent and somewhat agreeable odor. It is very 
inflammable, burning in the air with a bluish-yellow flame, evolving much heat, 
leaving no residue, and forming varpors of carbonic anhydride and water. Its 
specific gravity at  O°C (32OF) is .8095, and at  15.51°.C. (60°F.) .794; that of its 
vapor is 1.613. It boils a t  78.4OC. (173O). The boiling point of its aqueous 
mixtures are raised in proportion to the quantity of water present. Mixtures of 
alccthol and water when boiled give off at  first a vapor rich in alcohol, and 
containing but little aqueous vapor; if the ebullition be continued a point is 
ultimately reached when all the alcohol has been driven off and nothing but pure 
water remains. Thus, by repeated distillations alcohol may be obtained from its 
mixtures with water in an almost anhydrous state. 



Table. I - The Boiling Points of Alcoholic Liquors of ~ i f f e r e n t  'Strengths, and 
the Proportions of Alcohol in the Vapors Given Off 

Proportion Proportion , ' Proportion 
Proportion ~ e m ~ e r a t u r e  of alcohol . of alcohol Temperature of alcohol 
of Akohol of the in the in the of the in the 
in ' tht  boiling condensed boiling boiling condensed 
boiling liquid vapor in liquid in liquid. vapor in 

, liquid jn 100 vols. 100 vols. 100 vols. 
100 vols 

92. 17l.OF. 9 3  20 1.89.5F. 7 1 
90 171.5F 9 2 18 191'.6F . 6 8  . 

85 172.OF 91.5 15 .194.OF 6 6 
8 0 172.7F 90.5 12 196.1F 6 1 
7 5 173.6F 90 10 198.5F 5 5 
70 175.OF. 8 9 7 200.6F. 5 0 
65 176.OF. 8 7 5 203.OF. 42  
50 178.1F 85 3 205.l'F. 3 6 
40 180.5F. 82 2 207.5.F. 28 
35 . 182.6F. - 80  1 209.9F. 13 
3 0 185.OF. 78  . 0 212.OF. 0 
2 5 187.1F. 76 . 

. . 
\ 

.Absolute alcohol has a strong affinity for water. It absorbs moisture from 
'. , the a i r  rapid1y;and thereby becomes gradually weaker; it should therefore be kept 

in tightly-stoppered bottles. When brought into contact with animal tissues, it 
deprives them of the water necessary for their'constitution, and acts 'in this way 
as an energetic poison. Considerable heat is disengaged when alcohol and water 

, are.brought together; if, however, ice be substituted for water, heat is absorbed, 
owing' to the immediate and rapid conversion of the ice into the liquid state. 
When one part of snow.is mixed with.two parts of alcohol, a temperature as low 
as 5.8OF. below zero is reached. 

. . 

I When alcohol and water, are mixed together the resulting liquid occupies, 
after agitation, a less volume than the sum of the two original liquids. This 
contraction is greatest ,when the mixture is made in the proportion of 52.3 
volumes of alcohol and 47.7 volumes of water, the result being, instead of 100 
volumes, 96.35. A careful examination of the liquid when it is being agitated 
reveals a vast number of minute air-bubbles, which are discharged from every 
point of the mixture. This is due to the fact that gases which are held in solution 
by She alcohol and water separately are less soluble when the two are brought 
together; and the contraction. described above is the natural result of the 
disengagement of such dissolved gases. The following table repksents the 
contraction undergone by different mixtures of absolute alcohol and water. 



Table I1 - 100 Volumes of Mixture a t  5g°F. 

Alcohol Contraction Alcohol Contraction Alcohol Contraction , 

Alcohol is termed "absolute" when it .has been deprived of every trace of 
water, and when its composition is exactly expressed by its chemical, formula. To 
obtain it in this state it must be subjected to a series of delicate operations in 
the laboratory, which it would be impossible to perform on an industrial scale. In 
commerce it is known only in a state of greater or less dilution. 

Alcohol possesses the power of dissolving a large number of substances 
insoluble in water and acids, such a s  many inorganic salts, phosphorus, sulphur, 
iodine, resins, essential oils, fats, coloring matters, etc. It precipitates albumen, 
gelatine, starch, gum, and other substances from' their solutions. ~ h e s e  properties 
render it an invaluable agent in the hands of .the chemist. 

Alcohol is found in, and may be obtained from, all substances-vegetable or 
C 

other-which contain sugar. As stated above, it does not exist in these in the 
natural state, but is the product of the decomposition by fermentation of the 
saccharine principle contained therein; this decomposition yields the spirit in a 

B 
very dilute state, but it is readily separated from the water with which it is 
mixed by processes of distillation, which will subsequently be described. The 
amount of alcohol which may be obtained from the different unfermented 
substances which yield it varies considerably, depending entirely upon the quantity 
of sugar which they contain. 

Alcohol is produced either from raw materials containing starch, as potatoes, 
corn, barley, etc., or raw materials containing sugar, as grapes; beets, sugar cane, 
citrus, jerusalem artichokes, etc. 

The following are some of the most important sources from which alcohol is 
obtained: Grapes, apricots, cherries, peaches, currents, gooseberries, raspberries, 
strawberries, figs, plums, bananas, and many tropical fruits, artichokes, potatoes, 
carrots, turnips, beet-root, sweet corn, rice and other grains. Sugar cane refuse, 
sorgum, molasses, wood, paper, and by a new French process from acetylene. On 
a large scale alcohol is usually obtained from sugar beets, molasses or the starch 
contained in potatoes, corn and other grains. The starch is converted into 
maltose by mixing with an infusion of malt. The maltose is then fermented by 
yeast. Sulphuric acid may be used to convert even woody fibre, 'paper, linen, etc., 
into glucose, which may in turn be converted into alcohol. 



Table, ITI - Principal Alcohols 

I Chemical Name Source Formula Boiling Point OF. - 

1 Methyl Alcohol 
2 Ethyl Alcohol 
3 Propyl Alcohol 
4 mtyl Alcohol 
5, A-m yl Alcohol 
6 Caproyl Alcohol 
7 Aenanthyl Alcohol 

8 Capryl Alcohol' 
9 Nonyl , Alcohol 
10 Rutyl Alcohol 
11 Cytyl Alcohol 
12 Ceryl Alcohol 
13 Melisyl Alcohol 

Distillation of Wood 
Fermentation of Sugar 
Fermentation of grapes 
Fermentation of beets 
Fermentation of potatoes 
Fermentation of grapes 
Distillation castor oil 
with potatoes 
Essential oil hog weed 
Nonane from petroleum 
Oil of Rue 
Spermaceti 
Chinese wax 
Bees' wax 

Among a variety of other substances which have been and are still used for 
the production of alcohol in smaller quantities, are roots of many kinds, such as 
those of asphodel, madder, etc. Seeds and nuts have been made to yield it. It 
will thus be seen that the sources of this substance are practically innumerable; 
anything, in fact, which contains or can be converted into sugar is what is termed 
llalcoholisable.ll 

Alcohol has become a substance of such prime necessity in the arts and 
manufactureres, and in one form or another enter so largely into the composition 
of the common beverages consumed by all classes of people that its manufacture 
must, of necessity, rank among the most important industries of this and other 
lands. 

Of the alcohols given in the above table only two concern the ordinary 
distiller, or producer of alcohol for general use in the arts. Methyl alcohol, the 
ordinary "wood alcohol,11 or wood ,naphtha, and Ethyl alcohol, which is produced 
by the fermentation of sugar and may therefore be made from anything which 
contains sugar. 



CHAPTER !I 

THE PREPARATION OF MASHES AND FERMENTATION 
t 

r , 
Alcohol may be produced either from (1) farinacious materials, such as 

potatoes or grains, (2) from sacchariferous substances such as grapes, sugar beets, 
sugar cane, or the molasses produced in sugar manufacture." 

The Preparation of Starchy Materials 

Saccharification, Preparatory Mashing 

With starchy materials it is first ,necessary to convert the starch into a 'sugar 
from which alcohol can be produced by. the process of fermentation. This is 
called saccharification. 

Gelatinizing 

The first step in this process-is gelatinizing the starch; that is, forming it 
into a paste by heating it with water; or into a liquid mass by steaming it under 

' high pressure. The liquid or semi-liquid mass is then run into a preparatory mash 
vat and cooled. 

The disintegrated raw materials or gelatinized starch in the preparatory mash 
vat is now to be "saccharified" or converted into sugar. This is effected by 
allowing malt to act on the starch. This malt contains a certain chemical 
"ferment" or enzyme, called "diastase" ("I separate"). 

This is able under proper conditions to break up the gelatinized starch into 
simpler substances-the dextrins-and later into a fermentable sugar called 
maltose. 

Production of Alcohol From Sacchari ferous Substances 

Substances such as grape juice, fruit juice, sugar beets, cane sugar and 
molasses already contain fermentable sugar. Saccharification is therefore not 
needed and juices .or liquids from these matters are either directly fermented as 
in the case of sugar cane, or-as in the case of sugar beets-the sugar in juice 
is transferred by yeast into a fermentable sugar. 

Fermentation 

Fermentation is an obscure and seemingly spontaneous change or de- 
composition which takes place. in most vegetable and animal substances when 
exposed a t  ordinary temperatures to air and moisture. While fermentation 
broadly covers decay or putrifaction, yet it is- limited in Grdinary use to the 
process for producing alcoholic liquors from sacchariferous mashes. 



Fermentation is brought about by certain bodies called ferments-these are 
either organized, as vegetable ferments such as yeast, or unorganized ,as 
diastase-the enzyme of germinated malt. The last is used to convert starch into 
maltose, the first is used to convert maltose into fermentable sugar. The 
organized ferments are either to be found floating freely in the air under the 
name of wild yeast or.are artifically produced. If a solution of pure sugar be 
allowed to stand so that it can be acted on by the orgadisms in the air, it  will 

.remain unaltered for a long time, but finally mold will appear upon it and it will 
become sour and dark-colored. If, however, a suitable ferment is added to it, 
such as yeast, it rapidly passes into a state of active fermentation by which the 
sugar is split up into alcohol and carbon dioxid, the process continuing from 48 
hours to several weeks according to the temperature, the amount of sugar 
present, and the nature and quantity of the ferment. Fermentation cannot occur 
a t  a temperature much below 40°F., nor about 140°F. The limits of practical 
temperature, however, are 41° to 86OF. Brewer's yeast is chiefly employed in 
spirit manufacture. 

The most striking phenomena of fermentation are the turbidity of the liquid, 
the rising of gas bubbles to the surface, and the increase in temperature, the 
disappearance of the sugar, the appearance of alcohol and the clearing of the 
liquid. At the end a slight scum is formed on the top of the liquid and a light 
colored deposit a t  the bottom. The deposit consists of yeast which is capable of 
exciting the vinous fermentation in other solutions of sugar. The lower the 
temperature the slower the process, which a t  a temperature above 86OF. the 
vinous fermentation is liable to pass into other forms of fermentation to be 
hereafter considered. 

There are many theories of fermentation, of which the two most important 
are those of Pasteur and Buchner. The first teaches that fermentation is caused 
purely by the organic life of the yeast plant and is not a mere chemical action, 
whereas the second view most largely held today is that fermentation is a purely 
chemical change due to certain unorganized substances called "enzymes". present 
in the yeast. 

The theory need not detain us. It is sufficient that the yeast plant in some 
manner acts to decompose the saccharified mash into alcohol and carbonic acid 
gas. 

Yeast 

Yeast is a fungus, a mono-cellular organism, which under proper conditions 
propogates itself to an enormous extent. There are many races or varieties of 
yeast each having its peculiar method of growth. 

For our purposes we may divide the yeast races into two classes, wild yeast 
and cultivated yeast. Originally any of the yeast races were supposed to be good 
enough to effect fermentation but today every effort is made to procure and use 
only those races which have the greatest power to  decompose sugar. It was for 
this reason that the old distiller kept portions of his yeast over from one 
fermentation to the next. T5is was yeast whose action they understoad and whose 
abilities were proven. This yeast so kept was open, however, to  the chance of 
contamination and yeast today is as carefully selected and bred as is a strain of 
horses, or dogs, or plants. 



After getting a portion of selected pure yeast for breeding purposes, it may 
be sowed, that is, propagated very carefully in a yeast mash, in sterilizing 
apparatus, where a l l  chance of contaimination by bacteria or wild yeast is 
avoided. From this bed of mother yeast, or start yeast for the  successive yeast 
mashes is taken. 

The preparation of the various varieties of yeast mashes is too,lengthy to be 
set forth except in special treatises on the subject, but the ordinary method of 
yeasting is as follows. 

The yeast mash we will assume is composed of equal parts of barley malt and 
rye meal. Hot water at  166OF. is first put into the mash tub. The rake or 
stirrers.are then rotated and the meal run in slowly. The stirring is continued 
for twenty minutes after the meal is all in, during'which the.mash has become 
saccharified. 

The mash is then allowed to stand for about twenty hours, and to grow sour 
by lactic fermentation. The lactic acid so produced protects the mother yeast 
from infection by suppressing wild yeast and bacteria.. During this period great I 

care is taken to prevent the temperature of the mash falling below 95OF. and 
consequent butyric and acetous fermentation following. After it has so stood the 
sour mash is cooled by circulating water in the coils and stirring until it is 
reduced to from 5g0 to 68OF. depending on whether the mash is thin or thick. 
Start yeast during the cooling of the mash when a t  about 86OF. is added and 
stirred in. For the next twelve hours the yeast ferments and when a temperature 
of 84OF. has been attained the mash is cooled to 6S°F. at  which temperature it 
is maintained until allowed to enter the fermenting tubs through the pipe leading 
thereto from the yeast tub. 

, There are four principal kinds of fermentation: alcoholic, acetous, lactic and . 
viscous. 

Alcoholic Fermentation 

This may be briefly described as .follows: The mash in the fermenting vat 
having been brought to the proper temperature, the ferment is thrown in, and the 
whole is well stirred. together. 

This is. known as pitching. 

The proper pitching temperature varies with the method of fermentation 
adopted, the 'length of the fermenting period, the materials of the mash, its 
thickness or attenuation. It must always be remembered that there is a great 
increase in the temperature of the "beer" during fermentation and that the 
temperature a t  its highest should never under any circumstances, become greater 
than 86OF. and with thick mashes that even a less heat is desirable. Therefore 
the pitching temperature should be '  such that the inevitable rise due to 
fermentation shall not carry the temperature to or beyond the maximum point 
desired for the particular mash being treated. . It is to accurately control. the 
pitching temperature and. the fermenting temperature that the fermenting tanks 
are provided with cooling appliances. 



In about three hours' time, the commencement of 'the fermentation is 
announced by small bubbles of gas which appear on the surface of the vat, ,and 
collect around the edges. As these increase in number, the whole contents are 
gradually thrown into a state of motion, resembling violent ebullition, by the - 
tumultuous disengagement of carbonic anhydride. The liquor rises in temperature 
and becomes covered with froth. At this point, the vat must be covered tightly, 
the excess of gas finding an exit through holes in the lid; care must now be taken 
to prevent the temperature from rising too high, and also to prevent the action 
from becoming too energetic, thereby causing the contents of the vat to 
overflow. In about twenty-four hours the action begins to subside, and the 
temperature falls, to that of the surrounding atmosphere. An hour or two later, 
the process is complete; the bubbles disappear, and the liquor, which no'w 
possesses the characteristic odor and taste of alcohol, settles out perfectly clear. 
The whole operation, as here described, usually occupies from forty-eight to 
seventy-two hours. The duration of the process is influenced, of course, by many 
circumstances, chiefly by the bulk of the liquor, its richness in sugar, the quality 
of the ferment, and the temperature. 

Acetous Fermentation 

This perplexing occurrence cannot be too carefully guarded against. It results 
when the fermenting liquor is exposed to the air. When this is the case, the 
liquor absorbs a portion of the oxygen, which unites with the alcohol, thus 
converting it into acetic acid as rapidly as it is formed. When acetous 
fermentation begins, the liquor becomes turbid, and a long, stringy substance 
appears, which after a time settles down to the bottom of the vat. It is then 
found that all the alcohol has been decomposed, and that an equivalent quantity 
of acetous acid remains instead. It has been discovered that the presence of a 
ferment and a temperature of 68O to 9S°F. are indispensable to acetous 
fermentation, as well as contact with the atmosphere. Hence, in order to prevext 
its occurrence, it is necessary not only to exclude the air, but also to guard 
against too high a temperature and the use of too much ferment. The' latter 
invariably tends to excite acetous fermentation. It should also be remarked that 
it is well to cleanse the vats and utensils carefully with lime water before using, 
in order to neutralize any acid which they may contain; for the least trace of acid 
in the vat has a tendency to accelerate the conversion of alcohol into vinegar. 
A variety of other circumstances are favorable to acetification, such as the use 
of a stagnant or impure water, and the foul odors which arise from the vats; 
stormy weather or thunder will also engender it. 

Lactic Fermentation 

Under the influence of lactic fermentation, sugar and starch are converted 
into lactic acid. When it has once begun, it develops rapidly, and soon 
decomposes a large quantity of glucose; but as it can proceed only in a neutral 
liquor, the presence of the acid itself speedily checks its own formation. Then, 
however, another ferment is liable to act upon the lactic acid already formed, 
converting it into butyric acid, which is easily recognized by its odor of rank 
butter. Carbonic anhydride and hydrogen are evolved by this reaction. The latter 
gas acts powerfully upon glucose, converting it into a species of gum called 
mannite, so that lactic fermentation-in itself an intolerable nuisance-becomes 
the source of a new and equally objectionable waste of sugar. It can be avoided 
only by keeping the vats thoroughly clean; they should be washed with water 



acidulated with five percent of sulphuric acid. An altered ferment, or the 'use 
of too small a quantity, will tend to  bring it about. 

The best preventives are through cleanliness, and the use of good, fresh yeast 
in the correct proportion. 

VISCOUS Fermentation 

This is usually the result of allowing the vats to stand too long before 
fermentation begins. It is characterized by the formation of viscous or 
mucilaginous matters, which render the liquor turbid, and by the evolution of 
carbonic anhydride and hydrogen gases the latter acting as in the case of lactic 
fermentation and converting the glucose into mannite. Viscous fermentation may 
generally be attributed to  the too feeble action of .the ferment. It ixcurs 
principally in the fermentation of white wines, beer, and beet juice, or of other 
liquors containing much nitrogenous matter. It may be avoided by the same 
precautions as are indicated for the prevention of lactic fermentation. 

Periods of Fermentation 

The operation of fermentation may be conveniently divided into three equal 
periods. 

The first or pre-fermentation period is that when the yeast mixed into the 
mash is growing; the temperature should then be kept at about 63 to 68OF. during 
which time the yeast is propagated. The growth of the yeast is manifested by 
the development of carbonic acid gas and by a slight motion of the mash. When 
alcohol is produced to an extent of say five percent, the growth of the yeast 
stops: 

The second period of chief ferementation then begins. Carbonic acid is 
freely developed and the sugar is converted into alcohol. The temperature at  this 
time should not exceed 81.S°F. The second period of fermentation continues 
about 12  hours, when the last period commences. 

During the third period or after fermentation there is a .lessening of the 
formation of carbonic acid and a lowering of the temperature. In this stage the 
mash is kept at  a temperature of 77O to 81°F. 

In order to conveniently regulate the temperature of the mash the vat may 
be provided with a copper worm at the bottom thereof, through which cold water 
is forced. This, however, need only to used for thick mashes. There are also 
various kinds of movable coolers used for this purpose. 

There are a number of different forms which fermentation may take. The 
insoluble constituents of the mash in the process of fermentation are forced to 
the surface, and form what may be termed a cover. If the carbonic acid gas 
bubbles seldom break this cover it indicates that the conversion of the sugar into 
alcohol and carbonic acid is proceeding very slowly and imperfectly. If, however, 
the cover is swirling and seething, and particularly if the cove- iS rising and 
falling with every now and then a discharge of gas, it is an indication that the 
conversion is properly proceeding. Foaming of the mash is to be prevented, as 
the froth or foam flows over the mash tank and considerable loss is sustained. It 
may be prevented by pouring a little hot lard into the vat, or petroleum, provided 
its odor will not interfere with the use of the alcohol when distilled. 



Water is added in small quantities near the termination of the second period 
of fermentation. This dilutes the alcohol, in the mash and lessens its percentage, 

I 
and thus the further growth of the yeast is permitted. 

After fermentation the mash takes either the form of a thick diluted pulp or 
of a thin liquor. Again the reader is reminded that the mash aft'er cermentation 
contains alcohol mixed with water-and that the next step in the pro- 
cess4istillation is necessary merely to separate the alcohol from the water. 

There is always some loss in the process of fermentation; in other words, the 
actual produc't'ion is below the theoretical amount due. Theoretically ode pound 
of starch should yield 11.45 fluid oundes of alcohol. With a good result 88.3 
percent of this theoretical yield is obtained; with an.. average result of .80.2 
percent and with a bad result only .about 72.6 percent or less. 

I Fermenting Apparatus 

, It remains now to describe briefly the vessels or vats employed in the 
processes of fermentation. .They are made of oak or cypress, firmly bound 
together with iron bands, and they should be somewhat deeper than wide, and' 
slightly conical, so ,as to present as small a surface as possible to the action of 
the air. Their dimensions vary, of course, with the nature and quantity of the 
liquor to be fermented. Circular vats are preferable to square ones, as. being 
better .adapted to retain the heat of their contents. The lid should close securely, 
and a portion of it should be made to open without uncovering the whole. For 
the purpose of heating or cooling the contents when necessary, it is of great 
advantage of have a copper coil a t  the bottom of the vat, connected with two 
pipes, one supplying steam and the other . cold . water. 

I 
Iron vats have also been used, having a jacketed space 'around them, into 

which hot or cold water may be introduced. As wooden vats are porous and hence 
uncleanly they have to be constantly scrubbed and disinfected. It is advisable to  
cover the interior with linseed oil, varnish or with a shellac varnish. The 
diameter of the coil varies according to the size of the vat. 

The room in. which the vats are placed should be made as free from draughts 
as possible by dispensing with superfluous doors and windows; it should not be too. 
high and should be enclosed by thick walls in order to keep in the heat. As 
uniformity of temperature is highly desirable, a thermometer should be kept in 
the room, and there should be stoves for supplying heat in case it be required. 
The temperature should be kept between 64OF and 68OF. 

Every precaution must be taken to ensure the most absolute cleanliness; the 
floors should be swept or washed with water daily, and the vats, .as pointed out . 

. . above, must be cleaned out as soon as ,the contents are removed. For washing 
the vats, lime-water should be used when the fermentation has been too energetic 
or has shown a tendency to become acid; water acidulated with sulphuric acid is . . 

used when the action has been feeble and the fermented liquor contains a small . 
quantity of undecomposed sugar. Care must be taken to get rid of carbonic , 

anhydride formed during the operation. Buckets of lime-water are someti nes 
placed about the room for the purpose of absorbing this gas; but the best way of . 



getting rid of it is to  have a number of holes, three or four inches square, in the 
floor, through which the gas escapes. by reason of its weight. The dangerous 
action of this gas and its effects upon animal life when unmixed with air are too 
well known .to necessitate any further enforcement of these precautions. 

The beer oQtained by mashing and fermenting consist essential* of volatile 
substances, such as water, alcohol, 'essential oils and a little acetic acid, and of 
non-volatile stlbstances, such as cellulose, dextrine, unaltered sugar and starch, 
mineral matters, lactic acid, etc. 

The volatile constituents of the liquor possess widely different degrees of 
volatility; the alcohol has the lowest boiling point, water the next, then acetic 
acid, and last the essential oils. It will thus be seen that the separation of the 
volatile and non-volatile constituents by evaporation 'and condensation of the, 
vapors given off is very easily effected, and that also by the same process, which 
is termed distillation, the volatile substances may be separated from one another. 
As the acetic acid and essential oils are present only in very small quantities,. 
they will not require much consideration. 

The aim of distillation is to separate as completely as possible the alcohol 
from the water which dilutes it. Table I shows the amount of alcohol contained 
in the vapors given off from alcoholic liquids of different strength, and also their 
boiling points. 

A glance at  this table shows to what an extent an alcoholic liquor may be 
strengthened by distillation, and how the quantity of spirit in the distillate 
increases inproportion as that contained in the original liquor diminishes. It will 
also be seen that successive distillations of spirituous liquors will ultimately yield 
a spirit of very high strength. 

As an example, suppose that a liquid containing five percent of alcohol is to 
be distilled. Its vapor condensed gives a distillate containing 42 percent of 
alcohol which, if re-distilled, affords another containing 82 percent. This, 
subjected against to distillation, yields alcohol of qver 90 percent in strength. 
Thus; three successive distillations have strengthened the liquor from five percent 
to  90 percent. 

It will thus be clear that the richness in alcohol of the vapors given off from 
boiling alcoholic liquids is not a constant quantity, but that it necessarily 
diminishes as the ebullition is continued. For example a liquor containing seven 
percent of alcohol yields, on boiling, a vapor containing 50 percent. The first 
portion of the distillate will, therefore, be of this strength. But as the vapor is 
proportionally richer in alcohol, the boiling liquor must become gradually weaker, 
and, in consequence, must yield weaker vapors. Thus, when the proportion of 
alcohol in the boiling liquid has sunk to five percent, the vapors condensed at  that 
time will contain only 40 percent; at  two percent of alcohol in the liquor, the 
Vapors yield only 28 percent, and at  one percent, they will be found when 
condensed to  contain only 13 percent. From this it will be understo~d that if the 
distillation be stopped at  any given point before the complete volatilization of all 
the alcohol the distillate obtained will be considerably stronger .than if the 
process had been carried on to the end. Moreover, another advantage derived 
from checking the process before the end, and keeping the last portions of the 
distillate separate from the rest, besides that of obtaining a stronger spirit, is 



that a much purer one is obtained also. The volatile, essential oils, mentioned 
above, are soluble only in strong alcohol, and insoluble in its aqueous solutions. 
They distill also at  a much higher temperature than alcohol, and so are found only 
among the 'last products of the distillation, which results from raising the 
temperature of the boiling liquid. This system of checking the distillation and 
removing the products a t  different points is frequently employed in the practice 
of rectification. 

Continuous Alcoholic Fermentation 

Continuous alcoholic fermentations are shown to be preferably one stage 
processes. It was found that the specific yield of ethanol (based upon the 
fermented sugar) can be about 98% of the theoretical, value compared to about 
93% yield in normal batch processes. Continuous fermentation of enzymatically 
saccharified starch containing raw materials is limited by the saccharification 
rate and takes about 40 hours fermentation time. Fermentation of clarified beet 
or cane juices only nteds 6 hours fermentation time. Scale-up is no problem. The 
process don't need sterile conditions because bacteria don't have a chance for 
considerable growth and because of ,selective conditions ' for growing and 
fermenting yeast. 

Alcoholic fermentation is used since thousands of years to produce beverages 
like beer, wine and champagne. The industrial production of ethanol by, fer- 
mentation and distillation started about a hundred years ago. The technical 
process requires a t  least three stages: 

1. Producing of fermentable substrate solutions 
2. Fermentation 
3. Separation of ethanol 

This paper deals with alcoholic fermentation and gives notes on some 
problems of substrate solutions. 

~ h b  fermenting yeasts (e.g. saccharornycas itrains) catalyze the dispropor- 
tidnation of sugars to ethanol and carbon dioxide. This is an exothermic reaction .. 
where about 4 %  of the combustion energy of sugar are released. The biochemical 
equation is 

C6HI2o6 + 2ADP + P 2C2H60 + 2C02 +2ATP (A) 

Yeast is able to use the anaerobically born energy bounded in ATP for ana- 
bolic metabolism resulting in yeast growth. Thus, in solutions containing sugar as 
the only carbon source, consequently the ethanoi yield must be a little bit lower 
than the stoichiometric (theoretical) value cited in equation (A) above. In practice 
a 94% yeild, based upon .the fermented sugar, is thought to  be the optimum (1). 

Most of the characteristic properties which are necessary to  be known for 
carrying-out technical fermentation processes are well known. Optimum 
temperatures are 25 to  40°C, pH-values of 3 to 7 are allowed, ethanol' concen- 
tration may reach up to 15% (v./v.). 



Although extensive research is done since more than one hundred years, 
alcoholic fermentations on a technical scale are batch processes until now except 
some sterile beer fermentations. Many scientists are convinced that continuous 
fermentations are impossible on a technical scale because of the large problems 
of infections. Because of the longer generation time of yeast with respect to 
bacteria, it is understood that a sterile culture isn't possible on a simple way. We 
can expect e.g. lactobacilli which are ubiquitous in nonsterile sugar solutions. 
Therefore the total process can only be maintained during a longer time if we we 
successful in choosing fermentation conditions selective for yeast but not for 
bacteria. 

We believe that the biotechnological production of ethanol as a fuel must be 
carried out by continuous processes because of economical reasons (3). If in the 
future ethanol should be produced in large factories there is need of a continuous 
fermentation process, which is insensible against unavoidable troubles in practice 
and which, on the other hand, can be automatically controlled to .avoid yield 
losses. 4 

There are a lot of proposals for continuous alcoholic fermentation processes 
6-14), Because of the fact, that the 'produced ethanol inhibits fermentation rate 
and yeast growth, all continuous fermentation processes proposed in scientific 
literature are multistage processes: the first stages with a low ethanol 
concentration serving for proliferation of yeast cells, the following stages serving 

- for the bulk alcohol ~roduction. . . 
Oxygen is known to be an essential growth factor for fermenting yeast. 

Although yeast growth is possible in strict anaerobic substrate solutions which 
contain some growth factors, e.g. biotin, pantothenate, inosite, thiamine, 
nicothinic acid and pyridoxine (2), as well as sterines (15) and unsatturated lipid 
acids (16), there is only need of biotin, pantothenate and inosite in aerobic 
fermentations (2). Thus continuous alcoholic. fermentations are carried out in the 
presence of oxygen in catalytic amounts (17-24). Molecular oxygen is an 
important factor in regulation of mitochondria1 and plasmatic enzyme synthesis 
(25, 26). 

. , 
Oxygen demand in alcoholic fermentation a t  temperatures of 30-350C and 

7-10% (v./v.) ethanol as claimed for distillery practice is at least 0.2 mg 02/g 
yeast x h (27, 28) and is higher than in beer fermentation. 

.Before discussing experimental data of our continuous alcoholic fermentation 
process, we would like to give a description by the help of brain experiments. 

Looking at normal batch fermentations, we know, that a considerable growth 
of bacteria occurs only after the exponential growth phase of yeast. This is an 
indication that bacterial growth is reduced if there is a high yeast growth rate. 
Assuming a multistage continuous fermentation process, it will hardly be possible 
to maintain high yeast growth rates in all stages. Complete inhibition of 
bacterial growth doesn't occur at  ethanol concentrations below 9%--&OH (v.Iv.1 
(4). Thus we can expect an increased growth of bacteria in all stages 
characterized in a low yeast growth rate. Increased number of bacteria 
consequently results in yield losses. These thoughts lead our notion on a one 
stage process. 



What will happen in the first stage of a multistage process? Assuming a 
positive result, we can expect, that on a long term basis there will be a selec- 
tion of yeast cells, which have higher specific fermentation rates and are less 
inhibited by the produced ethanol.. This would result in a slow increase-of ethanol 
'concentration in this stage. In the ideal:.case' we 'would get yeast cells which are 
able to  ferment all sugar in the first 'stage. 

What will happen at  troubles in a multistage process (e.g. interruption 
of sugar dosage)? As long as sugar is available, the yeast will ferment' it and 
ethanol concentration increases. When sugar dosage later on is continued, the 
yeast can't ferment the same amount of sugar in the first stages (because of 
ethanol inhibition of fermentation rate). This will result in yield losses. 

Compared to a multistage process, there will be no increase of ethanol in a 
one stage process at  dosage interruptions because of the Iow sugar concentration; 
Consequently after continuation of dosage the yeast will be able to ferment a t  ' 
the prior rate. 

As a result of this brain experiment we were searching for a yeast, which is 
able to  grow and ferment a t  ethanol concentrations gained in distilleries, that 
means 7 to 10% (v.Iv.1. 



CHAPTER I l l  

ALCOHOLOMETRY 

Alcoholmetry is the name given to a variety of methods of determining the 
quantity of absolute alcohol contained in spirituous liquors. It will readily be seen 
that a quick and accurate method of making such determinations is of the very 
utmost importance to those who are engaged in the liquor traffic, since the value 
of spirit depends entirely lipon the percentage of alcohol which it contains. When 
alcuholic liquors consist .of simple mixtures of alcohol and water, the test is a 
simple one, the exact percentage being ,readily deducible from the specific gravity 
of the liquor, because to a definite specific gravity belongs a definite content of 
alcohol; this is obtained either by means of the specific gravity bottle, or of 
hydrometers of various kinds, specially constructed. 

All hydrometers comprise essentially a graduated stem of uniform diameter, 
a bulb forming a float and a counterpoise or ballast. The hydromete'rs may either 
be provided with a scale indicated on the neck or else with weights added to sink 
the hydrometer to a certain rnark. The first instruments are called hydrometers 
of "constant immer~ion,~' the others, of "variable immersion." 

At the latter end of the last century, a series of arduous experiments were 
conducted by Sir C. Blagden, a t  the instance of the British government,' with a 
view to establishing a fixed proportion between the specific gravity of spirituous 
liquors and the quantity of absolute alcohol coritained in them. The result of 
these experiments, after being carefully verified, led to the construction of a 
series of tables, reference to which gives at  once the percentage of alcohol for 
any given number of degrees registered by the hydrometer; these tables are 
invariably sold with the instrument.. They are also .constructed to show the 
number of degrees over- or under-proof, corresponding to he hydrometric degrees. 
Other tables are obtainable which give the specific gravity corresponding to these 
numbers. 

The measurement of the percentage of absolute alcohol in spirituous liquors 
is almost invariably expressed in volume rather than weight, owing to the fact 
that such liquors are always sold by volume. Nevertheless, the tables referred to 
above show the percentage of spirit both by volume and weight. 

In the United States the standard liquor, known as proof spirit, contains 92.3 
percent by weight and 94.9 percent by volume, of absolute alcohol; it has a 
specific gravity of -9186 at. 60°F. A proof gallon contains by measurement 100 
parts of alcohol and 81.5 parts of water. The strength and therefore the value 
of spirituous liquors is estimated according- to the quantity by volume of 
anhydrous spirit contained in the liquor with reference to this standard. Thus the 
expression "20 percent o ~ e r p r o o f , ~ ~  "20 percent underproof," means that the liquor 
contains 20 volumes .of water for every volumes over or under this fixed quantity, 
and that in order to  reduce the spirit to proof, 20 percent of water by volume, 
must be subtracted or added,.as the case may be. Any hydrometer constructed 
for the measurement of liquids of less density than water may be employed. That 
known as "Syke's" is most commonly used for alcoholometric purposes. It is 



shown in Figure 11 and consists of a spherical brass ball A, to  which is fixed two 
stems; the upper one B is also of brass, flat, and about 3 1/2 inches in length; 
it is divided into ten parts, each being subdivided into five, and the whole being 
numbered as shown in the figure. The lower stem C is conical, and slightly more 
than an inch long; it terminates in a weighted bulb D. A series ,of circular 
;weights, of the form shown in the figure, accompany the instrumerlt; these.' are 
slipped upon the top of the lower stem C, and allowed to slip down until they rest 
upon the bulb D. The instrument is used in the following way: It is submerged 
in the liquor to be tested until the whole of the upper stem is under the surface, 
and an idea is thus gained of the weight that will be required to, partly submerge 
the stem. This weight .is added, and the hydrometer again placed in the liquor. 
The figure on the scale to which the instrument has sunk when a t  rest is',now 
observed, and added to the number, on the weight used, the sum giving, by 
reference to the tables, the percentage by volume of absolute alcohol above or 
below the standard quantity. 

F i g u r e  11.. 

In exact estimations, the temperature of the liquor tested must be carefully - 
registered, and the necessary corrections made. In Jones' hydrometer, which is 
an improvement upon Skye's, a small spirit thermometer is attached to the bulb, 
and by noting-the temperature of the liquor at the time of the experiment, and 
referring to the tables accompanying the instrument, the .strength is found a t  
once without the need of calculation. 

Dica's hydrometer is very similar to Jones' instrument above described. It 
is of copper, has a stem fitted to receive brass poises, a thermometer, a 
graduated scale etc. 



In Europe, Gay-Lussac's hydrometer and tables are chiefly used for 
alcoholmetric testing. This instrument is precisely similar in construction to 
those of Twaddle and Baume. On the scale, zero is obtained by placing it in pure 
distilled water a t  5g°F., and the highest mark, or 100, by placing it in pure 
alcohol at  the same temperature, the intermediate space being divlded into 100 
equal divisions, each representing one percent of absolute alcohol. Tne correction 
for temperature, as in the above cases, is included in the reference tables. 

Another hydrometer, used in France for alcoholmetric determinations, is 
Cartier's. In form it is precisely similar to Baume's hydrometer. Zero is the 
same in both instruments, but the point marked 30° in Cartier's is marked 32O 
in Baumels, the degrees of the latter being thus diminished in the proportion of 
15 or 16. Cartier's hydrometer is only used for liquids lighter.' than water. 

The alcoholmeter of Tralles is the official instrument for testing alcoholic 
liquors in the U.S. but the instrument which is most generally used both here and 
abroad is that of Beume. There are two instruments bearing Beaume's name, one 
for liquids lighter than water, the other for those which are heavier. All 
hydrometers, alcoholmeters and saccharometers work on the same principle, 
though they are each differently graduated for the particular work to be done and 
the details of the measuring process are slightly different. All these instruments 
are provided with tables whereby their readings may be corrected and the specific 
gravity of the liquid determined. 

The above hydrometric methods can be safely employed only when the spirit 
tested contains a very small amount of solid matter, since, when. such matter is 
contained in the liquor in quantity, the density alone cannot possible afford a 
correct indication of its richness in alcohol. Many methods have been proposed 
for the estimation of alcohol in liquor, containing saccharine coloring and 
extractive matters, either in solution or suspension. Undoubtedly the most 
accurate of these, though at the same time the most tedious, is to subject the 
liquor to a process of distillation by which a mixture of pure alcohol and water 
is obtained as the distillate. This mixture is carefully tested with the 
hydrometer, and the percentage of alcohol in it determined by reference to the 
tables as above described; from this quantity.and the volume of the original liquor 
employed the percentage by volume of alcohol in that liquor is readily found. The 
condensing arrangement must be kept perfectly cool, if possible in a refrigerator, 
as the alcohol in the distillate is very liable to be lost by re-evaporation. When 
great accuracy is desired, and time is a t  the qperatorls disposal, the above 
method is preferable to all others. 

It is performed in the following manner: Three hundred parts of the liquor 
to be examined are placed in a small still, or retort, and exactly one-third of this 
quantity is distilled over. A graduated glass tube is used as the receiver, in order 
that the correct volume may be drawn over without error. The alcoholic richness 
of, the distillate is then determined by any of the above methods, and the result 
is divided by three, which gives at  once the percentage of alcohol in the original 
liquor. The strength at  proof may be calculated from this in the ordinary way. 



If the liquor be acid, it must be neutralized with carbonate of soda before 
being submitted to distillation. From eight to ten percent of common salt must 
be added, in order to raise the boiling point, so that the whole of the spirit -may 
pass over before it has reached the required measure. In the case of the stronger 
~ i n e s  it is advisable to distill over 150 parts and divide by two instead of three. 
I f  the liquor be stronger than 25 percent by volume of alcohol, or above 52 to 
54 percent under-proof, an equ'al volume of water should be added to the liquid 
in the still, and a quantity distilled over equal to that of the sample tested, when 
the alcoholic strength of the distillate gives, without calculation, the correct 
strength required. If the liquor be stronger than 48.  to 50 percent under-proof, 
three times its volume of water must be added, and the process must be 
continued until the volume of the distillate is twice that .of the sample originally 
taken. In each case the proportionate quantity of common salt must be added. 

For the estimation of alcohol in wines, liquors, etc., the following method 
may be employed: A measuring flask is filled up to a mark on its neck with the 
liquor under examination, which is then transferred to a retort; the flask must be 
carefully rinsed out with distilled water, and the rinsings added to the liquor in 
the retort. About two-thirds are then'drawn over into the same measuring flask, 
and made up to its previous bulk with distilled water, at  the same temperature 
as that of the sample before distillation. The strength is then determined by 
means of Syke's hydrometer, and this, if under-proof, deducted from 100, gives 
the true percentage of proof-spirit in the wine. 

A quick, if not always very exact, method consists in determining the point 
at  which the liquor boils. The boiling point of absolute alcohol being once 
determined, it is obvious that the more it is diluted with water the nearer will 
the boiling point of the mixture approach that of water; moreover, it has been 
proved that the presence of saccharine and other solid matters has but an'almost 
inappreciable effect upon this point. Field's alcoholometer, since improved by 
Ure, is based upon this principle. It is shown in Figure 12, and consists, roughly 
speaking, of a cylindrical vessel A, to contain the spirit; this vessel is heated 
from beneath by a spirit lamp, which fits into the case B. A delicate 
thermometer C, the bulb of which is introduced into the spirit, is attached to a 
scale divided into 100 divisions, of which each represents one degree over-or 
under-proof. This method is liable to several small sources of error, but when a 
great many determinations have to be made, and speed is an object rather than 
extreme accuracy, this instrument becomes exceedingly useful. It does not 
answer well with spirits above proof, because the variation in their boiling points 
are so slight as not to be easily observed with accuracy. But for liquors under- 
proof, and especially for wines, beer, and other fermented liquors, it gives results 
closely approximating to those obtained by distillation, and quite accurate enough 
for all ordinary purposes. Strong liquors should therefore be tested with twice 
their bulk, and commercial spirits with an equal bulk, of water, the result 
obtained being multiplied by two or three, as the case may be. 



F i g u r e  12. F I E L D ' S  ALCOHOLOPiETER 

Another very expeditious, but -somewhat rough, method was invented by 
~Gisler. It consists in measuring the tension of the vapor of the spirit, by causing 
it to raise a column of mercury in a closed tube. The very simple apparatur is 
shown in Figure 13. A is a small glass bulb, fitted with a narrow tube and stop- 
cock. This vessel is completely filled with the spirit, and is then screwed upon 
a long, narrow tube B, bent a t  one end and containing mercury. This tube is 
attached to a graduated scale showing the percentage of absolute alcohol above 
or below proof. To make the test the cock is opened, .and the bulb, together with 
the lower part of the tube, is immersed in boiling water, which gradually raises 
the spirit to its boiling-point. When this is reached, the vapor forces the mercury 
up the tube, and, when stationary, the degree on the scale to which it has 
ascended gives directly the percentage .of alcohol. 

Another method, which is not be relied on for very weak liquors, but which 
answers well for cordials, wines, and strong ales, is that known as Brande's 
method. The liquor is poured into a long, narrow glass tube, graduated 
ckntesimally, until it is half-filled. About 1 2  or 15 percent of subacetate of lead, 
or finely powered litharge, is then added, and the whole is shaken until all the 

' color is destroyed. Powered anhydrous carbonate of potash is next added until it 
sinks undissolved in the tube, even after prolonged agitation. The tube is then 
allowed to rest, when the alcohol is observed to float upon the surface of the 
water in a well-defined layer. The quantity read off on the scale of the tube and 
doubled, gives the percentage by volume of alcohol in the original liquid. The 
whole operation may be performed in about five minutes, and furnishes reliable 
approximative results. In many cases it is necessary to add the lead salt for the 
purpose of decolorizing the liquid. 

For the investigation of the amount of sugar in, or the concentration of the 
mash, or beer, a specially scaled hydrometer is used which is termed a 
sacchayometer. Sugar possesses a higher degree of specific gravity than. water, 
and hence it follows that the greater the amount of sugar in the mash the higher 
will be the specific gravity. The less the hydrometer sinks into t!le fluid the 
greater the amount of sugar present. Saccharometers are provided with 
thermometers whereby the reading may be corrected to a standard temperature, 
usually 5g°F. The saccharometer is correct for solutions containing sugar alone 
but it is only approximately correct for mash liquor which contains a variety of 
other ,matters in variable quantities. 



It is a primeenecessity that the distiller should be able to determine if the 
mash has been completely saccharified by the malt. For this purpose a solution 
of iodine is used. Iodine gives to starch a blue color. If the starch however, has 
been completely changed into sugar there will either be no discolaration or the 
filtered mash liquid which is at  first a yellowish red becomes blue .then violet, 
and at  last red. 

Determination of the Purity of Alcohols. While the knowledge "1' the amount 
of alcohol contained in a liquid is of great practical utility, this does not give any 
idea of the impurities present. 

An alcohol of 100 degrees or an absolute alcohol, may contain numerous 
impurities which may greatly affect its quality. It is therefore necessary in 
addition to analyze the purity of the alcohol. 

In commercial practice there are certain simple, processes which will give a 
basis by which to determine the impurities left after distillation and rectification. 
These processes are largely empirical. They are based on the perception of the' 
senses and are consequently of an entirely relative degree of .precision. 
Nevertheless, when made by a practical expert, the operation may give very. 
useful ' preliminary indications. 

This. test is made in a glass of special shape broad at  the bottom and* 
narrowing at  the top in order to concentrate the aroma of the product. Ordinary 
brandies are tested undiluted, Commercial elcohols, of about 95 degrees must be 
diluted with water. to a maximum of 30 degrees. Otherwise the burning tang of 
the alcohol would preclude any delicacy of perception and allow impurities to pass 
unnoticed. 

' For the examination by, sense of taste, the operator rinses his mouth for a 
moment with the liquid itself. The taste of ethyl alcohol is fairly transient; it 
disappears quickl,y allowing the taste of the accompanying foreign matter to be 
perceived almost immediately afterward. With a little practice this test enables 
one to distinguish by .their flavor the primal origin of alcohols and to judge of 
their purity. Some professionals succeed by training in arriving a t  high degree of 
skill in the art of tasting aicohol as it should be done. 

In order to determine the purity of alcohol there are besides chemical tests 
used by the trade. These tests, which consist in characterizing and measuring 
separately the impurities which alcohol may contain, such as acids, ethers, 
aldehydes, bases, etc., belong exclusively to analytical chemistry; they are 
extremely delicate and complicated. We will not venture to touch upon them 
here. I 

One of the simplest tests for purity .is that of Barbet. This is based upon the 
t ime taken to discolor a solution of permanganate of potash under the action of 
the tested alcohol. It is not only very rapid but in general more practical t h ~ n  
other tests. It allows the aggregate of the impurities contained in an alcohol to 
be ascertained in a single operation. 



The permanganate solution used is very weak (0. gr. 200 of salt), and of a 
violet-red color. The technique of the proceeding is as follows: 50 cubic 
centimeters of the alcohol to be tested are placed in a glass vessel the 
temperature of which is maintained .at 64.40°F. 2 cubic centimeters of the 
permanganate solution are abruptly added and the time noted to within a second. 
Discoloration is awaited and as soon as it takes place the time is again noted. 
The total discoloration of the permanganate is not very marked and passes 
through intermediate stages; therefore it is preferable not to await complete 
discoloration but to stop at  a pale salmon tint, which tint may be comparatively 
fixedoby a sample of colored liquid (say a solution of fuchsine and chromate of 
potash). 

The comparative times of discoloration obtained by M. Barbet with various 
commercial alcohols, are as follows: 

Pure alcohol 43 min. 30 sec. 
Extra fine alcohol 5 min. 30 sec. 
Semi fine alcohol 5 min. 10 sec. 
Medium flavor alcohol 
(first running) 5 min. 5 sec. 

Mediocre alcohol 5 min. 11 sec. 
Medium flavor alcohol 
(last running) 2 min. 12 sec. 



A STANDARD PROCESS OF PRODUCING ALCOHOL 
FROM AGRICULTURAL P~ODUCTS 

Alcohol from Potatoes 
e 

In certain countries, as for instance Germany and France, potatoes form the 
greatest source of alcohol, particularly for industrial purposes. With .the possible 
exception of corn and beets they will probably- be most used in America* 

The best potatoes for distilling are those which are most farinaceous when 
boiled. In other words, those which are "mealyn and most appetizing. These give 
the largest yield of alcohol per bushel. The best season of the year in which to 
use potatoes is from October to March, when they germinate. 

The potatoes should be kept in dry cellars, and at  even temperatures, warm 
enough to prevent freezing and not so warm that they will rot or sprout. Diseased 
potatoes may however be used, if they have not been attacked by dry rot, though 
they are not so easily worked. Frosted potatoes may be also used, but they must 
not have been completely frozen. 

Before being steamed, the potatoes should be washed, either by hand or by 
a machine, care being taken to. remove all stones, clods of earth, and other 
foreign substances which might impede the subsequent operations. 

There are three main methods of saccharifying the fecula or starch of the 
potato. The ' first and most important by reducing the. tubers to a pulp, and 
malting the entire mass. The second and third, by rasping the potatoes and so 
separating the fecula or starch grains from the mass, and then making a thin 
liquor or wash containing this fecula. 

Originally, in the first process, the washed potatoes were submitted to  the 
action of boiling water, but later cooking by steam a t  a temperature of 212OF. 
was used, as being much more convenient to handle and more effective in action. 
The object of steaming is to break the coating and reduce ,the contents thereof 
to a pasty condition, wherein the starch is more effectively acted on by the malt 
and yeast. Ordinary steaming does not, however, render the pulp sufficiently 
pasty; some of the starch remains undissolved and is lost, hence in the modern 
practice, steam is turned into the steaming vat under a pressure of three or four 
atmosphere (45 to 60 lbs. to the square inch). 

High pressure steaming will be later described but the ' simple and older 
method of mashing and apparatus therefor, used prior to 1870, was as follows: 

Figure 1 4  shows a section of a steaming vat. This consists of a conical 
wooden tub H provided at  its top with a suitable cover 0 having a trap or door 
P for putting in the potatoes. This as shown, consists of a hinged lid, having a 

B 
button p or other fastening.means. This lid and cover should be of course steam 
tight, and it would be better to  have it clamped down by a screw clamp than held 
by a button. 



Somewhat above the bottom of the vat, a steam inlet pipe I enters, connected 
a t  its other end by a coupling i with a suitable steam generator (see Figure 16). 
Preferably the outlet of this pipe is screened by a perforated plate M so that it 
may not be clogged by the pulp. It is also best that a filling piece be placed -at 
the junction of the.bottom with the sides in order that there be no sharp corner 
.from which the pulp may ,not be easily cleaned out. 

Figure 1 4 .  STEAMING VAT FOR POTATOES 

The bottom of the vat may either have a discharge door a t  the side as in 
Figure 17 or a t  the bottom, as in Figure 14. 

An under side view of the latter construction is shown in Figure 15. The' 
bottom of the vat is made. in two parts or doors J K. ~ h e s e  are held closely by 
a transverse bar L inserted at  its end into a stirrup l1 ,and supported at  -its other 
end by a button 1, or other means. 

-While various forms of steam generators may be used, Figure 16 shows 9. 
simple construction well adapted to the needs of a small distillery. D desi'gnates 
the brick work of a furnace, and A the boiler. This is so set that an annular 
space E surrounds the sides of the boiler, through which the products of 
combustion must pass. 

Figure 15:  BOTTOM OF STEAMING. VAT 
The head of the boiler is connected by a pipe B and collr/ b to the steam 

inlet pipe I of the steaming vat, heretofore described, as by t)\r collars b i. 



A filling tube C enters the boiler and projects nearly to the bottom, and the 
water outlet-pipe F with cock f leads off from the upper water line. The tube 
C forms also a safety valve, for if the steam pressure becomes too great in the 
boiler and connected vat, it  will force water. up and out through the tube. If, 
however, the 'water falls below the level of the lower end of the tube, steam will 

.issue and warn the attendant that water is too low. It would be best however, 
t o  provide a steam gauge, whereby the pressure of steam in the boiler and vat 
could be accurately indicated. 

F i g u r e  1 6 .  STEAM GENERATOR 

It is to be noted that when steamed the potatoes will swell and occupy more 
space and that the steam vat should therefore not be much more than two-thirds 
filled with potatoes. 

With the steaming vat above shown, the potatoes are delivered mixed with a 
considerable quantity of water, but a better plan is to  have a perforated false 
bottom to the tub, whereby the condensed water may be carried away, the 
steamed potatoes remaining behind. 

Two hours of steaming should reduce the potatoes to proper condition, which 
may be tested by introducing a pointed iron rod through a suitable aperture, 
normally kept closed. If the rod passes freely inward, the potatoes are done and 
may be discharged into the crusher, shown in Figure 17. In this Figure the 
steaming vat A is shown mounted above the crusher. A pipe B with cock b leads 
to the steam generator. The steamed potatoes are shoveled out through the door 
a, which is usually held closed by means of the clamps or buttons a' a". 

The crusher consists of a hopper C whose bottom fits closely against two 
adjacent smooth faced rools H I or iron. These are driven by gears D E. The 
shafts of these gears have cranks d d whereby it may be operated. These gears 
are unequal so that the rolls shall move at  different speeds, and thus one will 
have a grinding action against the face of the other. A counter weighted scraper 
e bears against the face of the roll. 



The crushed potato pulp passes between the rolls and into a bin beneath, 
having adjustable walls made of boards F, sliding in suitable guides f,.from which 
the pulp may be shoveled into the mashing tank or "back." The crusher might, 
however, be arranged to deliver immediately into the mashing tank, 4f the latter 
is provided with means for stirring the delivered pulp. 

Figure 17. POTXTO S T E . W E R  .4ND CRUSHER 

The pulp or paste thus made is now placed in a vat, holding about 650 to 850 
gals., in which the saccharification takes place. About 2200 lbs. of the crushed 
potatoes and 155 lbs. of broken malt are introduced, and immediately afterwards 
water is run in at  a temperature of about 97OF to 104OF., the conte-nts being well 
stirred with a fork meanwhile. The vat is then carefully closed for half an hour, 
after which boiling water is added until the temperature reaches 140°F., when the 
whole is left for three or four hours. The process of fermentation is conducted 
in the same vat. Alternate doses of cold and boiling water are run in upon the 
mixture, until the quantity is made up to 700 or 775 gallons, according to the size 



of the vat, and so as finally to bring the temperature to  7s°F. or 7S°F. Five and 
half to six .gallons of liquid brewer's yeast are then added, and fermentation 
speedily sets in. This process complete, the fermented pulp is distilled in an 
apparatus devised for distilling materials of a pasty nature; .the prodiict has a very 
unpleasant odor and taste. 

The process above described is the old method of pulping the potatoes .by 
using steam. Under the modern method, however, and with modern apparatus, in 
preparing potatoes for distillation in large quantities, the steaming of the 
material is accomplished at  one time and under a high steam pressure. The 
apparatus is also used for the preparation of corn, potatoes and other starch- 
containing substances. 

There are many apparatuses which have been devised for the purpose, but the 
principle on which they work is practically the same in all cases. They comprise 
a closed tank, fitted with stirrers, agitators, or other means for mixing and 
comminuting the contents, means for admitting steam under pressure, means for 
cooling the mixture to the proper mashing temperatures, and means for forcing 
the steamed material out of the tank.. 

Figure 1 8 .  BOHN'S STEAMER AND CRUSHER 

The Steamer. One of the earliest forms of steamer was that.of Hallefreund 
devised in 1871, and adapted for working on a large scale. A modified form of 
the apparatus known as Bohn's steamer and masher is illustrated in Figure 18. 
This comprises a steaming cylinder A, having a securely closed opening D for the 
introduction of the potatoes.. Centrally through the cylinder passes a hollow shaft 
B, which is rotated by the power pulley K. Hollow arms b project radially from 
the shaft B. These act as mixers of the mash and as coolers. The shaft B at  
one end is connected to a cold water supply pipe M as by a coupling C, the supply 
pipe being provided with a cock. E designates a discharge opening for the mash. 
A pipe F provides for the entrance of steam into the cylinder. G is a pipe 
through which malt is put in to be mixed with the pulp. L is a steam gauge and 
J is a safety valve. H designates a water pipe. 



In o eration the potatoes are placed in t h e  cylinder A and submitted to the 
action o f steam at about 46 lbs. td the square inch, and a t  a temperature of from 
266OF. to  27S°F. 

When disintegrated, the steam is blown off, and the potatoes crushed by 
rotating the stirring shaft. As the pulp must be reduced. from 27S°F. to 14g°F., 
the mashing temperature, cold water is forced into the stirrer which chills the 
blades and quickly cools the mass. 

In the vacuum mash cooker the steaming cylinder is partly filled with hot 
water a t  i40°F. to 150°F. The potatoes to be mashed are fed into the cylinder 
whole. Thq steamer is then closed and steam admitted while the mash is stirred 
until a ?-essure of 65 pounds is reached, wt~ei-I the di3solution of the starch is 
complett. The steam is then exhausted and the temperature reduced to 212OF. 
To reduce this temperature to the proper saccharifying point of 14S°F., the hot 
air is exhausted. 

I 

Barley malt meal in the proportion of 6 to 10 percent is used. This has been 
previously mixed with cold water in the small grain masher. The malt is admi: "cd 
to the cylinder and thoroughly mixed with the potato, when the mixture is 
withdrawn into a drop tub, where it is still further stirred. It is then cooled and 
then fermented. 

While the crushed potatoes are being cooled and stirred, a mixture.of green 
malt with water is prepared in an adjacent vat, and when the pulp in the cylinder 
has been reduced to l4g0F. the malt mixture is introduced into the cylinder 
through the pipe G and thoroughly mixed with the crushed potatoes. The mass 
is now left to saccharify; the stirrer being operated at  intervals throughout this 
period. This machine might be readily modified so that the steam should enter 
through the stirrers, by tubes attached to , the  arms, then the steam may be shut 
off and cold water sent into the arms themselves to cool the mash. 

A variety of steamer used in various forms and modifications in all the larger 
distilleries, is known as the Henze steamer. In this, there are no stirrers. The 
cylinder is conical, and has steam pipes leading to the interior. At the end of 
its cone-shaped bottom it terminates in a blow-off tube, having in it a grate 
formed of sharp-edged bars. In operation, steam is introduced a t  a pressure of 
one to two atmospheres until the potatoes are cooked. More steam is then 
suddenly admitted at high pressure and the softened potatoes forced through the 
grating at the bottom and into the mashing apparatus in a finely divided state. 

In steaming under pressure it is best that the safety valve be so regulated 
that the steam will constantly blow off as this action keeps the potatoes in 
motion and facilitates disintegration. Care should also be taken to see that 
everything about the apparatus is in good condition, as in working under the high 
pressures used in the last apparatus there is liability of explosion. Rust should 
be particularly guarded against. 

With this apparatus a preparatory mash vat is used into which the contents 
of the steamers are blown out, malt and water to form milk having been 
previously let into the mash vat. Blowing out is accomplished in 45 or 59 minutes 



ar l3OuF. and about one-sixth of the charge in the steamer is retained in the 
steamer. The mash in the vat is stirred and cooled and the remainder of the 
mash blown in raising the temperature to 145OF. when the mash is left to stand 
from half an hour to an hour. With heavy mashes, rich in sugar, even higher 
temperatures than 14S°F. can be used for saccharifying. 

The processes of crushing and saccharifying, above :referred to, which are 
almost entirely used today, requie steam. The following methods provide for the 
isolation of the fecula or starch, without steam a,nd the production of a wash of 
a more watery consistency, therefore easier to handle in ordinary stills, and with 
less liability to burn. 

.Two operations are necessary by this method: First, rasping, or reducing the 
potatoes to a finely crushed and pulpy condition by means of a machine described 
in the chapter on Beet Mashing; and second, the separation o f .  the fecula. 

To this latter end the potato pulp is placed on a sieve, having side walls and 
net work of horse-hair, which is placed over .a suitable tub. Water is run 
gradually through the pulp and sieve, while the pulp is rubbed up by hand. When 
the water comes through clear, then all the fecula of the pulp has been washed 
out, and the refuse left in the sieve can be thrown aside or used as a food for 
cattle. 

For a mashing tub 'of say about 32 bushels capacity, the fecula from about 
800 lbs. of potatoes is used.' This is deposited in the mash tub with sufficient cold 
water to form a fairly clear paste. About twice as much water as fecula will 
bring the paste to proper consistency. This mixture should be constantly stirred 
as otherwise the fecula will sink to the bottom. About 40 gallons of boiling water 
are then added gradually. The mixture has at first a milky appearance, but at 
the last becomes entirely clear. 

This liquid is mashed with about 45 lbs. of malted barley or Indian corn, 
ground into coarse flour. In ten minutes the mixture will  be completely. fluidified. 
It is then left to subside 'for three or four hours when it will have acquired a 
sweetish taste and be what is termed as "sweet mash." The fluid is then. further 
diluted by the addition of sufficient water to give about 290 gallons of wash. Two 
or three pints of good yeast will bring this mixture to a ferment. 

.A less laborious method of accomplishing the same result is that at  one time 
used in English distilleries. In this a double bottom tub is used, something like 
that shown in. Figure 14, the upper bottom of which is perforated, and raised 
above the solid lower bottom. A draw-off cock opens out from the space between 
the two bottoms. 

Assuming that the tub is of 220 gallons capacity, the from 2 to 20 lbs. of 
chaff are spread over the perforated bottom and pulp from 800 lbs. of raw 
potatoes placed on that. This is thoroughly drained for half an hour,.through the 
draw-off cock. The pulp is then.stirred while from 90 to 100 gallons of boiling 
water are added gradually. The mass then thickens into a paste. The paste is 
mashed with about 65 lbs. of well steeped malt, and the liquid left to subside for 
three or four hours. It is then drained off through the perforated bottom into a 
fermenting back or tub. For this amount of material the back should be of about 
300 gallons capacity. 



The leavings 'left in the preparatory tub still contain considerable starch, and 
after they are well drained they should be mixed with from 50 to 55 gallons of 
boiling .water. ' The mixtur,e is then agitated and drained off into the fermenting 
back. The sediment left i s  again sprinkled with water, this time cold, which is 
drained off into the  back.^ This completely'exhausts the husks left on the upper 
bottom. By this process 200 lbs. of potatoes should produce something over 1 2  112 
gallons of spirit. 

The objection to the last method described is that the spirit so obtained is 
unpleasant to taste and smell; but this would probably not be an objection for 
industrial 'wes. 

The only means of obtaining alcohol of good quality from potatoes is to 
extract the starch separately and then convert it into sugar. This sac- 
charification of the starch may be accomplished by sulphuric acid or by the action 
of diastase. 

By the first of these methods the potatoes are disintegrated in such an 
apparatus as the Bohn steamer. A mixture is made of one-third potatoes, two- 
thirds water, and one-tenth part of sulphuric acid. The mixture is steamed for 
six or eight hours under pressure. The mash is then cooled and the acid 
neutralized by milk of lime. It is then fermented. 

By the second and preferable method, dry or wet potato starch is used, which 
is malted, and the saccharine solution fermented with yeast. The proportions and 
method for a vat of say 800 gallons capacity are as follows: 

Two hundred and sixty-five gallons of water are mixed with 1100 lbs. of dry 
or 1650 lbs. of moist starch. This mixture is well agitated, and 450 gallons of 
boiling water run in, together with 165 lbs. of malt. The whole is then stirred 
energetically and left to saccharify for three or four hours. The saccharine 
solution thus formed must be brought to 6O or 7O Baume, at a temperature of 
from ?lo  to 75OF. To this is then added 1 11100 lbs. of dry yeast for every 220 
gallons of "must." Fermentation is soon established and usually occupies about 36 
hours. After remaining a t  rest for 24 hours the vmustll is distilled. From each 
220 lbs. of starch there should be a yield of about nine gallons of alcohol, at  
900F. 

The fermentation of the potato mash is carried on as described in Chapter 
11. 

Alcohol from Grain-Corn, Wheat, Rice, and Other Cereals 

The different cereals constitute a very important source of alcohol in all , 
countries, particularly of course for use in the manufacture. of whiskey and gin. 



All cereals contain an abundance of starchy substance which under the 
influence of diastase-that is, malt-is converted into fermentible sugar. The 
quantity of sugar and hence the yield .of alcohol. differs widely. The following 
table shows the results obtainable by good workmanship. 

220 lbs Wheat' gives 7.0 gallons pure alcohol 
220 lbs Rye gives 6.16 gallons pure alcohol 
220 Ibs Barley gives 5.5 gallons pure alcohol 
220 Ibs Oats gives 4.8 gallons pure alcohol 
220 lbs Buckwheat gives 5.5 gallons pure alcohol 
220 lbs Corn (Indian) gives 5.5 gallons pure alcohol 
220 lbs Rice gives 7.7 gallons pure alcohol 

In addition to these there are other raw materials containing starch which are 
sometimes used, as millet (55 percent starch), chestnuts (28 percent), and horse 
chestnuts (40 percent). The last is very difficult to work however. 

'I 
Rice, wheat, rye, barley and corn are more frequently employed than other 

grains. Wheat gives a malt which is as rich in diastase as barley. Barley and 
buckwheat are added' to these in some proportions. Oats, owing to their high 
price, are rarely used. Rice, of all the grain is the most productive to the 
distillers, but on account of its value as a food is not much used for the 
production of alcohol, unless damaged. Corn is the cereal most largely used for 
the production of industrial alcohol. 

Great care should be exercised in making choice of grain for fermentation 
where the best results are desired. Wheat should ,be farinaceous, heavy and dry. 
Barley should be free 'from chaff, quite fresh and in large uniform grains of a 
bright color. 

Rice should be dull white in color, slightly transparent, without odor, and of 
a fresh, farinaceous taste. 

The flour or farinaceous part of grain is composed of starch, gluten, albumen, 
mucilage, aiid some sugar. The following table gives the proportions of these 
substances in the commonest grains. 

Under certain conditions the albumen or gluten in the grain has the power of 
converting starch into saccharine matter. This is better effected by an acid such 
as sulphuric acid, or by a diastase. This latter substance is a principle developed 
during the germination of all cereals but especially of barley. it has-the property 
of reacting upon starchy matters, converting them first into a gummy substance 
called dextrine, and then into glucose or grape sugar, see Chapter 11. 

The action of diastase upon starch or flour made into a paste is remarkable, 
50 grains of diastase being sufficient to convert 220 Ibs. (100 kilogrammes) of 
starch into glucose. The rapidity of this change depends on the quantity o'l water 
employed, and the degree of heat adopted in the operation. 



Table TV - Proportions of Starch, Gluten, Etc., in Principal Grains 

Grains 

Wheat (average of 
five varieties) 65.99 18.03 . 7.63 2.16 3.50 2.69 

Rye 65.65 13.50 12.00 2.15 4.10 2.60 
\ 

Barley 65.43 '13.96 10.00 2.76 4.75 .3.10 

Oats 60.59 14.39 9.25 5.50 7.06 3.25 

Indian Corn 67.55 12.50 . 4.00 8.80 5.90 1.25 

Rice 89.15 7.05 1.00 0.80 1-10 0.90 

Inasmuch as barley germinates very readily, and develops a larger proportion 
of diastase than any other grain, except wheat, it is generally used as a producer 
of diastase. 

There are many methods of preparing grain for fermentation, but all use at  
least two of the following operations: grinding, gelatinizing, steeping, or 
steaming, mashing saccharifying. - 

Grinding. Where cookers or the Henze steamers are not used every form of 
grain should be crushed or ground into a coarse flour. This is in order that the 
starchy interior may be easily acted on by the diastase. If the grain is not to 
be mixed with malt later it must be ground more finely so .that it may be 
thoroughly penetrated by the water. The grains should not be ground 'except as . 

required, as ground grain is liable to  heatirig and consequerit loss of ferment- 
ability, and is also liable to become musty, in which condition it loses much of 
its fermentability. 

Steeping. This operation is best carried on in vats or tdnks of iron or cement, 
' for the reason that wood absorbs, impurities which are communicated to the grain, 
thus lessening its germinative power. Wooden vats should be thoroughly scrubbed 
after use, and be kept continually whitewashed. The steeping tub should hold 
about two-thirds more than the amount of ground grain to be steeped. 

.a 



Steeping is affected by pouring on to  the crushed grain hot and cold water 
in such quantity that after 10 minutes or SO of brewing the mixture will have a 
temperature of 750 to 9S°F. 

This warmth makes the water more penetrating. The water should not be 
poured in all a t  once, but a little a t  a time, until the grain is covere: to a depth 
of three or four inches. Care should be taken not to let the temperature get too 
high, not above 9S°F., as a temperature above that point kills the germinating 
power. 

The mixture of crushed grain and water is now stirred for 10 minutes and 
then left to subside for half an hour. it is then stirred again and the mixture left 
to  steep for 30 or 40 hours, depending on the temperature of the atmosphere, the 
dryness of the grain, and the character of the water. In very warm -weather the 
water should be changed every few hours by running it off through a hole' in the 
bottom of the tub and running in fresh a t  the top. This prevents fermentation 
setting in prematurely. 

When the grain swells, and yields readily between the fingers it has been 
sufficiently steeped, and the water is run off. This is an old method .of 
gelatinizing grain, but a better way is by the use of cookers or high pressure 
steamers as described for potatoes. 

Mashing. This consists in mixing the coarse flour with malt and then by 
means of certcin operations and mechanisms bringing it to a condition most 
favorable to fermentation through the action of ,yeast. The mixing of the raw 
flour with barley or other malt effects the conversion of the starch of the grain 
into maltose. The yeast afterwards c0nvert.s this maltose into sugar. 

Saccharifying. To effect the action of the diastase of the malt on the grain, 
in the old methods, boiling water must be poured into the vat until the 
temperature of the mass reaches about 1400 to 168OF., the whole being well 
stirred meanwhile; when this temperature has been reached, the vat is again 
covered and left to stand for four hours, during which time the temperature 
should, if possible, be maintained a t  140°F., and on no account suffered to fall 
below 122OF.. in order to avoid the inevitable loss of alcohol consequent upon the 
acidity always produced by so low a temperature. In cold weather the heat should 
of course be considerably greater than in hot. It should be also remarked that 
the greater the quantity of water employed, the more complete will be.  the 
saccharification, and the shorter the time occupied by the process. 

Having undergone all the above processes, the wash is next drawn from the 
mash tub into a cistern, and from this it is pumped into the coolers. When the" 
wash has acquired the correct temperature, viz., from 68O to 78OF., according to 
the bulk operated upon, it is run down again into the fermenting vats situated on 
the floor beneath. Ten to twelve pints of liquid or 5 1/2 to 6 1/2 lbs. of dry 
brewer's yeast are then added for every 220 lbs. of grain; the vat is securely 
covered, and the contents are left to ferment. The process is complete a t  the 
end of four or five days, and if conducted under favorable conditions t h x e  should 
be a yield of about 6 1/6 gallons of pure alcohol to every 220 lbs. of grain 
employed. 



There are a number of different methods of mashing, having each its 
advantages,: and applicable to  particular varieties of grain. 

We will first consider the mashing of the steeped grain in general by one of 
the older and simpler processes. 

The grain to be mashed, which has been ground and steeped as before 
describe& is mixed with malt in the proportion of four to one, or even eight to 
one. In addiion, three or four pounds of chaff to every hundred or so pounds of 
steeped grain should be used. 

Mash. Water is then run into 'the mash tub in the proportion of about 6UU 
gallons to each 60 bushels of grain. Its temperature should be between 120° and 
150°F. During the entrance of water, the mass is well Stirred so as to cause the 
whole of the grain to be thoroughly soaked and to prevent the formation of lumps. 
It is best to add the grain to  the water gradually and to stir thoroughly. 

To this mass about 400 gallons of boiling water is gradually added to keep the 
temperature at  about 145OF. During the addition of the boiling water the mash 
should be continually stirred so that the action of the water shall be uniform. 
This operation should last about two and one half hours. The vat should be then 
covered and left to  stand from three-quarters to one hour for saccharification. 

Another method of saccharifying is to turn boiling water gradually into the 
mash tank until the mixture has acquired a temperature of from 140° to 180°F. 
The mass is thoroughly stirred, and the tub is covered and left to subside for from 
two to four hours, during which time the temperature should not be allowed to 
fall below 120°F. A small tub needs more heat than a larger tub, and more heat 
is required in winter than in summer. 

A convenient method of regulating the temperature of the mash tank, would 
be by a coil of pipes on the bottom. This would be connected by a two-way cock 
to a steam boiler and to a source of cold water. Heat should never be carried 
over 180°F., and the best temperature is from 14S0 to 16S°F. 

The greatest effect of the diastase of the malt upon the gelatinized starch 
is a t  131°F. For ungelatinized starch this is not great enough, hence the greater 
part of the mashing is carried on at  the lower temperature and only towards the 
end should the temperature be raised to the maximum 1500F. 

Every distiller uses his own judgment as to the amount of the mashing water 
used, its temperature, the length of time during which the mash rests, and the 
length of time for saccharification. 

Saccharification may be recognized by the following signs: The mash loses 
its first white mealy look and changes to dark brown. It also becomes thin and 
easily stirred. The taste is sweet and its odor is like that of fresh bread. 



Corn and other grain may be mashed conveniently in an apparatus as used for 
potatoes, the steam being introduced under pressure. 

The water is first placed in the steamer. Steam is introduced into the water 
and i t  is brough to  a boil. The corn is then introduced gradually, the steam 
pressure increased to  its maximum, and the mass blow out. 

The corn or grain not previously crushed or ground is introduced into a 
steamer in the proportion of 200 lbs. of corn to 40 gallons of water. The steamer 
should have about 100 gallons of steam space for this amount. 

The mashes described above are thick, more or less troublesome to  distil, and 
only simple stills can be used. By the .following method a clear saccharine fluid 
or wort can be obtained. 

A mash vat is used having a double bottom. The upper bottom is perforated 
and between the two bottoms is a draw-off pipe and a pipe for the inlet of water. 

Upon the upper perforated bottom is first placed a layer of between two and 
three pounds of chaff.' Upon this is turned in a mixture of 400 lbs. corn and malt '.: 
in the proportions of 115 malt to  415 grain. Eighty-seven gallons of water a t  a ' 

temperature of from 8S0 to 10S°F is .then let in to the bottom, while the mixture 
is thoroughly agitated for 10 minutes. It is then left to subside for half an hour. 

~ i t e r  this steeping process. the mass is again agitated while 175 gallons of 
water a t  190°F are let into the tub while the mass is continually and thoroughly 
stirred by mechanical stirrers. Brewing lasts for half an hour, and the liquid is 
then left to stand for seven hours. 

At the end of this period the grain is covered by clear liquid which is drained 
off through t h e  draw-off cock into the fermenting back. 

To the contents left in the steeping. tank 135 gallons of boiling water are 
added as before and the liquid therefrom drawn into the fermenting back. 

It usually requires three infusions to extract the whole of the saccharine and 
fermentiscible matters contained in the grain. In some pl,aces, it is customary to 
boil down the 1iquors.from the three mashings until they .have acquired a specific 
gravity of about 1.05, the liquor from a fourth mashing being used to bring the 
whole to  the correct degree for fermentation, the liquors from the third and 
fourth being boiled down to  the same density and then added to the rest. In a 
large Glasgow distillery, the charge for the mash tubs is 29,120 lbs: of grain 
together with the proper proportion of malt. Two mashings are employed. about 
28,300 .gallons of water being required; the first mashing has a temperature of 
140°F., and the second that of 176OF. In Dublin the proportion of malt employed ' 

is. only about one-eighth of the entire charge. One mashing is employed, and the 
temperature of the water is kept a t  about 143OF. The subsequent mashings are 
kept for the next day's brewing. 



By this process the grain is entirely deprived of all fermentible substances 
which have been carried away in a state of liquid sugar. 

The whole operation of preparing and saccharifying grain is today carried on 
in steamers; or in the Henze high pressure steamers and preparatory mash vats 
described in Chapter II. 

In steaming grain without pressure, the finely crushed grain is poured slowly 
into a vat previously nearly filled with water a t  a temperature of about 14q 
degrees F. A little less than half a gallon of water is used for each pound of 
grain. Care must be taken to stir the mass constantly to prevent lumping. When 
all the corn is mixed in, steam is allowed to enter and the temperature raised to 
about 200 degrees F. It should be left a t  this temperature for an hour or an hour 
and a half, when the temperature is reduced to 140°F. when about 10 percent of 
crushed malt is added and the temperature reduced to 6g°F. by means of suitable 
cooling devices. 

When steam cookers are used, the cylindrical boiler is first filled to the 
proper degree with water at  a temperature of 140°F. The meal is then let in 
gradually being constantly stirred the while. The boiler is then closed and steam 
gradually let in while the mass is stirred until a pressure of 60 pounds and a 
temperature of 300°F has been reached. The starch then becomes entirely 
gelatinized, the pressure is relieved, and the temperature reduced to 212OF. and 
then rapidly brought to 14S°F. The malt is added mixed with cold water, at such 
a stage before the saccharifying temperature is reached that the cold malt and 
water will bring it to 14S°F. The malt is stirred and mixed with the mash for 
five or ten minutes and the mixed mass let into a drop tub when saccharification 
is caompleted. It is then cooled as described. 

When the Henze steamers are used the grain may be treated in either the. 
whole grain or crushed, as the high pressure to which it is subjected and the 
"blowing out" act to entirely disintegrate it. In this mode of operation, water is 
first let into the steamer and brought to a boil by the admission of steam. The 
grain is then slowly let into the apparatus. The water and grain should fill the 
steamer about two thirds full. The steamer is left open and steam circulated 
through the grain and water for about an hour, but without any raising of 
pressure. This acts to thoroughly cook and soften the grain. 

When sufficiently softened the steam escape cock in the upper part of the 
steamer is regulated to allow a partial flow of steam through it and a greater 
flow of steam is admitted through the lower inlet. This keeps the grain in 
constant ebullition under a pressure of 30 lbs. of so. After another period of an 
hour the pressure in the steamer is raised to 60 lbs. at  which point it 'is kept for 
half an hour, when the maximum steam pressure is applied, and the greater 
portion of the disintegrated mass blown out into a preparatory mass tub, into 
which malt has been placed mixed with water. The blowing out should be so 
performed that the temperature in the mass in the tubs shall not exceed 1300F. 
The mass is stirred and cooled and then the remainder of the mass in the steamer 
admitted to the tub which should bring the temperature of the mass up to 14S°F. 
It is kept at  this temperature for a period varying from half an hour to one and 
one-half hours and is then cooled to the proper fermenting temperature. 



Another method of softening corn so that its starch is easily acted upon by 
the diastase of the malt is to steep it in a sulphurous acid solution at  the 
temperature of about 120°F. for from fifteen to  twenty .hours. The mass is then 
diluted to form a semi-liquid pulp and heated to about 19O0F. for a t  hour or two 
during which the mass is constantly stirred. The malt is then a d e d .  the mass 
is saccharified, cooled and then fermented. 

Another method is to  place mixed grain and hot water in a cooker of the 
Bohn variety (Figure 18). After half an hour of stirring and cooking under 
ordinary pressure, the steam pressure is raised to 45 lbs. This is kept up for from 
two to three hours when the grain is reduced to a paste. Concentrated muriatic 
acid equal to 2 1 /2  percent of the weight of grain is then forced in, under steam 
pressure. In half an hour the grain .will be entirely saccharified and ready 'for 
fermenting. 

Alcohol from Beets 

Cultivation. The beetroot (Beta vulgaris), indigenous to  Europe, is 
cultivated in France, Germany, Belgium, Holland, Scandinavia, Austria, Russia, 
and to a very small extent in England and New Zealand, and to a very large 
extent in the United States and Cunada. There are many varieties. The most 
important to the sugar-maker is the white Silesian, sometimes regarded as a 
distinct species (B. alba); it shows very little above ground, and penetrates about 
1 2  in.; it has a white flesh, the two chief forms being distinguished by one having 
g rose-colored skin and purple-ribbed leaves, the other a white skin and green 
leaves. Both are frequently grown together, and exhibit no marked difference 
in sugar-yielding qualities. 

Good sugar-beets possess the following broad characteristics: (1) Regular 
pear-shaped form and smooth skin; long, tapering, carrot-like roots are 
considered inferior; (2)  white and firm flesh, delicate and uniform structure, and 
clean sugary flavor; thick-skinned roots are spongy and watery; those with large 
leaves are generally richer; (3) average weight 1 1/2 to 2 1 /2  Ibs., neither very 
large nor very small roots being profitable to the sugar-manufacturer; as a rule, 
beets weighing more than 3 1/2 lbs. are watery, and poor in sugar; and roots 
weighing less than 314 lb. are either unripe or too woody, and in either case yield 
comparatively little sugar; the sp. gr. of the expressed juice, usually 1.06 to  
1.07, even reaching 1.078 in English-grown roots, indicating over 14 percent of 
crystallizable sugar, is the best proof of quality; juice poor in sugar has a density 
below 1.060; (4)  in well-cultivated soil, the roots grow entirely in the ground, and 
throw up leaves of moderate size; 

Composition of the Roots. Internally the root is built up of small cells, each 
filled with a juice consisting of a watery solution of many bodies besides sugar. 
These include several crystallized salts (mostly of which are present in minute 
tracesonly), such as the phosphates, oxalates, malates, and chlorides of 
potassium, sodium, and calcium, the salts of potash being by far the most 
important; and several colloid bodies (albuminous (nitrogenous) and pectinous 
compounds); 8s well as a substance which rapidly blackens on exposure to the air. 
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The greater part of the sugar in ripe beets is crystallizable, and, when perfectly 
pure, is identical in composition and properties with 'crystallized canesugar; but 
it is more difficult to  refine this sugar so as to free it from the ~ o t a s h  salts, 
and commerical samples have not nearly so great sweetening power as ordinary 
cane-sugar. Beets contain no uncrystallizable sugar; the molasses produced in 
beet-sugar manufactories is the result of changes which cannot be entirely 
avoided in extracting the crystallizable sugar. 

Soil. The best soil for beets contains a fair proportion of organic matter, 
is neither too stiff nor too light, and crumbles down into a nice friable loam; 
it must be capable of being cultivated to a depth of a t  least 16 in. The subsoil 
should be thoroughly well drained, and rendered friable by autumn-cultivation 
and free admission of air. A deep friable turnip-loam, containing fair 
proportions of clay and lime, appears to be the most eligible land for sugar- 
beets. Lime is a very desirable element. Well-worked clay-soils, especially 
calcareous clays, are well adapted, if properly drained and of sufficient depth. 
Peaty soils and moorlands are quite unsuitable, as well as lands which are too 
dry, like the thin gravelly soils resting on siliceous gravel +ubsoils, or too wet 
and cold, like many of the thin soils above impervious chalk marl. 

Speaking generally, the best soils for sugar-beet are precisely those on which 
other root-crops can be grown to perfection, that is, land which is neither too 
heavy nor too light, which has a good depth, is readily penetrated by the roots, 
and naturally contains lime, potash, clay, and sand, as well as organic matter, 
is such proportions as in good friable clay-loams. An analysis of the soil shoula 
be made previous to planting it with the sugar-beet, as the salts presented in 
solution in the soil will pass into the juice, and greatly interfere with the 
processes of sugar manufacture. Certain soils may be at  once indicated as 
unsuitable; they are clover-land, recent sheep-pastures, forest-land grugged 
during the preceding 15 years, the neighborhood of salt works, volcanic and 
saline soils of all kinds. The beet requires a certain supply of potash and soda 
salts in the soil, but if these are present in excess, as in recent forest-land, the 
juice does not work well, nor give its proper yield of sugar. 

Sowing. The best time for sowing beetroot is the beginning or middle of 
April. If sown too early, the young plants may be partially injured by frost; if 
later than the first week in.May, the crop may require to be taken up in autumn, 
before it has had time to get ripe. About 1 0  to 1 2  lbs. of seed is required per 
acre. A s  regards the width between the plants, generally speaking, the distance 
between the rows and from plant to plant should not be less than 1 2  nor greater 
than 18 in. Should the young plants be caught by a night's frost, and suffer 
every so little, it is best to plough them up a t  once and re-sow, for they are 
certain to run to seed, and are then practically useless for the manufacture of 
sugar. Sugar-beets require to be frequently horse- and hand-hoed. As long as 
the young plants are not injured, the application of the hoe from time to time 
is attended with great benefit to the crop. It is advisable 'to gather up. the soil 
round each plant, in order that the head may be completely covered with soil. 
Champonnois' researches point to the advantage of planting in ridges, by which 
the supply of air to the roots is greatly facilitated. 
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The conditions best calculated to ensure the roots possessing the'characters 
most desirable from a sugar-maker's point of view are chiefly as follows: (1) 
Not to sow on freshly-manured land; it is eminently preferable not to  manure for 
the beet crop, but to manure heavily for wheat in the preceding year; (2)  not 
to employ forcing manures, nor to apply manure during growth; (3: to use seed 
from a variety rich in sugar; (4) to sow early, in lines 16 in. apart, a t  'most, the 
plants being 10 to 11 in. from each other; there will then be 38,000 beets on an 
acre, weighing 21 to  28 ounces each, or 52,800 to 70,400 lbs.. per acre; ( 5 )  to 
weed the fields as soon as the plants are above ground, to thin out as early as 
possible, and to weed and hoe often, till the soil is covered with the leaves of 
the plants; (6) never to remove the leaves during growth; (7) finally, not to take 
up the roots, if it can be avoided, before they are ripe, the period of which will 
depend upon the season. 

Good seed may be raised by the following means: The best roots, which 
show least above ground, are taken up, replanted in good soil, and allowed to run 
to seed. This seed is already good; but it may be further improved by sowing 
it in a well prepared plot possessing all the most favorable conditions; the 
resulting plants are sorted, set out in autumn, put into a cellar, and in the 
spring, before transplanting, those of the greatest density, and which will give 
seeds of the best quality, are separated. These are transplanted at  20 ins. 
between the rows and 13 in. between the feet, which are covered with about 1 

, 1/2 in. of earth. Finally they are watered with water containing molasses and 
superphosphate of lime, as recommended by Corenwinder. 

Harvesting. Sugar-beets must be taken up before frost sets in. When the 
leaves begin to turn yellow and flabby, they have arrived at  maturity, and the 
crop should be watched, that it may not get over-ripe. If the autumn is cold 
and dry, the crop may be safely left in the ground for seven to ten days longer 
than is needful, but should the autumn be mild and wet, if the roots are left in 
the soil, they are apt to throw up fresh leaves, and nothing does so much injury. 
In watching the ripening of the crop, a good plan is to test the sp. gr. of the 
expressed juice. A root or two may be taken up at  intervals, and reduced to 
pulp on an ordinary hand-grater, the juice obtained by pressing the pulp through 
calico, and the density observed by a hydrometer. As long as the gravity of the 
juice continues to increase, the crop should be left in the land. Good sugar- 
yielding juice has a sp. gr. of about 1.065, rising to about 1.070. Immature roots, 
cut across, rapidly change color on the exposed surface, turning red, then brown, 
and finally almost black. If newly-cut slices turn color on exposure, the ripening 
is not complete; but if they remain some time unaltered, or turn only slightly 
reddish, they are sufficiently ripe to be taken up. The crop should be harvested 
in fine, dry weather. In order that the roots may part with as much' moisture 
as possible, they are left exposed to the air on the ground before being stacked, 
but not for longer than a few days, and they need to be guarded against direct 
sunlight. Perhaps the best plan is to cover them loosely with their tops in the 
field for a couple of days, then trim them, and at  once stack them. 



Storing. For storing roots, special care should be taken to prevent their 
germinating and throwing out. fresh tops, which is best done by selecting a dry 
place for the storage ground. They may be piled in pyramidal stacks, about six 
fedt broad a t  base, and seven feet high. At first, the stacks should be thinly 
covered with earth, that the moisture may readily evaporate; subseq,~ently, when 
frosty weather sets in, another layer of earth, not exceeding one. foot in 
thickness, may be added. This is essentially the method generally adppted for 
storing potatoes and beets. 

In continental Europe and Canada, extra precaution is necessitated by the. 
rigorous climate. In S. Russia, the plan shown in Figure 19  is sometimes used. 

.Figure 19. STACK FOR STORING BEETS 

The beets are disposed completely below the surface of the soil, in a trench dug 
with sharply sloping sides. At about 15 in. from the bottom, is an openwork 
floor of reeds, on which the beets are piled to within a few inches of the level 
of the exterior soil. On the top, and following the apex of the heap, is laid a 
triangular ridgepiece a, for the purpose of facilitating evaporation. The whole 
is covered with a layer b of straw and fine earth, the thickness of which is 
varied according to the indivations of the thermometer c placed in the center 
of the mass. Between the floor of the trench and the openwork floor is a space 
d, communicating with two vertical channels leading to the outer air, thus 
providing ventilation. The outlets of the channels can be opened and closed at  
will. The Russians also often employ regular cellars, as shown in Figure 20. The 
structure consists of two stories, covered with a bed of earth, each furnished 
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Figure 20.  STO-PAGE C E L L 4 R  FOR BEETS 

with a floor of hurdles or open planking, on which the beets are piled to the 
depth of about one yard. Lateral passages facilitate ventilation, and openings 
in the roof permit the heated air. to escape. The cost of erecting these cellars 
is heavy, but there is great saving of labor in storing the beets, '3s it suffices 
to simply pile them up on the floors. Moreover, the arrangement permits the 
examination of the contents beyond the indications of a thermometer; and 
enables any portion to be removed, even during snowy weather. 



Alcohol from Beets. Beets contain 85 percent of water, and about 10 
percent of cane sugar, the remainder being woody fibre and albumen; cane sugar . 

not being in itself fermentibl-as is grape s u g a ~ i t  'has to be converted into 
"inverted sugar" by a ferment as yeast. Either the sugar beets may be mashed 
or the molasses which remains from the manufacture of beet Bugar. The 
conversion of the sugar into alcohol is effected in several different -ways, of 
which the following are the principal: 

. By rasping the roots and submitting them to pressure, and fermenting 
the expressed juice. 

. By maceration with water and heat. 

. By direct distillation of the roots. 

The first two methods are the best.as by them the woody fibre of the plant 
which is non-fermentible is separated from the fermentible juice. In both the 
first and second processes the beets must first be entirely cleaned of adhering 
dirt, trash and clods of earth, and then rasped, pulped or sliced by certain 
machinery. 

Cleaning. Core must be taken in this operation that the beets shall be freed 
from small stones and adhering hard lumps of earth which would otherwise get 
into the rasping machinery to the damage and stoppage of the mechanism. 

There are many forms of cleaners but all are alike in this, that the beets 
shall be subjected to the action of water while traveling through or over a 
perforated casing. The simplest machine, and one easily constructed by any 
carpenter, comprises an elongated cylinder formed of lathes or strips spaced 
apart such distance as will allow dirt and stones to pass between them. This is 
mounted on a central shaft and revolved in a tank of water. It should be slightly 
inclined so that the potatoes or beets to be washed may beed downward from 
the open upper end-disk or wheel, to the lower end where they are thrown out. 
At the upper end is a hopper and at  the lower, the end disk has inwardly 
projecting lips, which as the cylinder revolves lifts the beets up and tumbles 
them out on to an incline which carries them to the rasping machine. 

Another form of machine comprises a perforated cylinder of sheet iron, 
revolving in a tank of water. A better form of cleaner than either of those 
consists of an inclined trough in which a spiral feeding screw of sheet iron 
rotates. The beets are fed into the trough at  its lower end and are carried 
upward, slowly, by the feeding screw. About the trough is a water pipe having 
a number of outlets by which water may fall on to the beets and into the trough. 
The water rushing down the inclined trough carries with it all dirt and stones, 
and by the time the beets have reached the upper end they are entirely cleaned 
and ready for slicing or rasping. 

For pressing out the juice, the beets are mashed into a pulp, while for 
diffusion the beets are sliced. 



Rasping. Figure 21  shows one form of rasping machine. On a suitable 
supporting frame is mounted a cylinder a having a diameter of about 24 inches. 
The cylinder is formed of alternate saw blades and wooden washers holding them 
a slight distance apart. The saws or teeth are so set on the cylinder as not to 
slice the beets but to  shred them up into a fine pulp. The cylinder rotates at  
a speed of 800 to 1000 revolutions a minute in front of an inclined table, having 
a jigger whereby the beets are fed downward against the toothed cylinder. The 
teeth carry the pulp downward. and it falls into a receptacle beneath. 

Figure 21. BEET AN3 POTATO U S P  

It is best to add to this pulp a small portion of sulphuric acid, say two-tenths 
of one percent. This prevents by fermentations. 

Pressing. The pulp obtained from the raspers has now to be expressed. This 
is either done by platen presses or by roller pressers. With platen presses the 
first pressing may be done by screws, but the final pressing should be 
accomplished by hydraulic presses. 

For the hydraulic press, the pulp is placed in wooden sacks, containing 10 
to 1 2  lbs., superposed in the press with their mouths doubled under, a separated 
by iron plates; about 25 are collected, and the pile is put into a screw-press, 
called a "preparatoryn press, which exracts about 45 to 50 percent of the juice. 
These pressed sacks are piled anew on the movable plate of a powerful hydraulic 
press, which takes 50 a t  a charge. Each preparatory press can supply four 
hydraulic presses, which are ranged around it, so that of the four presses there 
will be one charging, one commencing to press, one in full pressure, and one 
discharging, at  the same moment. Motion is communicated to the four hydraulic 
presses by four pumps mounted on the same bed, and tended by the same 
workman who directs the pressing. An improvement upon the general form of 
hydraulic press is that devised by Lalouette, which enables two workmen and one 
boy to work five presses. These presses turn out about 34,200 lbs. per 24 hours 
in the first pressing, and 68,400 lbs. in the second. Hydraulic presses are rapidly 
falling into disuse in the beet-sugar industry, by reason of the superior merits 
of continuous presses, and the extended adoption of the diffusion system. 

Continuous presses for beet were suggested by the roller-mills med in the 
cane-sugar industry. But the conditions in the two cases are widely different; 
the begass of the cane is solid, and rapidly parts from the juice; whereas the 
pulp and juice of the beet have a strong tendency to .combine, end the f o l l e ~  
surface must therefore be permeable only by the juice. In Poizot e t  ,Druelle's 
press, the pulp passes between two cylinders, carried by endless cloths. The 
object is to unite the best features of the hydraulic press. To this end, a first 
gentel pressing is produced against the first cylinder by the elasticity of the 



principal cloth on which it is borne. Then, encountering a series of four little 
rollers, performing the functions .of the preparatory press, it is next seized 
between the second and first cylinders, and deprived of the maximum quantity 
of juice. 

Dujardin's roll press is shown in Figure 22, which is a vertical sectlon of the 
machine, the side plate being removed. The pulp is forced upward through a 
pipe under high pressure. This has a regulating slide valve D. The rolls B B. 
revolve towards and nearly in contact with each other, and they are perforated 
so that the expressed juice may run off through the rolls. These perforations 
are conical in form with the apex of the cone outward. The cylinders are also 
covered with a webbing of cloth or horse hair. Below the rolls is block C', which 
with the outer walls of the chamber, form diverging passages which extend 
upward, as shown, on either side of the rolls and then downward along the lower 
faces of the rolls to the point when they contact. The pulp is compressed p i th  
great force against and between the rolls, the juice is forced though the 
perforations and the residue passes upward and outward under the presser bar E 
in the form of a ribbon which is guided away by the trough F. The pressure of 
the bar E is regulated by screws and the tighter 'said bar is pressed against the 
rolls the greater will be the pressure of the pulp behind the bar and against the 
rolls, and the greater the juice expressed. 

Figure 22. DUJARDIN'S ROLL PRESS 
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The rolls revolve very slowly only about seven or eight times a minute but 
I 

the capacity of the machine is very great, it being capable of pressing the pulp 
of from 85,000 to 175,000 lbs. of beets daily. The residue from the first pressing 
should be submitted to a further pressing after being macerated with s p e ~ t  wash. 
This residue may be fed to  cattle. The utmost cleanliness is essentin: to these 
br'ocesses; all the utensils employed should be washed daily with limewater to 
ix3unteract acidity. 

Extraction by Maceration and Diffusion. The object to this process is to 
extract from the beets the means of water or spent liquor all the sugar which 
they contain, without the aid of rasping or pressure. Spirit is thus produced at  
considerably less expense, although it is not of' so high a quality as t t ~ a t  yielded 
by the former process. . The operation consists in slicing up the beets in a 
specially constructed slicing machine, into slices of regular thickness, and then 
allcbing the slices to macerate in a series of vats at  stated temperatures. It. 
is essential that the knivesby which the roots are cut should be so arranged that 
the roots are divided into slices having a width of 4/10 of an inch and a 
thickness of 4/100 of an inch, and a variable length; the roots are, of course, 
well washed before being placed in the hopper of the cutter. 

When cat, the beets are covered with boiling water in a macerator of wood 
or iron for one hour, the water should contain 4.4 of sulphuric acid to every 2200 
lbs. of beets. After this, the water is drawn off irito a second vat in which are 
placed more beets, and allowed to macerate again for an hour. This is repeated 
a third time in another vat, and the. juice, which has now acquired a density 
equal to that obtained by rasping, is run off into the fermenting vat. When the 
first vat is empty it is immediately refilled with boiling water and fresh beets; 
the juice from this operation is run into the second va t ,  when the contents. of 
that one are run into the third. To continue the operation, the beets are 
completely exhausted by being macerated for an hour with a third charge of 
boiling water (acidulated as in the former case). The exhausted pulp is removed 
to make room for fresh slices; and the first vat is then charged. with juice which 
has already passed through the second and third vats. After macerating the 
fresh beets for one hour, the charge is ready for fermentation. In ordinary 
weather, the juice should now be a t  the right heat for this process, viz., about 
71.1° or 75..2OF., but. in very cold weather it may require some reheating. 

In Figure 22 is shown a series of vats for the extraction of the sugar from 
beets such as is termed a' "diffusion battery." 

The vessels, 1, 2, 3, and 4 are of wood or sheet iron. Each vessel has a 
bottom sieve and a top sieve between which the beet slices are to be placed. 
From the bottom of each vessel below the sieve a pipe D runs to the top of the 
vessel next in order. From the bottom of the last vessel 4 of the series a pipe 
C runs back to the .top fo the one first used. Pipes A and B are connected to 
each vessel for the admission of water and spent respectively. A discharge pipe 
E leads from - each vessel to a collecting vat 5: 



Figure 23. DIFFUSIOfI BATTER.Y 

Maceration and diffusion is accomplished as follows:' The sliced beets are 
placed'between the sieves in vessel 1 and water or spent wash at  a temperature 
of 185OF. is let in and the .beets allowed to macerate for three-quarters of an 
hour, meanwhile tub 2 is charged with sliced beets. The cock 'or pipe D between 
the vessels is opened wheri the time, three quarters of an hour, has elapsed; hot 
water or spent ,wash is admitted by pipes A'or B to the vessel 1, which forces 
the sugar solution therein into vessel. 2. Whhn the required amount of fluid has 
been passed into 2 from 1, the inlet of water into 1 is stopped, and the vessel 
heated to 185OF. 

Vessel 3 is charged with beet slices and in three-quarters of an hour vessels 
1, 2, and 3 are connected and water or wash admitted into 1, which forces the 
solution in 1 into 2 and that in 2 into 3 when it is again raised to 185OF. 

The same operation is repeated as to vessel 4 .  and in three-quarters of an 
hour all the vessels are connected, hot water or spent wash is admitted to 1 and 
the sugar solution drawn off from 4 into the vat. 

The beets in tub 1 having now been exhausted, the fluid i n  that vessel is 
drawn off and the exhausted beets thrown away. 1 is now recharged with beets 
and the pipe between it and 4 opened. The former operation is repeated except 
that now vessel 4 becomes 1, and 1 becomes 4. These successive chargings and 
dischargings are continued; vessel '3 becomes 1 in its turn and so on. . 

Fermentation. Before ferrftentation the juice procured as has been 
described is brought to  about 82OF.; qt this temperature it is run off into the 
fermenting vats. Here it is necessary, as before noted, to add to  the juice a 
small quantity of concentrated sulphuric acid, for the purpose of neutralizing the 
alkaline salts which it contains, and of rendering it slightly acid in order to 
hasten the process; this quantity must not exceed 5 112 lbs. to every 1220 
gallons of juice, or the establishment of fermentation would be hindered instead 
of promoted. The addition of this acid tends also to  prevent the viscous 
fermentation to  which the juice obtained by rasping and pressure is so liable. 
Although the beet contains albumen, which is in itself a ferment, it is necessary, 
in order to develop the process,'to have recourse to artificial means. A small 
quantity of brewer's yeast-about 1 314 gallons of juice-is sufficient for this; 
the yeast must previously be mixed with a little water. An external temperature 



of about 68O to 7B°F. must be carefully maintained. Fermentation lasts for 
from four to five hours. 

The fermentation of acidulated beet-juice' sets in speedily. The chief 
obstacle to the process is the mass of thick scum which forms upon tfie surface 
of the liquor. This difficulty is sometimes obviated by using sever& vats and 
mixing the juice, while in full fermentation, with a fresh quantity. %us, when. 
three vats are employed, one is set to ferment; a t  the end of four or six hours, 
half its contents are run into the second vat and here mixed with fresh juice. 
The process is arrested, but soon starts again in both vats simultaneously; the 
first is now allowed to ferment completely, which is effected with much less 
difficulty than would have been the case had the vat riot been divided. 
Meanwhile the second vat, as soon as the action is a t  its height, is divided in ' 

the same manner, one-half of its contents being run into the third. When this 
method-is employed, it is necessary to add a little yeast from time to time when 
the action becomes sluggish. 

Direct Distillation of the Roots. This process, commonly called "Leplayls 
method," consists in fermenting the 'sugar in the slices themselves. The 
operation is conducted in huge vats, holding as large a quantity of matter as 
possible, in order that the fermentation may be established more easily. They 
usually contain about 750 gallons, and a single charge consists of 2200 lbs. of the 
sliced roots. The slices are placed in porous bags in the vats, containing already 
about 440 gallons of water acidulated with a little sulphuric acid; and they are 
kept submerged by means of a perforated cover, which permits the passage of 
the liquor and of the carbonic acid evolved; the temperature of the mixture 
should be maintained a t  about 77O or 80°F. A little yeast is added, and 
fermentation speedily sets in; it is complete in about 24  hours or more, when the 
bags are taken out and replaced by fresh ones; fermentation declares itself again 
almost immediately, and without any addition of yeast. New bags may, indeed, 
be placed in the same liquor for three or four successive fermentations without 
adding further yeast or juice. 

The slices of beets charged with alcohol are now placed in a distilling 
apparatus of a very simple nature. It consists of a cylindrical column of wood 
or iron, fitted with a tight cover, which is connected with a coil or worm, 'kept 
cool in a vessel or cold water. Inside this column are arranged a row of 
perforated diaphragms or partitions. The space between the lowest on4 and the 
bottom of the cylinder is kept emply to receive the condensed water formed by 
the steam, which is blown into the bottom ofj. the cylinder in order to heat the I 

contents. Vapors of alcohol are thus disengaged from the undermost slices, and 
these vapors as they rise through the cylinder vaporize the remaining alcohol, 
and finally pass out of the top at  a considerable strength and are condensed in 
the worm. When all the contents of the still have been completely exhausted 
of spirit, the remainder consists of a cooked pulp, which contains all the 
nutritive constituents of thec beet except the sugar. 



Alcohol from Molasses and Sugar Cane 

Another eommon source of alcohol is molasses. Molasses is the Uncrystal- 
lizable syrup which constitutes the residiuum of the manufacture and fiefining of 
cane and beet sugar. It is a dense, viscous liquid, varying in color@rom light 
yellow to almost black, according to the source from which i t  is obtained; i t  
tests usually about 40° by Baume's hydrometer. The molasses empfoyed as a 
source of alcohol must be carefully chosen; the lightest in color. is the best, 
containing most uncrystallized sugar. The manufacture is 'extensively carried on 
in France, where the molasses from the beet sugar refineries is chiefly used on ' 

account of its low price that obtained from the cane sugar factories being 
considerably dearer. The latter is, however, must to be preferred to the former 
Variety as it contains more sugar. Molasses from the beet sugar refineries yields 
a larger quantity and better quality of spirit than that which comes from the 
factories. Molasses contains about 50 percent of saccharine matter, 24  percent 
of other organic matter, and about 10 percent of inorganic salts, chiefly of 
potash. It is thus a substance rich in matters favorable to fermentation. When 
the density of molasses has been lowered by dilution with water, fermentation 
sets in rapidly, more especially if  it ' has been previously rendered acid. As, 
however, molasses from beet generally exhibits an alkaline reaction, it is found 
necessary to acidify it after dilution; for this purpose sulphuric acid is employed, 
in the proportion of about 4 112 lbs. of the concentrated acid to 22  .gallons of 
molasses, previously diluted with eight or ten volumes of water. Three processes 
are thus employed in obtaining alcohol from molasses; dilution, acidification, and 
fermentation. The latter is hastened by the addition of a natural ferment, such 
as brewer's yeast. It begins in about eight or ten hours, and lasts upwards of 
60. 

.About three gallons of alcohol may be obtained from one hundred pounds of 
molasses. 

Beet Sugar Molasses. The first step in the process of rendering the 
molasses fermentable is to ?nix the molasses with water, to a certain dilution, 
in the proportion of two parts of water to one of molasses. This may be done 
by hand, but preferably it is performed in a vat provided with stirring or 
agitating mechanism, such as will effectually mix the water with the viscid 
syrup, and whereby also the wash may be thoroughly agitated and aerated. 

There are numerous forms of mixing vats, all working however, on the 
principle shown in Figure 24. In this, the vat A is provided with a central shaft 
C carrying radial mixing blades E. This shaft is driven by bevel gears D, F. As 
the rotation of these blades would merely tend to -create a rotary current of 
molasses and water, and not to mix them, some means should be used for 
impeding and breaking up this current. To that end the cover is provided with 
downwardly projecting rods I which create counter currents, and thoroughly 
intermingle the two liquids. Another and even better form of mixer consists of 
a tank into the lower portion of which enters a perforated pipe of relatively 
large diameter. This is provided at  the end with -an air entrance and a steam 
injector. The injected steam draws in air and the steam and air are forced under 
pressure into the vat, thus diluting the contained molasses, agitating it and 
thoroughly aerating it. 



The molasses as it comes from the sugar house may contain anywhere from 
30 to 45 percent of sugar, ahd this should be diluted with water. to a 
concentration of 16 to 18 percent of sugar. 

The density of the wash after "setting up" is 1.060. It is to be noted that 
'though with improved apparatus a wash as concentrated at  1 2 O  of 15O Baume 
:may be worked; yet where simple apparatus is used six degrees or eight degrees 
is better and much more favorable to rapid and.complete fermentation. 

After setting up, one gallon of strong sulphuric acid and 10 lbs. of sulphate 
of ammonia are added for each 1000 gallons of wash. This neutralizes the 
alkaline carbonates in the beet juice which would otherwise retard fermentation, 
and it assists the yeast to invert the cane sugar as formerly described. The 
addition of ammonia is in order to give food to the yeast and obtain a vigorous 
fermentation. 

The yeast used for fermenting molasses is prepared either from malt or 
grain and is used as concentrated as .possible, and in the proportion of about 2 
percent. 

The "pitching" temperature of a molasses wash varies with the concen- 
tration of the wash, being higher for strongly concentrated solutions than for 
weak ones. When the wash tests as high as l Z O  Baume, fermentation begins at 
about 77OF. and is raised during fermentation to  85O or 90°F. A temperature 
around 82OF. is best on the average as this is most conducive to the growth of 
yeast. - 

Where the vats are large and the syrup considerably diluted the 
temperature rises very quickly and must be moderated by passing a current of 
cold water through a coil of pipe on the bottom.of the vat. 

In the making of molasses mashes it must be remembered that every gallon 
of molasses will be diluted with about five gallons,of water or other fermented 
liquid matter, and therefore 50 gallons of molasses wash will require a still 
capable of working up about 300 gallons. It is possible to distill four or five 
charges during the. day of 1 2  hours and hence a still of 60 gallons will be capable 
of distilling the beer or wash made with 50 gallons of molasses. A still with a 
capacity of 100 gallons operating on wash having a strength of one gallon of 
molasses to five of water, will produce about 10 gallons of proof spirit from 
each charge;.thus a 100 gallon still will make from 40 to 80 gallons of spirit in 
a day. With unskilled labor, however, it is impossible to get this rate of 
production and the best that can be done will be about four charges a day. 

It may be suggested that in getting estimates on stills it is best t o  
accompany the request with a statement of the character of the mash intended 
t o  be treated, the amount of raw materials intended to be used up, the charging 
capacity required, number of gallons of mash desired to  be worked up every 1 2  
hours. 

Fermenting Raw Sugar. This is accomplished by dissolving the sugar in hot 
water, then diluting it,  and then adding a ferment, fermentation being aided by 
adding sulphuric acid to the diluted molasses, in the proportion of one half to 
one pound of acid to  every hundred pounds of pure sugar used. 



The wash is pitched with compressed yeast in the proportion of 2 1/2 to 
8 percent of the weight of the sugar used. The pitching temperature is from 
77O to 7g°F.,. and the period of fermentation is 48 hours. 

Cane Sugar Molasses. Besides the molasses of the French S e t  sugar 
refineries, large quantities result from the manufacture of cane sugar in Jamaica 
and the West Indies. This is entirely employed for the distillation bf rum. As 
the pure spirit of Jamaica is never made from sugar, but always from molasseS 
and skimmings, it is advisable to notice these two products, and, together with 
them, the exhausted wash commonly called dunder. 

The molasses proceeding from the West Indian cane sugar contains 
crystallizable and uncrystallizable sugar, gluten, or albumen, and other organic 
matters which have escaped separation during the process of defecation ,and 
evaportion, together with saline matters and water. It therefore contains in 
itself all the elements necessary for fermentation, i.e., sugar, water, and gluten, 
which latter substance, acting the part of a ferment, speedily establishes the 
process under certain conditions. Skimmings comprise the matters separated 
from the cane juice during the processes of defecation and evaporation. The 
scum of the clarifiers, precipitators, and evaporators, and the precipitates in 
both clarifiers and precipitators, together with a proportion of cane sugar mixed 
with the various scums and precipitates, and the "sweet-liquor" resulting from 
the washing of the boiler pans, etc., all become mixed together in the skimming- 
receiver and are fermented under the name of "skimmings." They also contain 
the elements necessary for fermentation, and accordingly they very rapidly pass 
into a state of fermentation when left to themselves; but, in consequence of the 
glutinous matters being in excess of the sugar, this latter .is speedily 
decomposed, and the second, or acetous fermentation, commences very fie- 
quently before the first is far advanced. Dunder is the fermented .wash after 
it has undergone distillation, by which it has been deprived of the alcohol it 
contained. To be good, it should be light, clear, and slightly bitter; it should be 
quite free from acidity, and is always best when fresh. As it is discharged from 
the still, it is pumped up when cool into the upper receivers, where it clarifies, 
and is then drawn down into the fermenting cisterns as required. Well-clarified 
dunder will keep for six weeks without 'any injury. Good dunder may be 
considered to be the liquor, or "wash," as it is termed, deprived by distillation 
of its alcohol, and much concentrated by the coiling it has been subjected to; 
whereby the substances it contains, as gluten, gum, oils, etc., have become, from 
repeated boilings, so concentrated as to render the liquid mass a highly aromatic 
compound. In this state it contains at least two of the elements necessary for 
fermentation, so that, on the addition of the third, vis., sugar, that process 
speedily com mences. 

The first operation is to clarify the mixture of molasses and skimmings 
previous to fermenting it. This is'performed in a leaden receiver holding about 
300 to 400 gallons. When the clarification is complete, the clear liquor is run 
into the fermenting vat, and there mixed with 100 or 200 gallons of water (hot, 
if possible), and well stirred. The mixture is then left to ferment. The great 
object that the distiller has in view in conducting the fermentation .is to obtain 
the largest possible amount of spirit that the sugar employed will yreld, and to 
take care that the loss by evaporation or acetification is reduced to a minimum. 
In order to ensure this, the following course should be adopted. The room in 
which the process is carried on must be kept as cool as it is possible in a tropical 
climate; say, 750 to 800F. 



Supposing that the 'fermenting vat has a capacity of 1000 gallons, the 
proportions of the different liquors run in would be 200 gallons of well-clarified 
skimmings, 50 gallons of molasses, and 100 gallons of clear dunder; they should 
be well mixed together. Fermentation speedily sets in, and 50 more gallons of 
molasses are then to be added, together with 200 gallons of wster. When 
fermentation is thoroughly established, a further 400 gallons of dune& may be 
i un  in, and the whole well stirred up. Any scum thrown up during the process 
is immediately skimmed off. The temperature of the mass rises gradually until. 
about 4 O  or So above that of the room itself. Should it rise too high, the next 
vat must be set 'up with more dunder and less water; if i t ,  keeps very low, and 
the action is sluggish, less must be used next time. No fermenting principle 
besides the gluten contained in the wash is required. The process usually 
occupies eight or ten days, but it may last much longer. The liquid now becomes 
clear, and should be immediately subjected to distillation to prevent acetous 
fermentation. 

Sugar planters are accustomed to expect one gallon of proof rum for every 
gallon of molasses employed. On the supposition that ordinary molasses contains 
65 parts of .sugar, 32 parts of water, and three parts of organic matter and salts, 
and that, by careful fermentation and 'distillation, 33 parts of absolute alcohol 
may be obtained, we may then reckon upon 33 Ibs. of spirit, or about four 
gallons, which is a yield of about 5 2/3 gallons of rum, 30 percent over-proof, 
from 100 Ibs. of such molasses. 

The following process is described in Deerr's work on "Sugar and Sugar 
Cane." 

"In Mauritius a more complicated process is used; a barrel of about 50 
gallons capacity is partly filled with molasses and water of density 1.10 and 
allc bed to spontaneously ferment; sometimes a handful of oats or rice is placed 
in this preliminary fermentation. When attenuation is nearly complete more 
molasses is added until the contents of the cask are again of density 1.10 and 
again allowed to ferment. This process is repeated a third time; the contents 
of the barrel are then distributed between three or four tanks holding each about 
500 gallons of wash of density 1.10 and 12 hours after fermentation has started 
here, one of these is used to pitch a tank of about 8,000 gallons capacity; a few 
gallons are left in the pitching tanks which are again filled up with wash of 
density 1.10 and the process repeated until the attenuations fall off, when a 
fresh start is made. This process is very similar to what obtains in modern 
distilleries save that the initial fermentation is adventitious. 

"In Java and the East generally, a very different procedure is followed. In 
the first place a material known as Java, or Chinese, yeast is prepared from 
native formulae; in Java, pieces of sugar cane are crushed along with certain 
aromatic herbs, amongst which galanga and garlic are always present, and the 
r'esulting extract made into a paste with rice meal; the paste is formed into 
strips, allowed to dry in the sun and then macerated with water and lemon juice; 
the pulpy mass obtained after standing for three days is separated from the 



water and made into small balls, rolled in rice straw and allowed to dry; these 
balls are known as Raggi or Java yeast. In the next step rice is boiled and 
spread out in a layer on plantain leaves and sprinkled over with Raggi, then 
packed in earthenware pots and left to stand for two days, a t  the end of which 
period the rice is converted into a semi-liquid mass; this materialfis termed 
Tapej and is used to excite fermentation in molasses wash. The wash is set up 
ftt a density of 2S0 Balling and afterwards the process is' as usuaf. in this 
proceeding the starch in the rice is converted by means of certain micro- 
organisms Chlamydomucor oryzae into sugar and then forms a suitable habitat 
for the reproduction of yeasts which are probably present in the Raggi but may 
find their way into the Tapej from other sources. About 100 lbs. of rice are 
used to pitch 1,000 gallons of wash." 



Direct  Processing of Sugar Cane i n t o  Ethanol 

Translation 

Dr. Rer.Nat. Hartmut Bruschke 
Ballweg Gastechnik GmbH. Bonn-Bad Godesberg 

In order to be able to avoid tlle use of roller mills for 

the direct processing of sugar cane into c~llanol, a process has 

boen d r ' v ~ l n p e d  that liberates the sugar by tlic influence of ele- 
vated temperature. The size-reduced can,e is hc?ated by tile intro- 

duction of steam, subsequently fermentation can cake place as 
wcll without separation of solids and solution, as can the 

sugar also be washed out practically con~plc~ely by a rntlch-sim- 
plified extraction process. The sterile sugar solution that is 

so obtained is fermented without further treatment . 
As has been shown by laboratory- and technical experiments, 

the process promises savings of investment and operating costs. 
it also permits the use of polyelucosides that may be present 

or formed in unripe, overripe cane or in canc that Iias been da- 
maged by infection, frost or othcr influe~ices for ethanol forma- 

tion. Alternatively or simultaneously sorgl~um can also be proL 

cessed as well as molasses, starches that had been convcrted into 

sugars, since sugar cane processing will only require a part of 
the produced bagasse,for enerey production. 

While in the past, ethanol was only onc, though important ' 

by-product in the processing of sucar canc, there will, in t.hc 
future, be major installations in risit~g numbers whose only final 
product from sugar cane processine will be ethenol, without pro- 
viding a simultaneous or alternative sugar production. The teclt- 

nology that will be required for such installations, shauld not 
base itself .only on the well-knoi-n and tested technologies of. . 

sugar production, rather, new and independent processes and me- 
thods should be developed, since the aims of the two productions 
deviate markedly from each other: 

1) While in sugar production, it is most important to pro 
duce as large a quantity of crystallized sugar from the incoming 

cane as possible, it will be the goal of an ethanol installation 
to produce, with a minimum of effort of applied energy to produce 

energy of a higher value in the form of ethanol. This shift in 
the production goal can lead to the possible acceptance of a re- 
duction.of the amount of yield, if this is connected to reduced 

specific energy consumption. 



2 )  In the case of sugar production all proccss stcps rnust 

be avoided and all accompanying nlatcrials rcmo\lcd tllat could nlclkc 
the crystallisation of sllgar-more difficult: or could inhibit it. 
If, on the other hand, etl~anol is to be produced, it is only 

necessary to see to it that the fermentation is not disturbed 
by prior operations. A partial or cven complctc inversion of 
the cane sugar and an acid reaction of the solu~ion to be fer- 

mented can be acceptable, neutralization and c2arific:~tion of 

the juice is not necessarily required. 

3)  If, along with the sugar other soluble materials get 
into the juice from the cane, this is of little consequencc to 

ethanol production as long as these substances do not interfere , 

with fermentation. Such materials can possibly even contribute to 

a quicker fermentation and to a rise of the alcohol iield. For 
this reason, the sugar cane can be exposed during processing to 
entirely higher temperatures than this would be permissible in 

sugar production. 
4) A solution that is as sterile as possible should be brought 

to fermentation so that the yeast that is apl~lied can be recycled. 

This leads not only to reduced operating costs and higher yields, 

but it is also a prerequisite for a continuous course of fermen- 

tation that is desirable. 

5) It should be endeavored to also use such sugar cane for 
alcohol production that has become less valuable or worthless for 
conventional sugar production because of its degree of ripeness, 

extended storage or because of damage by frost or insects. Along 
with this, the ethanol installation should also offer the possi- 

bility to process other sugar-containing plants, such as, for ex- 
ample, sorghum. 

6 )  It 1s to be examined,'whether it is necessary .in every 
case, to separate the sugar-containing solution from the insolu- 
ble, plant parts, or'.'if it is not possible to ferment prior to 
such a separation. Subsequently, no longer the sugar; but the more 

easily volatilized alcohol would have to be separated. 

Ballwer, Gastcchnik has prcparcd a study at the request of the 
German Society for Technical Cooperatkon, in which a process for 

. b' 
the direct proccssinC/ of sugar cane inCo alcohol has been worked 

out, taking into consideration the above mentioned points, on 
the basis of laboratory- and tecllnical-.' experiments. 

The idea upon which this process is based, starts with the 

inexpensive initial size reduction of the sucar cane and its sub- 
sequent exposure to the influence of higher temperatures in or- 

der to attain a rapid and effective destruction of the cell-walls 



and l i b e r a t i o n  of t h e  sugar .  A t .  t h e  same t ime,  by means of thermic  

decomposit.ion, t h e  connect ion between marrow cells and f i b e r  i s  

d i s so lved  t o  t h e  e x t e n t  t h a t  only  s h o r t  pa ths  w i l l  have t o  be c o -  

vered i n  t h e  d i f f u s i o n  of t h e  sugar  from t h e  i n t e r i o r  o f  the .des -  
troyed cells i n t o  t h e  f r e e ,  surrounding s o l u t i o n .  The sugar  can  

t h e n  e a s i l y  be  e x t r a c t e d  from t h e  hot p l a n t  m a t e r i a l .  
. . 

Such thermic  processes  a r e  used,  among o t h e r s ,  i n  t h e  c e l l u -  

lose '  i n d u s t r y  i n  o r d e r  t o  decompose t h e  s ize-reduced wood, t o  d i s -  
s o l v e  t h e  connect ion between l i e n i n  and c e l l u l o s e  and t o  s o f t e n  

t h e  f i r s t  t o  such an  e x t e n t  a s  t o  make i t  e a s i l y  removable i n  t h e  

f u r t h e r  course  of t h e  process ing.  

The t y p e  and degree  of t h e  i n i t i a l  s i z e  reduc t ion  is of g r e a t  

importance t o  t h e  f u r t h e r  process ing of tlie s u e a r  cane a f t e r  t l ~ e  

thermic decomposit ion.  1Jith inc reas ing  s i z e - r e d u c t i o n  and shredding,  

on t h e ' o n e  hand, t h e  speed f o r  tlie e x s o l u t i o n  of t h e  s u g a r  i n c r e a -  

'ses, on t h e  o t h e r  hand t h e  pour d e n s i t y  of t h e  material drops  o f f  

considerably .  I f  t h e  cane i s  s i z e  reduced only  i n t o  a s o r t  of 

hogged c h i p s ,  as t h e y  a r e  known from t h e  paper and c e l l u l o s e  i n -  

d u s t r y ,  t h e  pour d e n s i t y  reaches  a  maximal va lue  wi th  about  550 
t o  600 kg/m3. A t  . t h i s  s o r t  of s i z e  reduc t ion  a water a d d i t i o n  o f  
about 111 s u f f i c e s  f o r .  t h e  complete cover ing  of t h e  m a t e r i a l  and 

a d i r e c t  f enpen ta t ion .  Our experiments have shown t h a t ,  under t h e s e  

cane,  can be conver ted i n t o  e thano l  i n  48 hours  wi th  baker ' s  y e a s t ,  

a f u r t h e r  s i z e  reduc t ion  does not  provide any a p p r e c i a b l e  i n c r e a s e  
i n  fe rmenta t ion  speed. The a lcoho l -con ta in ing  s o l u t i o n  can be se- 

parated from t h e  wood and then d i s t i l l e d .  Tlie remaining a l c o h o l  

c o n t c n t s  can be drive11 from tlic uood by bowing i n  steam and can 

t h u s  be obtained.  T h i s  process  has ,  i n  a l l  of i t s  s i m p l i c i t y ,  a l s o  

a  series of d isadvantages .  Thc c u t  c in8 .machi.nes t l iot  a r e  r e q u i r e d  

f o r  such a s i z e  reduc t ion  of tlic cane a re ' expens ive ,  have on ly  

l i m i t e d  ou tpu t s  and t h e  wear per iods  of tlleir knives  are s h o r t .  

Because of t h e  a d d i t i o n a l  water rcquired f o r  tlie complete cover ing 

of t h e  m a t e r i a l ,  t h e  sucar -  and, clleref orc: t h e  a t t a i n a b l e  a lcoho l -  

concen t ra t ion  is  mucll rccluccd, s o  t h a t  s Greater expcndi tura  of 

energy is required f o r  d i s t i l l a t i o n .  I n  a d d i t i o n ,  only  a p a r t  
it of t h e  app l ied  yeas t  can be recovered,  which lcads  t o  reduc t ion  

of y i e l d s .  

A considerably  l e s s  expensive and, a t  t h e  samc t i m e ,  more 

p rogress ive  f o r  of s i z e  reduc t ion ,  t h a t  i s  a l s o  connected w i t l i  a 
shredding of t h e  cane,  can be obt..nined by the a p p l i c a t i o n  of a 

hammer m i l l .  P r i o r  shor ten ing  of t l ~ e  caries can be e l imina ted ,  one 



o b t a i n s ~ a u n i f o m l y  and f i n e l y  s ize-rcduced m a t e r i a l  i n  one work- 
s t e p .  Th i s ,  however on ly  shows a your w c i ~ l i t  between 350 and 450 
kg/m3 and, because of t h e  s t i l l  I~igl ier  a d d i t i o n  of watcr t h a t  iis 

requ i red ,  a fermenta t ion p r i o r  l o  scpara t  ion of  tlie i n s o l u b l e  
p l a n t  p a r t s  i s  no longer  u s e f u l .  From tlic slireddcd cane,  however, ' 

t h e  sugar  can be e x t r a c t e d  i.n few s t e p s  completely a f t e r  tllcrmic 
decomposition. I n  t h i s  way, one w i l l  o b t a i n  a c l e a r ,  s l i g l l t l y  
co lo red  and sterile s o l u t i o n  t h a t  can be fermented wi thout  any 
f u r t h e r  process ing.  I n  t h e  tec l ln ica l  i n v e s t i g a t i o n s ,  w e  were a b l e  
t o  o b t a i n  sugar  concen t ra t ions  i n  s o l u t i o n s  of t h a t  t y p e ,  t h a t  
w e r e  only  s l i g h t l y  below t h e  sugar  concen t ra t ions  of t h e  o r i g i n a l  
cane.  

No adverse  e f f e c t  on t h e  fermenta t ion process  o r  t h e  feimen- 
t a t i o n  speed' caused by substances  t h a t  were d i s s o l v e d  from t h e  
c a n e  a long  with ehe sugar , '  could be determined by u s ,  t h e ' g a s l  
chromatographic a n a l y s i s  of t h e  v o l a t i l e  m a t e r i a l s  a f t e r .  fermeri- 
t a t i o n  showed t h a t  t h e s e ' a r e  p resen t  t o  more t h a n  99% i n  t h e  f o m  
of e thano l ,  t h e  remainder containing omall amounts of methanol. 

It should be e s p e c i a l l y  noted t h a t ,  i n  t h i s  manner, sugar  cane 
t l ia t  was p a r t i a l l y  s p o i l t  a s  well  o s u c l ~  cane,  v l~ose  dry-content  . 

had r i s e n ,  by r rnnspor t  and s t o r a c e  t o  clbo\*c 40 w t % ,  could a l s o  
bc processcd.  \ Jhi le  ft-on t h i s  m a t c r i a l  orily l i t t l e  o r  no sugar -  
con ta in ing  ju ice  could be expressed, we could c x t r a c t ,  a f t e r  t h e  
thermic  decomposit ion,  t h e  t o t a l  amount of sugar  t h a t  was p r e s e n t  
i n  t h e  cane. I n  p a r t ,  even, t h c  amount o'f sugar  t h a t  could be e x -  
t r a c t e d  was s i g n i f i c a n t l y  above t h e  sugar colt tent  of t h e  undecom- 
posed cane, as determined by s t andard  metllods, something t h a t  w e  

f e e l  i s  based a t  l e a s t  i n  p a r t  on a,  p a r t i a l  hydro1ysi.s of t h e  

polyglucosides  t h a t  were formed from t h e  saccharose  decomposition 
dur ing  t h e  thermic  decomposition. 

The combination: p r e - s i z e  reduc t ion  i n  a hammer m i l l ,  thermic  
decomposition and subsequent e x t r a c t i o n  promises, accord ine  t o  

t h e  r e s u l t s  of our  experiments,  a not  incons ide rab le  s a v i n g s ' i n  
investment c o s t s  i n  comparison t o  a convent ional  sugar  m i l l .  Along 
wi th  t h e  r e l a t i v e l y  smal l  mechanical energy.  f o r  t h e  d r i v c  of t h e  
hammer m i l l  and t h e  pumps, t h e  Klterrnic d e C ~ l ~ i > o s i t  ion  and d i s t i l l a -  
t i o n  only r e q u i r e  low pressure  stcam, t h e  e n t i r e  enerfiy r e q u i r e -  

ment can be covered by t h e  combustion of about 2/3 of t h e  produccd 
bagasse.  The excess  of bagasse can be o t h e r u i s e  used,  o r  u t i l i z e d  

f o r  t h e  energy I'equircments i n  t h e  proccssinl; of correspond in^ 

amounts of molasses o r  s tarc l l -conta ining m a t e r i a l s .  Because of tile 



thermic decomposition, such cane can also be iised that is no lon- 
ger useful in sugar production, by means of this and by the utili- 
zation of other sugar-containing plants, such as sor&hum, it would 
appear that a cost reduction of the sugar supply costs can be re- 
duced. Since a clear, sterile solution goes to fermentation,-it 
is entirely possible to work with yeast recycling. A continuous 

operation is possible as well. Within the framework of a pil'ot 
plant that will begin operation in the middle of the coming year, 

the process that has been described is to be further developed 
and tested. In this connection it is also intended.to investigate, 

whether or not, under certain conditions a processing of the en- 

tire cane, including ieaves and top, is possible.and'usefu1~ 

Economical and Technical 
Aspecta of Ethanol Production from Maniok 

Hans-Joachim Schmidt-Holthausen and Wilke '~n~elba& 
Schumacher'sche Fabrlk 

Postfach 207, D - 7120 Bietigheim-Bissingen 
The use of solar enerff for the production of alcohol'-fuels. 
by agricultural an6 blotechnological conversion processes. 
is in the first place a question of economy. Using fresh 
maniok and the common technology of today, only a small 
net-yield of energy can be attained. 

The aspects of an ethanol-plant. to be be built in Mato Crosso, 
Braail, are discu'ssed. Continuous process techniques are pro- 
posed and some alternative solutions for economizing "wasten 
treat-ent 2re given. 

Aaricultural as~ects 

A particularly important property of 
the manioc plant is its tolerance to . 
a vide range of climatdc and soil.con- 
dltions. :Easy cultivation and good crop 
yields, a good resistance against plant 
diseases and last not least easier 
transportation and storage with respect 
to sugar cane. favour maniok. Also the 
possible u s  of shoots and leaves as an 
animal feedstuff is important. Because 
of the non-mechanlzed.styles of farzing 
naniok cultivation is predestinated for 
family farms. 

~ r o m  the experiences of the European 
agriculture we feel that care must be 
taken first and foremost on melloness 
of the soil. This may be done by za- 
nuring (from animals fed witt the leave: 
and vinasse) or by sprinkling of aneero-. 
bically digested vinasse or bushes. 

Burning of the bushes is a dangerous 
procedure and may result in desert for- 
metion. This is vell known even fro!r. 
wet. climate cour.tries. 

Thus recycling of components, which 
have not been converted to ethanol. 
and which are in a state meliorating 
the soil, is an essential factor for 
the whole alcohol program. 

We can assume thqt one family farm of 
at least 0.15 km agricul.tura1 fields 
roduces 5-6 tons of maniok per week Y L ) .  About 1.200 farmers in a 600 km2 
cross-sectional area are necersary for 
the ethanol plant. - If in the future 
the specific crop yield will be doubled 
(1). this will only be possible vith 



crop rotation. resulting In an increased 
production of various products, like 
corn. soya-bean. wheat etc. 

A S D ~ C ~ S  of sweet mash ~roduction 

Sefore fermenting, starch has to be 
hydrolyzed to sugars usable for yeast. 
This is the major disadvantage of starch 
containing raw materials with respect 
to sugar cane or beet juice. Hydroly- 
sation may be done by heating and acidi- 
fication or application of enzymes. The 
latter process seems to have more ad- 
vantages. Pre-requisite for an economi- 
cal saccharification process is a con- 
tinuous thernal starch-liquefying pro- 
cess taking care of reusing most of the 
ezerpy. Such e process was described by 
Tegge (5): The washed, crushed and with 
xer- water diluted raw materials are 
rixed with steas in a special jet. Rg-C 
sultinr tempersture is less than 110 
to avoid carasel fornstion. After some 
seconds the hot paste is cooled in an 
ex2ans:on chamber. Te-perature in this 
ct?ge depends on the properties of the 
azylase wtich 1s dosed before steam 
treetzer,t or into the psrtially cooled 
paste. Starch hydrolysation to olig0- 
saccharides occurs within about one 
tour. The xasb is cooled to feraentation 
tez3erature and at less then 60'~ a 
glncsa~ylase is dosed. This enzymehydro- 
lyses oligo- and polysaccharides to 
glucose which can be fermented by yeast. 

130 m3 paste need about 10 tons of 
steam. Only 80 - 90 3 of this thermal 
energy can be recovered by the use of 
vacuun evaporators. Cooldng of the 
sweet zash froa about 60 C to 30 C will 
be effected by heat exchange%. 

Aspects of fermentation 

Ciassical alcoholic fermentation is a 
batch process: Steassterllized vessels 
of up to 200 m3 are filled with fresh 
aash, 1.e. sweet mash substituted wfth 
pressed yeast (1 kg pressed yeast/m 
of sweet mash) or 5 % fermented mash 
which was acidified to kill bacteria. 
Normal fermentation time is about 60 
hours. Because of the exothermic fer- 
3entation reaction (about 950 k ~ / 1  
ethanol) the fermenting mash is cooled 
with water by heat exchangers or by 
sprinkling the water upon the wall of 
the vessel. After fermentation the 
vessel is completely emptied, cleaned, 
sterilized and refilled with fresh 
mash. 

Aspects of vinasse treatment 

Protein content of fresh maniok is less 
than 1%. Taking into account a dilution 
in the range of 1:l. the vinasse will 
contain less than 0,s % of raw protein. 
On a dry matter basis raw protein of 
vlnasse is about 10 96. There is not 
much in it for use as a' forage on diatant 
cattle farms. 

There are two possibilitirs to use vi- 
nasse on en economizing way: 

Enlargement of the vessels isn't 
possible without problem if no nixing 
devices are installed. 

If a 200-m3-ethanol plant would be 
equipped with 200-mf-fermenters, every 
t w  hours e new vessel would have to 
be filled with fresh mash and a total 
of about 35 vessels would be necessary. 

It is quite obvioua that a continuous 
fermentation procese with only one fer- 
mentar simplifiea the eutomatic~ontrol. 

Baaic data of such a proceas are dascri- 
bed in a different paper (6). Main ad- 
vantages of this proceae are the high 
specific ethanol yield, the insensibility 
against infections and the flexibility 
against unavoidable fluctuations of 
operation. 

This continuous fermentation process 
is a synthesis from scientific research 
upon saccharification and yeast meta- 
bolism on the one hand and from s~ecific 
know-how about mixing of large voluned 
liquids with high solid matter content 
on the other hand. One of the character- 
istic process techniques is a continuous 
circulation of the fermenting mash in 
such a way, that the sweet mash (without 
yeast) is diluted by the factor 1:1000 
or more. The second characteristic 
principle of the process is the change 
of anaerobic and aerobic conditions for 
the fernenting yeast on a short time 
basis. Thus, the oxygen demand for 
assimilation and anabolic metabolism 
can be supplied without the disadvan- 
tages of the Pasteur effect. Further- 
more the process is characterized by a 
comparable low pH value which is the 
result of a coexistence between yeast 
and lactobacilli. 

It shall be mentioned that the existence 
of bacteria doesn't decrease the ethanol 
yield: Just the opposite occurs. the 
ethanol yield is higher than in the 
classical batch fermentation (6). 

Technical implementation of the process 
is done by the use of air-lift shafts. 
The large pumping efficiency of such 
devices allows dimensions of the fer- 
menter not known until nor except biolo- 
gical sewage treatment plente. - There 
will be no problems to oonatmct fermen- 
tore for e daily production of 1000 m3 
ethanol and more. 

First. the anaerobic digestion and 
methane formation: BOD of dissolved 
organic compounds of vinasse (which was 
produced by continu us fermentation) is 9 about LO tons/200 m of produced ethanol. 
Additional 35 tons of fibres and 10 tons 
of yeast give a total of 85 tons of BOD. 
While dissolved compounds and yeast may 
be digested by 90 1, the fibres will be 
digested by half of it. The sun: of di- 
gested BOD will be about 60 tons. the 



produced marsh gas (conte ning about 60 % 
methane) will be 36.000 m f re pyesentlng 
a combustion energy of 9 x 10 J ,  which 
is equal to about 20 % of the produced 
ethanol or to about 30 % of the energy 
used for steam production. 

Methane fermentation is a very slow 
running process and, on the basis of 
manlok vinasse, the fermentatlon time 
will be in the range of 10 days (7 ,8 .93 .  
Fermenter volume will.be over 20.000 m 
and needs constructions and equipmentsto 
make the process attractive and not to 
make it too expensive at the beginning 
because of the enormous fermenter costs. - Methane fermentation is a mesophillc 
reaction. The vlnasse comes from the 
distilling column at high temperatures 
and vaseheat reuse 10 h&tUly possible. 

Thus the methane fermenter may be corr- 
structed without insulation against loss 
of heat. that will result in lower costs. 

After-treatxent of the digested vinasse 
may be done in ponds. There is a lot of . 
know-how upon facultative anaerobic ponds 
equipped with aerators revolving water 
only near the surface and proviCing odours. 
Beceuse of additional oxygenetion by algae, 
the energy demand of such s pond systet! 
is less than 30 KY. 

Fibres and particles, non digested it? the 
methane fermenter, settle in the ponds. 
The average sludge increase will be in 
the range of 250 m3/d with 5 1 solids 
dry matter. Pond area will be chosen so 
that sludge removal can be done after 
years and with big machines. - On a long 
term basis the produced sludge takes about 
10-15 % of the maniok transport volume. 

By the use of more revolving energy it is 
possible to' produce aerobic conditions in 
the ponds. We believe that this will be 
the optimum way of treatment because of 
intensified algal bloomes and because of 
a simultaneous warm water fish cultivation. 
Especially carp is known to bring excellent 
yields under those conditions (10). 

The second way of vinasse utilisation is 
the production of single cell bionass 
end the feeding of the protein enriched 
materiel to animals. The non-treated 
vinasse is a useful forage only for ru- 
minate:. About 50.000 bulls are necessery 
for the use of fresh vinasse. - 
About two thirds 'of the dissolved carbon 
conpounds of vinasse may be incorporated 
by easts like candida. Thus, raw protein 
(RPJ content of vinasse can be increesed 
to about 1.2 $6. 1 . w .  about 25 % RP in the 
dry matter. If mixed populations of bac- 
teria are uaed for fermentatlon, RP con- 
tent of the product may be increaaed to 
about 30 % and drying will be possible on 
an economical basis. Fodder production 
then is about 0.55 kg dry matter / 1 etha- 
nol. When feeding with 50 % vinasse in 
the forage. a total of about 20.000 bulls 
or 120.000 pigs may be supplied by the 
ethanol plant. 
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CHAPTER V 

Every distillation consists of two operations: The conversion of fiquid into 
vapor, and the reconversion of the vapor into liquid. Hence perfect equilibrium 
s'hould be established between the vaporizing heat and the condensing cold. The 
quantity of vapor must not be greater or less than can be condensed. If fire is 
too violent the vapors will pass out of the worm uncondensed. If the fire is too 
low the pressure of the vapor is not great enough to prevent the entrance of air, 
which obstructs distillation. As a means of indicating the proper regulation of the 
fire, the simple little device shown in Figure 1 may be used. 

. 2 

Figure 1. I N D I C A T O R  FOR REGULATING THE DISTILLING FIRE 

This consists of a tube of copper or glass having a ball B eight inches in 
diameter. The upper end E o f  the tube is attached to the condensing worm. The 
lower end of the tube is bent in U-shape; the length of the two bends from b to 
outlet is four feet. The ball has a capacity slightly greater than the two legs of 
the bend. 

Normally the liquid in the two legs will stand at  a level. If, however, the 
fire is too brisk the vapor will enter the tube and drive out the liquor a t  d, and 
thus the level in the leg C will be less than in the leg D. If, however, the fire 
is low, the pressure of vapor in the worm will decrease and the pressure of the 
outside air will force down the liquid in leg D and up leg C into the ball. 

A more perfected device but operating on the same principleis shown in 
Figure 11. 



It is obviously. impossible to present in the small compass of this manual a 
description of all the varieties of stills used, but these which have been described 
illustrate the principles on which all stills are constructed and were chosen for 
their simplicity of construction and clearness of their operation. The principle of 
their operation is exactly the same as the more modern forms now. to be 
described. 

The Apparatus employed in the process of distillation is called a stili, and is 
of almost infinite variety. A still may be any vessel which will hold and permit 
fermentated "wash" or "beer" to  be boiled therein, and which will collect the 
vapors arising from the surface of the boiling liquid and transmit them to a 
condenser. The still may be either heated by the direct application of fire, or 
the liquid in the still raised ' to  the boiling point by the injection of steam. The 
steam of vapor rising from the boiling liquid must be cooled and condensed. This 
is done by leading it into tubes surrounded by cold water or the "cold mash." 

The very simplest form of still is shown is Figure 2, and consists of two 
essential parts, the still, or boiler A, made of tinned copper, the condenser C 
which may be made of metal or wood .and the worm B made of a coil of tinner 
copper pipe. 

The liquor is boiled in A and the vapors pass off into the worm B, which is 
surrounded by the cold water of the condenser, the distillate being drawn off at  
f.  

The heated vapors passing through the worm B will soonheat up the water in 
C thereby retarding perfect condensation. To prevent this, a cold water supply 
pipe may be connected to the bottom of C making a connection at the top of C 
for an overflow of the warmed up water. By this means the'lowest part of the 
worm. will be kept sufficiently cool to make a rapid condensation of the vapors. 

Figure 2 .  A SIMPLE STILL 



The boiler A can be made in two parts: the upper part fitting into the lower 
part snugly at  d. The pipe from the upper part fitting the worm snugly at  e. This 
will enable the operator to thoroughly cleanse the boiler before puttingin a new 
lot of 1iquo.r. The joints a t  e and d should be luted with dough formed by mixing 
the flour with a small portion of salt and moistening with water. This is 
thoroughly packed at the junctions of the parts to prevent the escape of steam 
or vapor. 

In an apparatus of this kind, the vapors of alcohol and water are condensed 
together. But if instead of filling the condenser C with cold water, it is kept at  
a temperature of 176OF. the greater part of the water-vapor will be condensed 
while the alcohol, which boils at  172.4OF. passes through the coil uncondensed. If 
therefore, the water be condensed and collected separately in this manner, and 
the alcoholic vapors be conducted into another cooler kept at  temperature .below 
172.4O., the alcohol will be obtained in a much higher state of concentration than 
it. would be by a process of simple distillation. 

Supposing, again, that vapors containing but a small quantity of alcohol are 
brought into contact with an alcoholic liquid of lower temperature than the 
vapors themselves, and in very small .quantity, the vapor of water will be partly 
condensed, so that the remainder will be richer in alcohol than it was previously. 
But the water, in condensing, converts into vapor a portion of the spirit contained 
in the liquid interposed, so that the uncondensed vapors passing away are still 
further enriched by this means. Here, then, are the results obtained; the 
alcoholic vapors are strengthened, firstly, by the removal of a portion of the 
water wherewith they were mixed; and then by the admixture with them of the 
vaporized spirit placed in the condenser. By the employment of some such 
method as this, a very satisfactory yield of spirit may be obtained, both with 
regard to quality, as it is extremely concentrated, and to the cost of production, 
since the simple condensat.ion of the water is made use of to convert the spirit 
into vapor without the necessity of having recourse to fuel. The construction of 
every variety of distilling apparatus now in use is based upon the above principles. 

A sectional view of another simple form of still is shown in Figure 3; V is 
a wooden vat having a tight fitting cover a, through the center of which a hole 
has been cut. The wide end of a goose neck, of copper pipe g is securely fitted 
over this aperture, the smaller end of this pipe passes through the cover of the 
retort R extending nearly to the bottom; f is the steam supply pipe from boiler; 
M the rectifier consisting of a cylindrical copper vessel containing a number of 
small vertical pipes surrounded by a cold water jacket; o the inlet for the-cold 
water which circulates around these small pipes, discharging at n; the pipes in M 
have a common connection to a pipe p, which connects the rectifier with coil in  
cooler C; s is a pipe to the receptacle for receiving the distillate; u cold water 
supply pipe to cooler, and W discharge for warmed-up water; k discharge for 
refuse wash in vat V. 

The operation is as follows: The vat V is nearly filled with fermented mash 
and retort R with weak distillate from a previous operation. Steam is then turned 
into the pipe f discharging near the bottom of the vat V and working up through 
the mash. This heats up the mash and the vapors escape up g ov.er into R where 
they warm up the weak distillate. The vapors thus enriched r iss  into M,  where 
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a good percentage of the water vapor i i  diitilled, that is; 'condensed by the cold 
water surrounding the small pipes. The vapor then passes over through p into the 
coil, where it is liquified 'and from whence it passes by pipe s into the receiver. 
The cold water for cooling both M arid C can be turned . . on a s .  soon as the 
apparatus has become thoroughly. heated up. 

' Figure 3. SIMPLE STILL, NITH RECTIFIER 

The stills in use today in many"'parts of the .South for the production of 
whiskey are quite as simple as those above described, .and some for the making 
of "moonshine" liquor are' more so. 

The first distilling apgaratus , for 'the .production of s.trong alcohol on an 
industrial scale was invented by ~ d w a t d '  'Adam, in the year 1801. The 
arrangement is shown in Figure 4; in which. A is a still to contain .the liquor 
placed over a suitable heater. The vapors were conducted by a tube into .the 
eggshaped vessel B, the tube reaching nearly to the bottom; they then passed out 
by another tube into a second egg C; then, in some cases, into a third, not shown 
in the figure, and finally into the worm D, and through a cock at  G into the 
receiver. The liquor condensed in the first egg is stronger than that in the still, 
while.that found in the second and third is stronger than either. The spirit which 
is condensed a t  the bottom of the w.orm is of a very. high degree of strength. At 
the bottom of each of the eggs, there is a tube connected with the sitll, by which 
the concentrated liquors may be run back into A for redistillation after the refuse 
liquor from the first distil has been run off. 

In the tube is a stop-cock a ,  by regulating which, enough liquor could be kept 
in the eggs to  cover the lower ends of the entrance pipes, so t h ~ t  the alcoholic 
vapors were not only deprived of water by the cooling which they underwent in 
passing through the eggs, but were also mixed with fresh spirit obtained from the 
vaporization of the liquid remaining in the bottom of the eggs, in the manner 
already described. 
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Figure 4 .  ADAM'S STILL 

Compound Distillation. Where stills of the from shown in Figures 2 and 3 are 
used the alcohol obtained is weak. Hence it is necessary that the distillate be 
again itself distilled, the operation being repeated a number of times. In the 
better class of still, however, compound distillation is performed the mash is 
heated by the hot vapors rising from. the still and the vapors are condensed and' 
run back into the still greatly enriched. 

Figure 5 .  DOUBLE STILL 



Modem Distilling Apparatus 

All modern distilling apparatus for the production of a high grade of alcohol 
is based upori the principle set forth in the description of the Coffey. still; that 
is, upon using a distilling column and a concentrating column, wherein..the "wash" 
or mash fermented as described, passes over a series of 'plates or other 
obstructions in contact with an ascending column of heated vapor. .This heated 
Yapor extracts the alcohol from the wash, or from the low wines of the 
concentrator, and is continually strengthened during its journey until it passes off 
to a condenser as a vapor very rich in alcohol. The converse of this is true with 
the wash, which in its downward. course is gradually deprived of its alcohol until 
it finally passes off a t  the bottom of the column. 

Figure 7 is illustrative of the general form and arrangement of such a column 
and its adjuncts; the details, however,' will vary with each make of still. In this 
the llcolumn" consists of a .  casing really continuous but divided into two 
portions-the distilling portion A and the rectifying portion B. The operation is 
alike, however, in principle in both portions. 

C r o s s - S e c t i o n  o f  F i g u r e  6 

Figure 6. DISTILLIKG PLATE 

The wash by means of a suitable pump is forced into an overhead tank 'or 
concentrator G where it is warmed by the hot vapors as will be later described. , 

I t  passes around the interior of the concentrator in a coil c and then passes off 
by a pipe g to the uppermost plate of the distilling portion A of ttie column. 



Figure 7. DIAGRAhlATIC VIEW OF COLU14N STILL AND .ICCESSORY 
APPARATUS 



The plates are each formed with a dropping t u k  0 (see Figure 6). which 
extends above the plate to an extent slightly less than the desired thickness of 
the layer of:liquid on each plate, and with perforations each having m upwardly 
projecting rim, and each covered with a cap A. This rim and cap form a trap. 
The ascending vapors pass up through the perforations, down between the rim and 
the edge of the cap and thus out through the layer of wash contained'on the cap. 

'The wash remains constantly level with the top of the tub& 0, the ekcess running 
;off through the tube 0 to the compartment or plate beneath. 

To return to Figure 7, the wash by the pipe a enters the distilling portion of 
the column at the uppermost plate thereof and, as described above, drops down 
fro111 platc to plate. A steam pipe S enters the bottom compartment of the 
distilling portion of the column and the stea~n as it rims through the little traps, 
bubbles out through the layer of wash and in each compartment enriches itself 
with alcohol. Thus the rising column of vapor is constantly weaker until at  last 
it passes away as spent wash at the very bottom of the column by the pipe D. 

The hot vapors, as before described, pass upward and enter the rectifying 
portion of column B. This consists of a series of compartments having perforated 
bottoms and dropping tubes. The vapor passes upward through these perforations 
of the plates-the condensed portion of it dropping back again on to the lower 
plates or on to the distilling plates to be again vaporized and concentrated and 
the more highly vaporized portion passing out at the top of the column through 
the pipe E to the concentrator G. 

The concentrator consists of a tank containing water within which is 
supported a vessel F having double walls. The interior of this vessel is likewise 
filled with water. Between the double walls and surrounding the coiled pipe c 
passes the vapors from pipe E 

At the bottom of the vessel F is a compartment f connected by a pipe FI 
with the upper compartment of the rectifying column. The less highly heated 
vapors will be condensed by the passage through the double walls of the vessel 
and the condensation will collect in the compartment f,  and from there pass off 
by pipe FI back to the rectifying column, to be again vaporized and strengthened 
by the descent from plate to plate of B. 

The rich and highly vaporized vapors which have passed the test of this 
preliminary concentration, pass out of the compartment by a pipe M. Here again 
the water surrounding the pipe tends to condense all but the most highly charged 
vapor and send it back to compartment f but the vapor which succeeds in passing 
over through pipe G is carried downward to a condenser H where it is finally 
condensed and drawn off as at g. It is necessary that the rate of mash feed be 
regulated so that neither too much mash shall be pumped into the mash heater 
G, or too little, and the pipe leading from the pump to the heater is therefore 
~rovided with a tap and an indicating dial. 

In these modern stills the following are particylarly important points to be 
especially brought to the consideration of the distiller. 



It cannot be too strongly impressed that effectiveness of .the distilling column 
depends on the plates dividing it-that is, upon the horizontality of the plates and 
the form of,  the traps or perforations. . If the plates are not horizontal the wash 
is not maintained at  a uniform level across the entire extent of the plate and 
hence some of the ascending vapor will pass out without contacting 'with the v;ash 
through .uncovered traps, while others of the traps will be so deeply submerged 
in wash that the. vapor cannot bubble through. 

Again the caps should be so made as to divide the vapor into fine streams 
and bring it into contact with each part of the wash. Plates simply perforated 

i 
and uncapped give excellent results for they molecularize the vapor ascending 
through the liquid contained on the plates, but they require a constant pressure 
of vapor, and any variations of pressure tends to discharge them. In addition 
these perforations gradually enlarge by the action of acids in the wash or clog up, 
and the apparatus soon works badly. 

Good forms of capped traps are shown in Figures 8 and 9 devised by Barbet. 
These are provided with an interior upwardly projecting rim. Extending over the 
rim. and down,around it is a copper cap having its margin slitted. 

The wash carried on the plate circulates about the caps and the alcoholic 
vapors bubble out through the slits and up through the wash,' the vapor thus being 
finely divided and coming into intemate contact with each portion of the wash 
and thus more thoroughly depriving it of its alcohol?. 

F i g u r e  8 .  BARBET T R A P  F i g u r e  9.  BARBET TRAP 

Besides this there is another edvantage resident in these caps, namely, that 
distillation may be stopped for several hours and then restarted without .trouble 
for the reason that the wash has been retained on the 'plates, whereas were the 
plates simply perforated the wash wodd ooze through and the plates have to be 
recharged. This form of plate may be easily repaired and does not necessitate 
the removal or replacement of the plate itself. The caps alone need be removed. 

For thick washes, which tends to obstruct the slits of the cap, Barbet has 
devised the cap shown in Figure 9. This cap extends down to the plate itself, and 
has very narrow slits in its periphery. With su'ch a cap as shown in Figure 8, the 



bran, sediments, etc., would tend to settle upoq the top of the cap, enter beneath 
it and through the slits. The coneshape of the top of this cap prevents the 
deposit of dregs thereon and the very narrow slits oppose the entrance of- bran 
or sediment. 

While, for the sake of clearness, an old form of concentrator G,' has been 
.shown, the concentrator, preheater for the wash, and condensers, today, are 
usually composed of bundles of tubes through which the vapors pass surrounded by 
water or the cool wash. These should be of bronze or copper and made without 
solder. The tubes should be capable of being taken out for cleaning or repairing. 

In many distilling apparatuses the distilling column and the rectifying column 
are in two parts, one beside the other. This overcomes the objection of having 
a very high column and also prevents the low wines, i.e.,. the weak. alcoholic liquor 
after its first concentration, from passing into the wash as it would do with the 
continuous column. 

In order that the amount of steam entering the column may be regulated, the 
column is usually provided with a steam regulator (Figure 101, whose principle of 
operation may be easily understood by referring to Figure 7. It comprises an 
upper and a lower chamber ZZt connected by a central tube K which projects 
down nearly to the bottom of the lower chamber. A pipe W communicates with 
the steam chamber R of the column and enters the chamber Z above the level 
of the water contained the<ein. In the upper chamber Z', is a float X ,  connected 
to the differential level T of a steam valve T' which controls the inlet of steam 
passing through pipe S to the steam chest R. The principle of operation is very 
simple. When the pressure in the steam check R becomes too great, steam in the 
pipe W and chamber Z forces the water therein up in tube K, thus lifting the float 
X and closing the steam entrance valve T. When the pressure of steam is low, 
the level of the liquid in Z rises .and liquid in .Zt runs into Z, the float X falls 
opening valve T' and allowing a greater flow of steam. 

Figure  1 0 .  STEAW REGUL.ATOR 

As it is often desirable to change the pressure of steam in the column at 
various points in the operation, the best regulators are usually provided with 
means to that end. 



Distil- Plants: Their General Arrangement and Equipment 

When we look a t  the manufactories of today with their complicated 
machinery, their extensive equipment, their great boilers, and engines and their 
hundreds of employees, we are liable to forget that good work was turned out by 
our ancestors, with equipment of extreme simplicity and that todaycwhile there 
are, for instance, thousands of wood-working mills, complete in evefy detail and 
covering under a multitude of roofs every variety of complicated and perfected 
wood-working machinery, yet there are many more thousands of small plants, 
comprising a portable boiler, fed with refuse, a small engine and a few saws 
which are making money for the owners and doing to work of the world. 

The reader therefore, must be warned against any feeling of discouragement 
because of the cost and complicated perfection of elaborate distilling plants. 
Where the business is to be entered into on a large scale, to take the products 
from a considerable section of country and turn them into alcohol to compete in 
the great markets, the best of apparatus and equipment is not too good, but the 
person contemplating the mere manufacture of alcohol on a small scale, to serve 
only a small section, must remember that distillation is really a very simple 
matter, for years practices with a. most rudimentary apparatus and still so 
practiced in the country districts particularly in the South. 

This is well illustrated by the fact that an illicit distille confined in one of 
the North Carolina penitentiaries for transgressing the revenue laws, was able 
while in durance, to continue his operations unknown to the prison authorities, his 
plant consisting of a few buckets, and a still whose body was a tin kettle, a few 
pieces of pipe and a worm which he had bent himself. This example is not given 
as encouragement to illicit or "blockade1' distilling but merely to show vividly how 
simple the rudimentary apparatus really is. 

The simplest regular plants, those of the South for instance, comprise a 
building of rough lumber some thirty feet by twelve wide, with a wooden floor 
on which the fermenting vats rest and an earthern floor immediately in front of 
the still and furnance. This is to permit the fires being drawn when the charge 
has been exhausted in the boiler. The still is of the fire-heated, intermittent 
variety, such as described on page 29. It consists of a brick furnace or oven, 
large enough to burn ordinary cord wood and supporting a copper boiler of fifteen 
or twenty gallons capacity. On top of this is a copper llhead" with the usual goose 
neck,. from which a copper pipe leads to a closed and locked barrel containing raw 
spirits, this barrel acting on the principle of the condensing chamber shown in the 
still in Figure 3. From the upper part of this barrel, which acts as a 
concentrator, the vapors pass to a copper worm immersed in a tub of cold water. 
Here the vapors are condensed and pass by a pipe to a receiving tank. 

The fermenting vats may be six or more in number so as to allow the mash 
in each tank to be at a different stage of fermentation. A pump is used for 
pumping the contents of any of the tanks into the boiler or the still. A pump 
is also provided for supplying water to the vats and condensers. 

In connection with the distilling and fermenting building there are small 
buildings for storing the grain, malt, etc. 



The buildings are of the cheapestconstruction and arranged in the manner 
which compels the least labor in ,filling the mash vats and turning the contents 
into alcohol, The alcohol so produced are low grade,' fiery and rough in taste, but 
the point is that alcohol may be and is so produced. 

Between these simple' beginnings and the elaborate plarits of brg distilleries 
there is a wide range, so wide that it is -impossible within the 11mit.s of this 
manual to go into detail. The makers of distilling apparatus furnish all grades of 
stills and to those contemplating erecting a plant it is suggested that their best 
course is to communicate with such manufacturers, giving the circumstances of I .  

the case, the particular product to be worked and the capacity desired. The 
object of this manual is to give an understanding of the processes of distillation 
and. of this chapter to give a general idea of the arrangement of a number of 
typical distilling plants, suitable for various kinds of work. 

That the simple, direct-heated pot still such as referred to above, used for 
fifteen hundred years and over, is still used largely due to the 'simplicity of its 
construction and operation, but its capacity is small, and its operating expense 
relatively heavy. It is still used for making liquors, but for industrial purposes 
it has been entirely superceded by concentrating and rectifying stills. A simple 
form of the latter is found in the still shown in Figure 5 and in the distilling 
apparatus of Adam (Figure 4). 

Originally all stills were heated by direct contact with fire. This was open 
to a serious objection, namely, that the mash if thick was liable to be scorched. 
Stirring devices were used by Pistorious but these required constant attention. As 
a consequence, direct firing gave place to heating bysteam, by which not only was 
scorching of the wash. avoided but much greater certainty of operation was 
attained. 

The steam may be used to simply heat the boiler, thus taking the place of 
the direct heat of the fire, but it is far better in every way to admit the steam 
directly to the mash as in the Coffey still and all modern stills. It is possible 
to apply this principle to all compound stills, but the best results with greatest 
economy of fuel are, of course, gotten from the plate or column stills especially 
constructed for steam. In order to get the best results it is necessary that the 
entry of steam be regulated so  that there may be absolute uniformity of flow. 



CHAPTER V I  

BIOMASS BASED FORMULATED FUELS FOR 
INTERNAL COMBUSTION ENGINES 

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

Today,  a l c o h o l s  are t h e  most r e a d i l y  a v a i l a b l e  c a n d i d a t e s  f o r  
f o r m u l a t e d  b i o m a s s  l i q u i d  f u e l s ,  s e p a r a t e l y  o r  i n  c o n j u n c t i o n  
w i t h  f o s s i l '  f u e l s .  I n  a d d i t i o n ,  a t  t h i s  t i m e ,  e t h a n o l  and 
m e t h a n o l  a,re t h e  most d e v e l o p e d  b i o f  u e l s .  W e  m u s t  r e c o g n i z e ,  
however ,  t h a t  a l l  b i o s u b s t a n c e s ,  d e n s  i f  i e d  by  b i o a c t i o n  i n t o  
bonded c o m b i n a t  i o n s  o f  h y d r o g e n  and  c a r b o n  r e p r e s e n t  s t o r e d  
c h e m i c a l  e n e r g y  and are  r e a d i l y  a v a i l a b l e  f o r  c o n v e r s i o n  i n t o .  
f o r m u l a t e d  fuels--again-.-separately, or  i n  c o m b i n a t i o n  w i t h  
o t h e r  b i o m a s s  or  f o s s i l  b a s e d  f u e l s .  .The t r a n s f o r m a t i o n  o f  
b i o s u b s t a n c e s  i n t o  b i o f u e l s ,  b a s e d  o n  economic  and  e n e r g y  
c o n s  i d e r a t i o n s  , c a n  b e  a c c o m p l i s h e d  t h r o u g h  a v a r i e t y  o f  i n t e r -  
a c t i o n s  t o  i n c l u d e ,  m e c h a n i c a l ,  c h e m i c a l ,  h e a t ,  e n z y m a t i c ,  
b i o l o g i c a l ,  s o n i c ' a n d  e l e c t r o n i c  , i n t e r a c t i o n s .  

Today,  a l c o h o l s  are  t h e  most r e a d i l y  a v a i l a b l e  c a n d i d a t e s  f o r  
f o r m u l a t e d  b i o m a s s  l i q u i d  f u e l s ,  s e p a r a t e l y  o r  i n  c o n j u n c t i o n  
w i t h  f o s s i l  f u e l s .  I n  a d d i t i o n ,  a t  t h i s  t i m e  e t h a n o l  and  
m e t h a n o l  are t h e  most d e v e l o p e d  b i o f  u e l s .  They are t h e  f o r e -  
b e a r e r s  o f  s e v e r a l  e n e r g y  o r i e n t e d '  e conomic ,  p o l i t i c a l ,  and  
s o c i o l o g i c a l  c h a n g e s  i n  America. I t  is c r i t i c a l  t h a t  w e  d e a l  
w i t h  t h e s e  f o r e b e a r e r s  w i s e l y ,  f o r  t h e y  w i l l  h e l p  set  t h e  p a c e  
a n d  t o n e  f o r  o t h e r  e m e r g i n g  r e n e w a b l e  e n e r g y  s y s t e m s  t h a t  c a n  
b e  d e v e l o p e d  i n  t h e  b e s t  ' i n t e r e s t  o f  t h e  p u b l i c .  .Th i s  w o r k s  
f o c u s  is o n  a l c o h o l s  b u t  it also r e f e r s  to  o t h e r  b i o m a s s  f u e l s ,  
s o l i d s ,  l i q u i d s ,  a n d  g a s e s ,  t h a t  c a n  b e  made t h r o u g h  t h e  r e f i n i n g  
o f . b i o m a s s .  G a s o h o l ,  a l c o h o l  and  b i o m a s s .  f u e l s  are  t h e  A ,  t h e  B ,  
a n d  t h e  C t h r o u g h  Z o f  a p o t e n t i a l l y  major e n e r g y  s y s t e m  t h a t  is 
a b o u t  to  dawn. 

W e  s h o u l d  p o i n t  o u t  t h a t  t h e  maj0.r i n s t i t u t i o n s  were busy  w i t h  
f o s s i l  a n d  n u c l e a r  f u e l s ,  w h i l e  p i o n e e r s - - d r i v e n  more by i d e a l i s m  -- 
h a v e  e s t a b l i s h e d  t h e  c a p a b i l i t i e s  of a l c o h o l  f u e l  d e s p i t e  t h e  
u n f a i r n e s s  o f  f a c t u a l  t a b o o s .  

- A t  t h e  b e g i n n i n g  o f  t h e  c e n t u r y ,  g a s o l i n e ,  a b y - p r o d u c t  i n  
t h e  p r o d u c t i o n  o f  k e r o s e n e ,  d i s p l a c e d  a l c o h o l s  f u e l  

F o r  i n t e r n a l  c o m b u s t i o n  e n g i n e s  o n l y  b e c a u s e  it was 
c h e a p e r .  F u r t h e r m o r e ,  E d i s o n ' s  d i s c o v e r y  o f  t h e  e lec t r ic  
b u l b  made g a s o l i n e  t h e  " h o r s e A  o f  t h e  o i l  i n d u s t r y .  

- From t h e n  t o  t o d a y ,  t h e  i n t e r n a l  c o m b u s t i o n  e n g i n e  h a s  
b e e n  o p t i m i z e d  f o r  u s i n g  f o s s i l  l i q u i d  f u e l .  The p r i m i -  
t i v e  f o r m s  o f  g a s o l i n e  h a v e  been  f o r m u l a t e d  t h r o u g h  



r e f i n i n g .  I ts  b u r n i n g  b e h a v i o r  h a s  b e e n  improved  a n d  
l i t t l e  or no  c o n s i d e r a t i o n  h a s  b e e n  g i v e n  t o  o t h e r  
r e s o u r c e s  o f  l i q u i d  a n d  g a s e o u s  f u e l s  s u c h  as t h o s e  
d e r i v e d  f r o m  b iomass .  

- Today t h e  f e a r  o f  n o n - s o l v a b l e ,  p o l l u t i o n ,  e f f i c i e n c y ,  
and  s c a r c i t y  p r o b l e m s  have  r e t u r n e d  o u r  a t t e n t i o n  to 
o t h e r  s o u r c e s  o f  f u e l .  . . 

- T h e  e s t a b l i s h e d  g r o u n d  f o r  e v a l u a t i o n  o f  a l c o h o l  f u e l s  
are b i a s e d  a n d  u n f a i r  when o n e  c o n s i d e r s  t h a t  t h e  com- 
p a r i s o n s  are  made be tween  h i g h l y  r e f i n e d  a n d  f o r u m l a t e d  
g a s o l i n e  t e c h n o l o g i e s  and  t h e  r e l a t i v e l y  p r i m i t i v e ,  

.. n o n - o p t i m i z e d  a l c o h o l '  f u e l  t e c h n o l o g i e s  wh ich  have  b e e n  
do rman t  f o r  n e a r l y '  a . hund reds  y e a r s .  Once f o r m u l a t i o n  
t e c h n i q u e s ,  e n g i n e s  and  a u x i l i a r y  h a r d w a r e  have  b e e n  
o p t i m i z e d  f o r  b i o m a s s  f u e l s ,  t h e y  w i l l  e x c e p t  t h e  test.  

C o n c l u s i v e l y ,  a l c o h o l s  are  s c i e n t i f i c a l l y ,  e c o n o m i c a l l y  a n d  
o p e r a t i o n a l l y  a b a s e  f o r  f o r m u l a t i n g  l i q u i d  f u e l s  f o r  i n t e r n a l  
c o m b u s t i o n  e n g i n e s  and  t h e i r  c o n t r i b u t i o n  t o  t h e  s u p p l y  o f  e n e r g y  
m u s t  b e  c o u n t e d .  

B e c a u s e  o f  t h e i r  p o t e n i a l  u t i l i t y  as  a t r a n s i s t i o n a l  f u e l ,  alco- 
h o l  f u e l s  may b e  c a l l e d  upon t o  power  a s u b s t a n t i a l  number o f  
v e h i c l e s  c o n f i g u r e d  t o  r e f l e c t  t o d a y ' s  i n t e r n a l  c o m b u s t i o n  e n g i n e  
t e c h n o l o g y .  I n  s u c h  a c o n t e x t ,  t h e  f i r s t  r e q u i r e m e n t  is f o r  a n  
a c c e p t a b l e  f u e l  a n d  o n l y  a f t e r  t h a t  h a s  b e e n  a c c o m p l i s h e d  d o  w e  
c o n c e r n  o u r s e l v e s  as t o  w h e t h e r  i t  is a b e t t e r  f u e l .  

E t h a n o l  A s  A F u e l  

E t h y l  a l c o h o l  i s  n o t  o n l y  t h e  o l d e s t  s y n t h e t i c  o r g a n i c  c h e m i c a l  
u s e d  by  man, b u t  a lso o n e  o f  t h e  most i m p o r t a n t .  

95% A l c o h o l :  An A z e o t r o p e  ( 1 9 0  P r o o f )  

E x c e p t  f o r  a l c o h o l i c  b e v e r a g e s ,  n e a r l y  a l l  t h e  e t h y l  a l c o h o l  u s e d  
is a m i x t u r e  o f  95% a l c o h o l ,  5% w a t e r ,  known s i m p l y  as  95% a l c o h o l .  
A l t h o u g h  p u r e  a l c o h o l  (known as a b s o l u t e  a l c o h o l )  is  a v a i l a b l e ,  
i t  is much more e x p e n s i v e  and  is u s e d  o n l y  when d e f i n i t e l y  r e q u i r e d .  

What is so special  a b o u t  t h e  c o n c e n t r a t i o n  o f  95%?  W h a t e v e r  t h e  
method  o f  p r e p a r a t i o n ,  e t h y l  a l c o h o l  is o b t a i n e d  f i r s t  mixed  w i t h  
water; t h i s  m i x t u r e  is t h e n  c o n c e n t r a t e d  by f r a c t i o n a l  d i s t i l l a t i o n .  
A s '  i n  a n y  d i s t i l l a t i o n ,  t h e  f i r s t  material  t o  d i s t i l l  is t h e  o n e  
o f  h i g h e s t  v o l a t i l i t y ,  t h a t  is o f  lowest b o i l i n g  p o i n t . ,  I n  a 



mixture of ethyl alcohol and water the lowest boiling component 
is not water (b. p. .1000) or ethyl alcohol (b. p. 78.3O') but a 
mixture.of 95% alcohol and 5% water (b-p. 78.150). If an 
efficient fractionating column is used, there is obtained first 
95% alcohol, then a small intermediate fraction of lower concen- 
tration, and then water. But no matter how efficient,the frac- 
tionating'column used, 95% alcohol cannot be further cohcentrated. 

~ s ' w e  know, separation of a mixture by distillation occ.urs 
because the. vapor has a different composition from the liquid 
from which it distills; the vapor being richer in the more 
volatile component. We cannot separate 95% alcohol' into its 
components by distillation because here the vapor has exactly the 
same composition as the liquid; toward distilla.tion, then, 95% 
alcohol behaves exactly like a pure compound. 



A liquid mixture that has the peculiar property of giving a vapor of the 
same composition is called an azeotrope or a constant-boiling mixture. Since it 
contains two components 95% alcohol is a binary azeotrope. Most ezeotropes, 
like 95% alcohol, have boiling points lower than those of their compoennts and 
are known as minimum-boiling mixtures; azeotropes having boiling peints higher 
than those of their components are known as maximum-boiling mixtures. 

Absolute Alcohol (200 Proof) 

If 95% alcohol cannot be further concentrated by distillation, the 
commercially available 100% ethyl alcohol known as absolute alcohol is obtained 
by taking advantage of the existence of an azeotrope, this time a t h r e e  
component one (termary azekrope). A mixture of 7.5% water, 18.5% ethyl 
alcohol, and 74% benzene forms' an azeotrope of b.p. 64.g0 (a minimum-boiling 
mixture). 

Expectations of Ethanol 

Quoting .F. B. Wright - 1907 

On J.ur:e 7, 1906, however, Congress passed the "De-Naturing Act," as it is 
called, which provided in brief that alcohol, which had been mixed with a certain 
proportion of denaturing materials sufficient to prevent its use as a beverage 
should not be taxed. . . 

The passage of this Act was alcohol's new day, and is destined to have a '  
wide influence upon the agricultural pursuits of the country. 

In the matter of small engines and motors alone, one estimate places the 
f x m  use of' these at  three hundred thousand with an annual increase of one 
hundred thousand. This means an economical displacing of horse and muscle 
power in farm work almost beyond comprehension. If now the farmer can make 
from surplus or cheaply grown crops the fuels for his motors, he is placed in a 
still more independent and commanding position in the industrial race: 

As 'an illuminant the untaxed alcohol is bound to introduce some interesting 
as well as novel conditions. The general estimate of the value of alcohol for 
lighting gives it about double the power of kerosene, a gallon of alcohol lasting 
as long as two gallons of ,oil. In Germany, where the use of alcohol in lamps 
is most fully developed,, a mantle is used. Thus in a short time it may be 
expected that an entirely new industry will spring up to meet the demand for 
the illuminating lamps embodying the latest approved form of mantle. The 
adapting o f ,  the gasoline ,m.otors of automobiles to alcohol fuel will in itself 
create a vast new manufacturing undertaking. h'hen this is accomelished it is 
believed that. we shall .no more be troubled with. the malodorous "auto" and 
"cycle" gasoline burners on our public streets and parkways. . . 

+ -- 



De-natured alcohol is simply alcohol which has been so treated as to spoil 
it for use as a beverage or medicine and prevent its use in any manner except 
for industrial purposes. 

The use of de-natured alcohol as a fuel has yet to be fully developed. 
Although alcohol has only about half the heating power or kerosene c r  gasoline, 
gallon for gallon, yet it has many valuable properties which may enable it to 
compete successfully in spite of its lower fuel value. In the first place it is very' 
much safer. Alcohol has'a tendency to simply heat the surrounding vapors and 
produce currents of hot gases which are not usually brought to  high enough 
temperature to inflame articles at  a distance. It can be easily diluted with 
water, and when it is diluted to more than one-half it ceases to be inflammable. 
Hence it may be readily extinguished; while burning gasoline, by floating on the 
water, simply spreads its flame when water is applied to it. Although alcohol 
has far less heating capacity than gasoline, the best experts believe that it .will 
develop a much higher percentage of efficiency in motors than does gasoline. 

A recent exhibition in Germany gave a good illustration of the broad field 
in which de-natured alcohol may be used. 

2 

Here were shown alcohol engines of a large number of different makes; 
alcohol boat motors as devised for the Russian navy; and motors for threshing, 
grinding, woodcutting, and other agricultural purposes. 

I The department of lighting apparatus included a large and varied display of 
lamps, chandeliers, and street and corridor lights, in which alcohol vapor is 
burned like gas in a hooded flame covered by a Welsbach mantle. 

Under such conditions alcohol vapor burns with an incandescent flame 
which rivals the arc light in brilliancy and must be shaded to adapt it to the . 
endurance of the human eye. \ 

Similarly attractive and interesting was the large display of alcohol heating 
stoves, which, for. warming corridors, sleeping rooms, and certain other 
locations, are highly esteemed. They are made of japanned-iron plate in 
decorative forms, with ' concave copper reflectors; are readily portable; and, 
when provided with chimney connections for the escape of gases of combustion, 
furnish a clean, odorless, and convenient heating apparatus. 

Cpoking stoves of all sizes,. forms, and capacities (from the complete 
range, which has baking and roasting ovens, broilers, etc., to the simple tea and 
coffee lamp) were also displayed in endless' variety. 

Enough has been said to give an idea of the capabilities and values of this 
new form of fuel, a t  least, and as far as the United States is concerned. 

With.its advent not only will American genius perfect the machinery for 
its use, but the American farmer is given a new market for his crops. 

D DistiHeries, big and little, are likely to be set up all over the country, and 
the time is not far distant when the farmer will be able to carry his corn to the 
distil1ery;and .either return with the money in his pocket or with fuel for farm 
engines, machinery, and perchance his automobile. 



ALCOtlOL FUELS - 1980 EXPECTATIONS 

EXCERPT FROM "THE REPORT OF THE ALCOHOL FUELS 
POLICY REVIEW" 

U.S. Department of Energy 
Assistant Secretary for Policy Evaluation 
Washington, D.C. 20585 

The steadily increasing demand for premium fuels-especially oil and gas- 
cannot continue to be met by traditional sources at traditional prices. As the more 
attractive and economic domestic resources are being depleted, the Nation has turned I 

increasingly to imports; u.hich now. account for half the liquid fuels consumed in the 
United States. Events 'of the past decade have illustrated both the substantial economic 
cost and the instability and economic vulnerability that such imports entail. 

Over the longer term, worldwide production cannot long continue to keep pace ' 

with increasing demand, leading to a period of tighter supplies and higher prices. Thus, 
there will be a transition to the use of large but finite resources that are not now in 
widespread use. There must later be a second transition to resources that are renewable or 
essentially inexhaus.tible. 

In that process, the uses of energy-and the forms in which energy will be used- 
will become increasingly important. Over half the liquid fuels consumed in the United 
States today are used in transportation, and about three-quarters of that amount is in the 

' form of gasoline used in automobiles. 
This Administration has developed a long-term national energy policy that will 

reauce dependence on foreign oil in the short term and develop renewable and essentially 
inexhaustible sources of energy in the long term. T o  meet these objectives, development of 
alternative sources of liquid fuels will .be necessary. Alcohol fuels represent sources that 
can substitute for petroleum products now and increasingly through the 1980's, drawing 
on abundant supplies of renewable materials and coal. 

PRIVATE SECTOR INITIATIVE 
The past year has witnessed growing support and enthusiasm for alcohol fuels. A 

genuine grass roots movement has developed, giving alcohol fuels an unprecedented broad 
base of support. This growth in alcohol fuels production and use is now making a 
contribution to the Nation's supply of liquid fuel. Equally important, it has visibly 
demonstrated the importance of State and private sector efforts in developing energy 
supplies. 

The Department of Energy welcomes and encourages the initiative the public 
and private sector have demonstrated to augment our energy supplies. States, localities, 
companies, andindividual citizens have played key roles in increasing awareness of alcohol 
fuels' potential - by taking steps to produce and market fuel. This entrepreneurial spirit and 
public involvement in developing new energy resources are essential. In all areas of energy 
conservation and supply, such spirit and involvement are important to securing a sound 
energy future for the Nation. 



StJP.'P.!ARY OF M,9fN FINDINGS 
Alcohol fuels (both ethanol and methanol) can contribute to  U.S. energy 

resources by using domestic, renewable resources and coal to extend supplies of high- 
quality liquid fuels. Indeed, ethanol is the only alternative fuel commercially available 
now, and the only one likely to be available in quantity before 1985. Methanol can be made 
from coal using commercially available technology, and could be produced in large 
quantities in the mid-to-late 1989's. when plant<--if begun soon-could be completed and 
besin operating. Maximizing ethanol's contribution will require minimizing the use of oil 
and gas in producing feedstocks and in converting them to alcohol. 

Through 1985, the contribution of alcohol fuels is exected to be modest nation- 
all!--perhaps displacing as many as 40.000 barrels per day of oil once recent presidential 

'initiatives are put into practice. Production wi l l  be limited by the capacity to  convert 
agricultural and waste material into alcohol. The impact is likely to  be much greater 
regionally, however. In agricultural states, alcohol fuels may become significant sources of 
local supply. The potential beyond 1985 may be quite large-especially if major new 
ethanol and methanol facilities are developed during the early 1980's and if fuel users adapt 
to take advantage of alcohol fuels' properties. 

It is important to note that no one energy source can solve our national energy 
problems. Though alcohol fuels cannot be a total or. in the near term, even a major 
so1u:ion to o\;r na:i;lri~l energy needs, they do represent an important energy component 
and building block for the longer term. Our national energy needs must be met by actively 
conserving and by aggressively developing contributions from a large number of energy 
supplies, building on the Nation's abundant resources. Alcohol fuels represent important 
supplies based on the American agricultural system and on the potential of U.S. coal. 

ALCOHOL'S POTENTIAL FOR PETROLEUM SAVINGS 
Blended with gasoline, alcohols can supplement U.S. oil supplies as motor fuel 

extenders and octane improvers. Indeed, in the near term (1979 to  1985), the contribution 
will come primarily from alcohol blends with gasoline, especially gasohol-a mixture of 10 
percent ethanol and 90 percent gasoline. Gasohol can be burned in present motor vehicles 
with, at most, very minor materials o r  engine modifications. Adding the ethanol t o  
unleaded gasoline not only extends gasoline supplies but also raises the octane. Three 
percent ethanol raises typical gasoline octane (measured as the average of "research" and 
"motor" octane) by roughly one point; 10 percent increases the octane by 2 to 3 points, 
depending on the composition of the gasoline. 

Methanol enhances gasoline octane similarly. Low concentrations of methanol in 
gasoline can be burned in present cars; concentrations up to several percent can be used 
with only a few modifica!ions (replacement of particularly sensitive plastic or  rubber seals, 
for example). Higher concentrations require further changes in materials to minimize 
contact of methanol with those metals that it corrodes, e.g., lead, zinc, and magnesium. In 
higher concentrations, both ethanol and methanol (as high-octane motor fuels) permit the 
use of efficient engines with compression ratios higher than can be used with gasoline 
alone. 

T h e  octane-boosting properties of alcohol fuels are particularly attractive at a 
time when higher octane lead-free gasolines are in short supply and other octane enhancers 
such as M M T  (methylcyclopentadienyl manganese tricarbonyl) and lead are under 
restrictions. Ethanol has been permitted by the Environmental Protection Agency for use 
as a gasoline aaditive under Section 21 1(f) of the Clean Air Act. T w o  other chemicals- 
TBA (tertiarybutyl alcohol) and M'I'BE (methyl tertiary butyl ether) also have been 
permitted as octane enhancers. However, both are currently made largely from petroleum. 
Through the early 19803, U.S. octane production capacity will continue to be limited. 
Alcohol fuels may thus help t o  increase U.S. capability to  produce unleaded gasoline-and 
reduce energy losses . that  occur in the severe reforming needed to  make high-octane 
easoline blending components. 



For most of the 1980's. production capacity for converting raw materials to 
ethanol will limit the production and use of gasohol. Abundant supplies of raw materials 
are a\.ailshle, and far exceed. the production capacity of alcohol plants expected to be 
operating by the mid- 1980's. 

Present incentives appear likely to increase ethanol fuel pro- 
duction from a current level of approximately 60 million gallons per year (4,OXl barrels per 
day) to a level of approximately 300 million gallons per year (20,000 barrels per day) by 
1981, with gasohol use thus reaching 3 billion gallons per year or 3 percent of present gas- 
oline consumption. This increase in production capacity is likely to come pr=dominantly 
from use of unused distillery capacity and the expansion of currently operating facilities. 

permanent extension of the Federal motor fuel excise tax exemption for fu;l 
containing biomass alcohol; as the President recently proposed, would encourage investors 
to build new alcohol fuel facilities. By 1985, stimulated by these incentives, biomass 
alcohol fuel production could reach 500 to 600 million gallons per year. This quantity 
would be roughly twice total non-beverage U.S. ethanol production in 1977 (two-thirds of 
which came from petroleum) and five to eight times the biomass alcohol fuel production 
estimated .for late 1979. It would substitute for 30,000 to 40,000 barrels per day of 
petroleum, and could reduce petroleum imports by up to 0.4 percent if minimal petroleum 
is used in the manufacture of ethanol. 

Beyond 1985, ethanol use will depend on the amount of new conversion capacity 
built, on the availability of inexpensive feedstocks, on new developments in technology 
and their impact on costs, and on the relative costs of competing fuels. As crude oil and 
gasoline prices continue to climb, the cost of alcohol fuels may become more competitive 
with petroleum. Costs for ethanol fuels should be reduced by new technologies, especially 
those that reduce the capital and energy needed for conversion and those that improve the 
value of the co-products produced with the alcohol. 

Methanol derived from biomass and from coal is expected to play a larger role in 
the long term, as its use in turbines and other stationary equipment increases and as 
materials and engines are adapted to facilitate its extensive u s  in motor vehicles. 
Technology to produce methanol from coal exists today and could be built on a 
commercial scale soon as investors perceive the economic opportunity to be favorable. 

T o  be economically attractive, methanol production plants must be large-ch 
producing 20,000 to 50,000 barrels per day. Such plants cost from $500 million to over a billion 
dollars each, and require three to four years to build, after several years of negotiating fbr 
sites and permits. Once such plants are built, methanol could be produced in much larger 
quantities than ethanol and should be less expensive. Until the late 1980's, when methanol 
could become widely available, ethanol will be the main fuel supplement available. Even if 
a general transition to  methanol should take place, ethanol appears likely to  continue to be 
marketed as a high-octane motor fuel blending component. 

If adapting motor vehicles and/or distribution systems to accommodate methanol 
should prove dificult, methanol may also be converted directly to highquality gasoline or  
to MTBE, which is chemically closer to petroleum. Both ethanol and methanol fuels may 
also find use in diesel engines, advanced heat engines, adapted boilers, and fuel cells. 

The Department of Energy has already taken steps to remove regulatory and 
institutional barriers to alcohol development. In 1978, the Department of Energy's 
Economic Regulatory Administration (ERA) adopted pricing regulations that encourage 
gasohol produetion by permitting the full cost of ethanol in gasohol to  be passed through 

by T o  facilitate gasohol production, the Department's Office of Hearings and 
Appeals recently proposed to grant an exception to gasoline allocation rules to assure 
gasoline supply for gasohol blending to a gasohol marketing firm. ERA has proposed to 
permit the costs of alcohols added to gasoline to be allocated across all gasoline 
production, rather than only to gasohol, per se. 



.BEh:ANU FOR GASOHOL 

A year aso. a primary concern wvas hou. to launch an alcohol fuels industry. 
Todny. stimulated by a grass roots movement. local and State actions, and significant 
Federal and State subsidies, an industry h& been launched and is growing rapidly. 
Dcm;ind for alcohol fuels has at times exceeded the supply of alcohol immediately 
a\,ail33!e for fuel use. Producers that dealt solely with beverage and industrial markets are 
ncu* expnnding production to enter the alcohol fuel market, and many potential small-scale 
producers are p!anning to build facilities. 

In  one year, the number of retail ,outlets marketing gasohol has increased from a 
few to well over 8 0 .  Gasohol is currently being sold in California, Colorado, Delaware, 
Georgia, Illinois, Indiana, Iowa, Kansas, Kentucky, Maryland, Massachusetts, Michigan, 
Minnesota, Missouri, Montana, Nebraska, New Hampshire, New Jersey, New York, North 
Carolina, Ohio, Pennsylvania, Rhode .Island, South Carolina, 'south Dakota, Virginia, 
Wisconsin, and Wyoming. Sales are expected to continue to expand as'additional supplies 
of alcohol become available. 

Several States have pro\,ided incentives for gasohol. For example, Iowa has 
e.x=rn~~ted gns~hol  f r ~ r n  State gasoline taxes of 6?.2 cents per gallon; as Table 1 shows, 
together with the Federal exemption, the State exemption gives a total subsidy exceeding 
$1.00 per gallon of alcohol, or over $42.00 per barrel (e.g., the difference between 563.00 
and $17.50 is $45.50 per barrel of ethanol). Sales of gasohol in Iowa have increased rapidly 

' 

from 600 thousand gallons in November 1978 to 4 million gallons in January 1979 to 5.6 
million gallons in March 1979. March gasohol sales represented approximately 2.5 percent 
of all gasoline sold in Iowa that month, demonstrating that alcohol fuels can contribute on 
a regional level. 

The large increase in demand for gasohol is based on consumer preference for 
vehicle fuel derived from renewable sources, a selling price competitive with 'premium 
unleaded gasolines (as Table'3 illustrates), and consume; perception of the fuel as.a high 
quality motor fuel. Gasohol is an attractive fuel to many motorists who feel they need 
higher octane unleaded fuel. Whatever the motivation, it is clear that a broad-based grass 
roots movement to develop and support alternative domestic .supplies of liquid fuel has 
been at the heart of gasohol's initial success. 

TABLE 3.-Examples of Comparative Prices for Gasoline md Gasohol 

Price (cenu p r  gallon) 
Fuel 

lowr Virginu 

....................................................................................................... Unleaded regular 84.9 77.9-84.9 
.................................................................... Gasohol (including 4 cents exemption) 86.9 82.9 

Unleaded premium ................................................................................................ 88.9-89.9 85.9-90.9 

As of May 3. 1979. at stations sampled. 
'Includa 1.7 cents per gallon for shipping alcohol from Illinois. 

Recognizing the growth in alcohol fuels use, two major U.S. auto manufacturers- 
have broadened their warranty policies to permit the use of  gasohol in cars and trucks, to 
encourage development and use of alternative fuels. Three major automotive firms have 
active alternative fuels research programs; at least one is working on engines to use straight 
alcohol fuels as well as blends such as gasohol. 



One quzsrion often raised about ethanol production is whether it yields a net 
er::.r;.\ - .  - e:iin. This is an important question, for i t  would be unwise national policy to 
tt::-.-cv:ici. d:?\.eli?,nment of a fue! w.hor;e manufacture consumed more useful energy than it 
d.?!!;.ercd. 

The question arises because some older distilleries (designed for beverage rather 
fuel alcohol) use more Btu's of oil and gas to make alcohol than there are Btu's in the 

a]<c)h:jl product. Including the oil and gas used to grow and transport the raw material 
uo;.;.n\ !hi< balance. If all ethanol producers were to use so much oil, the Nation might 
erxd i:; iri:port\r: tr?..:re oil than i t  w.ould save. 

Ethnnol, however, can be produced to yield a net gain in liquid fuel (as Tables 6 
and 7 illustrate). New ethanol conversion facilities can have much greater energy 
efficiency than existing facilities, which were built when. energy costs were much lower 
thsn they are now. Indeed, a modern facility could have a clearly positive (though small) 
net energy balance even if all the fuel used were oil and gas, taking credit for the "free" 
solar energy stored in the raw materials. 

Second, ethanol conversion facilities can readily be designed to use fuel sources 
other than oil or gas. Then they can be viewed as means of converting less scarce energy 
formc'!~uch as coal, wood, agricultural residues, solar energ!., or waste heat) into high- 
q~; i i :>  ~ran5psr;ation fuel. In this view., ethanol production could be seen as similar to 
electric generation, in which 9,000 to 10,500 Btu's of coal are convened into 3,413 Btu's 
equivalent of electricity. 

Clearly both approaches must be followed so that ethanol fuels can be produced 
to yield a significant net gain in fuel. Increasing the net oil displacement value of alcohol 
depends on reducing the petroleum and natural gas used in growing and converting 
materials. As described below, national benefit also depends on technical details of ultimate 
use, including automobile mileage using gasohol and the value of incremental octane 
additions. 

T o  minimize petroleum use, alcohol production facilities (which require only 
relatively low temperature heat) should be designed or redesigned to run on coal, on 
agricultural or wood wastes, on solar heat where economic, or on waste' heat from 
industry or utilities where i t  is available. 

The energy required to grow and transport crops may amount to a significant 
fraction of the resulting alcohol energy value. Therefore, the materials used to produce 
alcohol should in general be wastes, by-products, or spoiled products, since additional 
energy is not required to produce them. Where virgin materials are used, alcohol should be 
one of many co-products, to minimize the energy cost of the alcohol. 

When alcohol fuel production uses minimal oil or nat'ural gas, net energy balance 
need not be a concern. 

Net Energy Analysis of Alcohol Fuels 

PUBLICATION NO. '4312 
American Petroleum Institute 
2101 L Street, Northwest 
'Nashington, D.C. 20037 

APl's Alcohol Fuels Task Force selected Battelle Columbus hboratories to 
the study in pan on the basis of reputation for expertise in agronomy. fermentation. and 
woob~asification technology and in pan on the basis of proposals submitted by Battelle 
and other candidate conwactors. Although the task force met with the authors of this study 
on two occasions to discuss scope and clarity of presentation. the work remains entirely 
their own and does not necessarily reflect the views of individual task force members or 
the API. 



Battelle Columbus was commissioned by the ~merican 
~etrolGm Institute to make an independent and objective 
analysis of the net energy required to make alcohol fuels. 
This repon presents the findings of the analysis.: 

Five alcohol technologies are considered in this analysis. 
Thex are the manufacture of: 
, Ethanol from sugar cane. 

Ethanol from corn. 
Ethanol from corn stover. 
Methanol from wand (Purox technology). and 
Methanol from wood (Battelle acl~nolopy). 

m e  energy balances for the first two processes are based on 
commercially proven technologies. whereas h e  latter three 
are based in part on conceptual designs of developing tech- 
nologies. Two energy balances were made for the ethanol 
from corn C ~ K ,  one using the traditional plant design and 
the other using modem energy conserving technology. 

. Each of the feedstocks is grown in the United States. Al- 
though the potential for growing additional sugar cane is 
limited, sweet sorghum. which is very simi1.w to sugar 
cane, can be grown throughout the U.S. grain belt. Corn is 
widely grown, is the most economic grain in the United 
States, and is similar to other widely grown gtains in the 
energy required to grow* and convert it to alcohol. Corn 
stover (the residue usually left in the field) is rcpresontative 
of agricultural residues. 

The energy analysis considered the total system energy 
inputs. These included fuel to grow feedstock. fuel'to make 
fenilizer to grow feedstock. and fuel to run the alcohol pro- 
cess. Byproduct fuel was credited at its energy content. 
Non-fuel byproducts like distillen grains were credited as 
fuel required to produce alternative products. ('The fuel to 
grow m amount of soybeans with the same protein value 
was used as crdit for distillers grains). 

The analysis indicated that ethanol from sugar cane and 
methanol from wood arc net energy producers while ethanol 
from corn or corn stover are net consumm of energy. The 
results 01 our analysis are wmmiirized below and u e  dis- 
played graphically in Figures I and 2. . . 

boy p i n  mum. which rsqPim .bout I .5 u much cmgy 
fopJwueom. 

Net energy consumed 
BtulBtu liquid and 

gaseous 
fuel produced 

Ethanol from sugar cane 0.33 
Ethanol from corn: 

Traditional technology 2.20 
Energy conserving technology 1.20 

Ethanol from corn stover I .53 
Methanol from wood (Purox) 0.46' 
 ethanol from wood (Battelle) 0.45 

A value less than one represents net energy production 
while a- value v a t e r  than one indicates net consumption. 
The net energy for ethanol from corn made in a plant with 

the,energ)! .conserving technology is much lower than that 
obtained with traditional technology. Traditional corn-based 
alcohol plants consume about 2.2 BtulBtu ethanol pro- 
duced. 

Figures I and 2 show only net fuel consumed to make 
liquid fuels. The fuel provided by process residues (ba- 
gasse. corn stover, and wood char). is not included. The* 
fuels arc both produced and consumed within the process. 
lip manufacture of ethanol from suear cane actuallv re- 
quires - fuel than does ethanol from corn. but the fuel 
is's1 ' . . ' . Similarly. wosd 
r ~ e t h a n o l  processes. 

There arc significant quantities of fuel gas coproduced in 
both methanol processes. and this gas has been counted 
with the liquid product. There is so. much gas coproduced 
in these processes thai considering it as a byproduct seri- 
ously distorts the results. Such gas may be considered a 
substitute for pemleum and liquefied natural gas imports. 
It would be possible to conven this gas to methanol with 
the exmnditure of additional energy. 

.The net energy consumption estimates arc affected some- 
what by the underlying assumptions, but these do not affect 
the conclusion: wand based alcohol e r e  
ces rs, while corn and corn stover pn of e- 
& e x  assumptions is discussed in the report. 
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The use of .griculaual residues inskad of coal as plant 
fuel would reduce the aet fossil fuel energy consumption to 
0.58 BhllBtu liquid fuel. in the ethanol-@corn case and to 
0.22 BtulBtu in the case of corn stover. ~nfor&natel~.  
there af t  several problems with using agriculnrral residues 
like com stova as either a fuel or as feedstock. The major 
problemS rrlate to the difficulty in collecting and storing 
sufficierh residue at the alcohol plant. Agricultural residues 
occupy about ten times the volume of oil with equivalent 

beating value. Furthermcm, they are available only during 
a few months each year. Thercfcm. nearly a full year's in- 
ventory must k stored. For pu rpo~s  of analysis of the corn 
stover-to-ethanol plant, we have assumed that these prob- 
lems could be overcome. but we r e d n  convinced that ag- 
r i c u ~ ~ d  residues arc not practical fuels for most industrial 
plants. if they were, they would be used at many industrial 
rites. not just at alcohol plants. , 



INTRODUCTION 

Obtaining an adequate supply of energy is one of the 
most imponant issues facing the nation today. Of particular 
concern is the rising cost of petrolerlm imports and the high 
depndence of the United States upon imponed oil to bal- 
anc; its energy budget. One of the methods proposed to 
dletiate this problem is the manufacture of liquid fuels 
from domestically grown biomass. i.e. plant material. 

There has been considerable debate in both the popular 
and technical prrss regarding the merits of manufacturing 
liquid fuels from biomass. Much of this controversy has 
centmd on the manufacture of ethanol (or ethyl alcohol) 
from grain. It is hoped that the results of this study will help 
resolve some of the controversy surrounding the question of 
the feasibility of manufacturing liquid fuels from biomass. . 

The objective of this study is to determine the net fuel 
consumption for the production' of liquid fuels from b i e  
mass. Consideration of the relative combustion efficiencies 
of gasoline vs. alcohols. beyond the scope of this q o n ,  
has been addressed elsewhere.. 

Five different technologies were considered in this study. 
Thr# of these technologies manufacture ethanol, while two 
have methanol (and fuel gas) as their primary product. The 
thru ethanol processes considered consume sugar cane, 
corn. and corn stover as raw materials. 

The manufacture of ethanol from com was selected for 
@udy because this process is frequently proposed and be- 
cause its merits are most frequently debated in the press. 
The technology is well established ~d is commercially 
practiced. The rnanufacturr of ethanol from com is similar 
to its manufacture from other grains (i.e.. wheat, barley. 
and milo). Corn is the least expensive of the grains suitable 
for ethanol manufacture in the United States. 

Sugar cane was selected as an ethanol feedstock because 
(1) a commercially established technology for its conver- 
sion to ethanol exists and (2) it can be grown in the United 
States. The process energy balance differs significantly 
from the grain-based process. Although sugar cane can be 

grown in ohly r limited part of the United States, the tech- 
nology and energy balarice for making ethanol from sweet 
sorghum would be similar. Swtet sorghum could be grown 
in much of the U.S. agriculturd area. 
Corn stover is the residue consisting of leaves, husks. 

stalks. and cobs which arc left behind in conventional corn 
harvesting. At present, there is no commercially practiced 
manufacture of ethanol from corn stover. Rather, this tech- 
nology is still being developed under sponsorship of the 
U.S. Dcpanment of Energy. The research is still in the early 
stages. and the energy analysis was made on a conceptual 
design based on research findings to date. On the other 
hand, energy analyses from corn and sugar cane uc based 
on proven technology. 

Manioc or cassava, which is used in Brazil for manufac- 
ture of ethanol. is not grown in the United States and was 
not considered in this study. 

Two process schemes were investigated for the manufac- 
ture of methanol from wood. One scheme uses the Purox 
gasification system developed by Union Carbide to convert 
the wood to a synthesis gas. This is followed by r conven- 
tional gas clean-up (Benfield hot carbonate system). water 
gas shift reaction, and finally by the ICI low-pressure meth- 
anol process. The second process scheme substitutes a Bat- 
tclle fluidited-bed gasification process for Purox. The Pu- 
rox process has been demonstrated on r pilot scale in the 
gasification of municipal solid waste. A plant to manufac- 
ture methanol was designed by Seattle, Washington, but 
was never built. Municipal waste is chemically similar to 
wood. The Battelle process has been demonstrated on a 
bench scale for the gasification of wood. Benfield. shift. 
and the ICI methanol process are commmially practiced in 
numerous locations.. 

Rvox was selected as the most advanced wood gasifica- . 
tion technology. while the Battelle process was selected as 
representative of the several improved technologies under 
dcvelopment . 

h this repon; net ewrgy consumption ratio is defined as: than one indicates the system is r net energy producer. 
Tbe total energy consumed includes fuel used directly to 

total energy consumed - byproduct energy grow feedstock, fuel consumed in the manufacnm of fcrtil- 
cacrgy ia saleable liquid fuel. h r  for growing feedstock. and fuel consumed in the man- 

ufacturing process. 
A ntio of peat& than one w ~ s  the overall system con- The reader may note that our approach includes the en- 
s u m s  more energy dLsn it produces, while 8 ratio of less mY inputs to the total system. m s  differs from the IP 

proach used in many other studies. Other authors have used . PQdama wcuo, fwd I(lu,,,-, a the heat of combustion of the feedstock (e.g.. corn). whereas 
l k i r  @hemon As FurL. API Publicuim 4261 (July. 1976). we use the fuel consumed to grow the feedstock. Similarly, 



others have used the beat of combustion of all bypYPduEts, 
while we have considered the use of the byproduct. 

In the case of byproducts used JS fuels-for example. 
bagasse in the sugar cane process or fuel gas from methanol 
processes-the heat of combustion was.used 8s the appro- 
priate measure. For byproducts not used as fuel. however, 
the heat of combustion is not an appropriate measure of the 
energy credit. The &it taken for dried distillers grains 
(DDG), which arc used for their protein value in animal 
feed, *as taken as the energy required to grow soybeans of 
equivalent w i n  value. 

The lower heating value (LHV) was used for the heat of 
combustion throughout this study. unless othtrwisc stated. 
The lower heating value is defined rs the beat of combus- 
tion where the water produced in combustion is ,r  vapor. 
which is the case in most combustion situations. The higher 
heating value (HHV). which is used in m e  malyses. is 
ulculated with water from combustion of fuel in the liquid 
state. The use of lower heating values facilitates comparison 
of alternative fuels. particularly when the hydrogen-mar- 
bon ratios of the fuels vary. 

BASIC ENERGY BALANCE 

Ethanol 
The basic energy balance for the manufacture of ethanol 

by four procesFs is shorn in Table 1. The manufacturr of 
ethanol from sugar cane consumes only 0.33 B d B w  liquid 
fuel made. That is. ethanol from sugar cane is a net p 
ducer of fuel. On the other hand, the manufacture of ethanol 
from corn or from corn stover requires more energy than 
&n k produced. Ethanol from corn made by aaditional 
technology consumes 2.2 BtulBtu liquid fuel and from coni 
stover 1.5 Btu/Btu liquid fuel. Using modern emrgycon- 
serving technology, fuel grade ethanol could k made from 
corn with the consumption of about 1.2 BtulBw. To our 
lmowledge. no ethanol plant has yet been built inmporat- 
ing all of these energy consewing features. Nevertheless. 
the technology is proven in other applications. 

The major reason that the ethanol from sugar c u e  is a 
net producer, whereas ethanol from corn is a w t  consumer 
of energy. is that sugar cane contains both sugar. which can 
k convened into alcohol. and a cellulosic residue called 
"bagasse." This bagasse is harvested, collected. and trans- 
ported to the plant with the cane juice as pan of the sugar 
cane and can k used to provide dl of the processing en- 
ergy. With corn. on the other hand. only the grain is Iypi- 
cally harvested and shipped to the dcohol plant. The con- 
version of grain to alcohol requires the consumption of 
b u t  0.86 Btu coaUBtu ethanol manufactured. using en- 
ergyconserving technology. 

It should also noted that more energy is r equ id  to 
grow and harvest corn than is q u i d  for sugar cane. Most 
of the energy required to grow corn is consumed in f a t i l k r  
manufacture. Most of the energy required to grow md har- 
vest sugar cam is for the planting and harvesting, For both 
crops, the fuel mquirrd to grow and harvest is predomi- 
nantly petroleum, plus some liquefied petroleum gas or oat- 
urPl g6 .  

The mount of pWssing fuel rrquired to manufPchvr 
ethanol from corn is lower than that required for sugar cme. 
This is due primarilyfo the lower efficiency of the bagasse- 

burning boilm used in the sugar cane plant. The major 
muse of this lower efficiency is the high moisture content 
of bagasse. 

There is little incentive to improve the energy efficiency 
of ethanol from sugar cane plants because the fuel (bagasse) 
must k burned. In theory. less energy could k used in the 
sugar cane process and the excess c o n v d  to elecmcity 
for sale. There are several institutional and economic bar- 
riers to such energy export. 

Unlike the manufacture of ahanol from either corn or 
sugar cane, the manufacture of ethanol from corn stover is 
r rpcculative process. Whereas the athers are practiced 
commercially. the manufacture of ethanol from agriculture 
residues like corn stover is cumntly in the research md 
development stages. The U.S. Department of Energy has a 
sizable program underway to develop this technology. In 
the version of the process chosen for this analysis, two liq- 
uid fuel products, ethanol and fumual. are made. Fumval 
might k used either as a liquid fuel or as a chemical. 

The net energy consumed in the manufacture of ethanol 
b m  corn stover is about 1.9 BnJBtu ethanol or a b u t  1.5 
BtulStu liquid fuels. assuming both ethanol and M u r a l  art 
used for fuels. Of the 1.5 BdBtu. 0.4 Btu must be supplied 
as petroleum or natural gas for drying. A rotary dryer which 
requires r clean-burning fuel is used. 

If furfural were cold 8s a chemical. the credit would + 
proximate the energy used in the furfud plant. The net 
energy consumed would then k about 1.1 BtulBtu ethanol 
instead of the 1.5 BtulBtu liquid fuel reporred in Table 1. 
The market for furfural is extremely small, however. com- 
p a d  to the volumes that would k coproduced with enough 
ethanol to provide even one perunt of the U.S. gasoline 
needs. The use of furfural as r chemical therefore, rhwld 
mt k consided as r byproduct of ethanol fuel mmufac- 
me. 

Furfural itself is r rather unstable chemical; it tends to 
polymerize. It would have to k convmed to r motr stable 
material before it cwld k incorporated in liquid fuels. This 
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Coal 

Proccss Energ\ 
Coal lo: Elccmzir) 
Coa: for Roccss"' 
Bagasse 
Stover Residue 
Fuel Oil 

T d  Energ). Consumed 

B~prcuiucr Cred:: 
Furfura] 
Fusel Oil 
Bagasse a Stover 
Roccss Fuel 
Dned Distillers h n s  

h'n Energy ~onsumcd 
Bnr'Bni ErOH 

h'e~ Energy Consumed 
Bw'Btu liquid Fuelm1 

(0.03) (0.03) (0.03) 
(0.012, (0.075) (0.075) (0.012) ---- 
(2.312) (0.115) (0.1 IS) (2.012) 

(a)  Lrrg ier  in Ihis'ublc aft bwu b d n g  vdues. 
(b) Liquid fue: includes ahnal, fuvl oil. .ad fwfud. Far om aovs 

Ihc dculoo'm is 
3.92 - I .22 - 0.03 - 0.01 

1.0 + 0.71 + 0.01 
(c) It u l u u m d  that p r m s s  energ). would be supplied by ad io M 

ahnol plml intended fa liquid fuel, even rhough mast exiuing 
disc!lc;ic> uw aanrral ga, or peaoleurn fwls. 

(d) CoUdon ad lnaspawim cnrgy. l h i r  energy. inelding fcrrilirP 
uud u, grow tk om, is chugad m k l y  u, cbc pain. 

could be accomplished by mild hydrogenation reaction. The 
emrgy for this reaction was not included in the energy ma!- 
ysis. 

The energy to grow and harvest corn stover is very low 
because it was aisumed that stover is a by-product of grow- 
ing corn. All energy to plant, plow, feniliu. and harvest 
corn is attributed to the corn grain. Only the energy for 
harvesting and msponat ion of stover is attributed to stover. 

The credit taken foi,thc dried distillers grains (DDG) 
from all thrtt procesu&as based upon the m r g y  -ired 
to grow soybeans of 9 i v a l e n t  protein Content. Typically. 
the dried distillers grains wculd k used to supplement mi- 

ma1 feed and would displace ocher fonns of protein like 
wybean meal or alfalfa meal. The corn distillm p i n s  con- 
tain more protein than those from either sugar or stover and 
wwi1;2 be a bcner qualit) feed ingwlien:. use of dissll- 
e n  rcsidacs from th: fmen.;itjon oisupa* c a r  juice uig?! 
be limited h a u s e  of the high content of various salts.  The 
distitien residues from the stover p m e s s  were assumed to 
be similar to thox from the sugar cane pnxess. 

It is sometimes u p e d  that only liquid fuels shwld k 
considered in Lhe net energy bala~ce because the objective 
of biomass energy proprams is to reduce U.S. dependence 
on impotud petroleum. To minimite use of petroleum and 
natural gas. we have .ssumcd that all process fuel pur- 
chased by the ethanol plant would be coal. h n t  ethanol 
plants u x  either nawal gas or petroleum, but it is likely 
that f u w  p1int.s would~use coal. If one also assumes that 
dl electricity used in &an01 production is generated in 
coal.fued plants, and funher assumes that the natural. gas 
used for feniliter manufacture is a petroleum substituic (and 
therefort treat& like a liquid fuel), one finds that the net 
liquid fuel consurnp5on* can be much smaller than net en- 
ergy consumption. 

Petroleum Fuel Net Energy 
Consumed, Consumed. 
BtulBtu of BtuBtu of 
Liquid Fuel Liquid Fuel 
Produccd Roduccd 

Sugar Cane 0.31 0.33 

Corrr- 
traditional technology 0.37 2.20 
e n e r g y a w i n g  

technology 0.37 1.20 

Stover 0.21 1-53 

The reader should =member, bowever, that the last two 
processes convert large quantities of solid fuel (coal) to liq- 
uids. In this regard, they should k c o r n p a d  to coal liq- 
uefaction. Typical coal liquefaction processes am r e p o d  
to have overall energy efficiencies of about 63 to 70 per- 
an t .**  This does no1 include the energy to mine and m s -  
port coal. At 65 percent efficiency, coal liquefaction would 
have a w t  energy consumption of about 1.5 Btu/Btu. which' 
is the same range as ethanol from corn'mva: 

Na liquid fuel is (rgrinilturd eacrpy - Lquid fuel aediuYvkrbk 4. 
aid fuels. Far'am this is (0.189 + 0.255 - 0.015U(l. + 0.01) = 0.31 
BarlBru. This is tk runr fa bab oditiod ad uqy--iq rrb- 
.dog*r. 

** Kkiopur. I. A.. 'The Oudool; far Clem b i d  Fuels horn W," 



Methanol From Wood 
The basic energy balance for the I Y I a n u f a ~ ~  of metha- , 

no1 from wood is summarized in Table 2. Two processes 
were analyzed, one incorporating the Union Carbide Purox 
Process and the other r process cufcntly k ing  developed 
by Baaelle. Both the h m x  and Banelle proccssts result in 
a net energy production. 

Rvox was selected because it is one of the most advanced 
processes for gasifying cellulosic materials. The Battclle 
process was ~ l ec t ed  as typical of advanced processes which 
obtain bener yields of liquids and manufacture less fuel gas. 

The Rvox gasification process is in a fairly advanced 
state of development, although no commercial wood gasi- 
fication systems using Rvox have been built. The Banelle 
gasification process, on the other hand, is in the wrly stages 
of process development. These processes arc described in 
Appendix A. Following gasification. both processes use a 
hot carbonate gas cleaning process and a low pressure mcth- 
an01 synthesis. Gas-cleaning and methanol synthesis arc 
both cornniercially practiced technologies. Both the Purox 
and Battelle processes make large quantities of fuel gas in 
addition to methanol. The gas from h o x  is pipelinequal- 
icy. high-Btu gas (1200 Btu/cu ti HHV).. while the gas 
from the Banelle process is a good medium-Btu gas (615 
Btulcu ti HHV). 

The large quantities of coprduct gas distort the energy 
consumption if the gas is considered to be a byproduct." 
Also, the gas can be considered a substitute for liquid pem- 
leum fuels in many applications. Therefore, both liquid 
methanol and fuel gas have been considered to be energy 
products. On this basis. the act energy consumed is h u t  
0.45 Bnr/Btu product energy for both processes. 
Lf one considers only liquid and gaseous fuel consump- 

tion rather than total energy. the wood-temethanol pro- 
cesses consume about 0.1 Btu liquid fuel per Btu liquid and 
gaseous fuel p,oduccd. 

It would k possible to place a reformer in the process to 
convm some of these hydrocarbon byproduct gases to sya- 

TABLE 2 . 4 E T  ENERGY ANALYSIS OF - 
METHANOL FROM WOOD, BtulBtu Mettranda) 

Grow Ond Hmen 
Peaoleurn 
F a t i l k  

Process Energy 
Coal fa elaaicity 
CoPI.dirrnfaproccss~ 

TaPl eoagy amsumcd 

Product Cndus 
MuhPnol 
Fuel gas 

Taal Credits 
Total 
Net Eacrgy Consumed. 

Bnr/Btu MeOH 
Na Energy Consumed, 

B-a, MeOH + g&' 

(a) in this table arc lows berting vdua.  
(b) Na energy amrumcd pa v lab l e  mcrpy 

~ x p o c r =  1 . f s m . m  - 0.6 
B.ncUe pnrorrr 0.774/1.707 - 0.45 

thesis gases suitable for the manufacture of methanol. bad 
market conditions. especially the relative value of gas and 
methanol fuels, wwld determine whether the gas would be 
convened to methanol in an actual plant. Such reforming 
would iacrrase the methanol yield, but would also increase 
energy consumption. 

Wood is not only a feedstock for these processes, but dso 
r fuel. Much of the energy consumed in these processes is 
supplied by wood. The energy needed to grow and harvest 
wood is less than om-tenth the heating value of the wood. 
Consequently. the processes are net energy producm. 

IMPACT OF MAJOR ASSUMPTIONS 

Agriculture and Sllvlculture Sugar Crops. The energy required to grow and harvest 
The energy required to grow various crops is affected sugar cane of 0.372 Btu/Btu ethanol is representative of the 

significantly by geography. Some of these geographic vari- average energy required in Florida. Both the energy con- 
rtions and -their impact on the net energy d y s i s '  arc 'dis- sumed per ton of cane and the yield of sugar cane in Florida 
cusscd below. The agriculture emrgy consumption is based lie between figures for Texas and buisiana. Inpxas,'the 

. on actual U.S. Dcp~utment of Agriculture data, while the energy required to produce sugar cane would be about 80 
silviculnue numbefi- arc estimates. percent of that required in Florida, while energy require- 

menu in Louisiana are about 140 percent. Hawaii, which is 
- 

~s tha sue d ~ursn, (bs mmgy vrlw of th g~ slssed, ttm amgy m the fourrk mjor eane..pwing state, has @y M m a t  
gmwchcvmdudtoopruelkpnccu. 
** We we vmcwhrt  6kepticrl rbaut the hihigh amam d C, + bydnuar- rgriculnrral practices but still has a total energy requirement 
bopr cLinrd Unioo la cht Ruox rvllMc m, Tbuc ,,- per ton of cane similar ta h t  of Florida. Thus, one might 
* -11 in r k  iargc puuuiticr d tugh.~h p s  b+uct. 

- 
expect the energy inputs from agriculnue to grow sugar 



m e  to range from about 0.3 BtdBtu ethanol to 0.5 BhJ 
Btu. 

Sugar beets can be grown in Northem climates which uc 
not suitable for sugar cane. In general, sugar beets require 
more energy than sugar can;. In Mnnesota, sugar beets 
would typically require about 1.85 times as much energy 
per ton as sugar cane grown in Florida. 

Another possible sugar crop that could be grown in the 
Midwest corn belt as well as on the Gulf Coast is sweet 
sorghum. Except for their seed heads, the tall, slender stalks 
of sweet sorghum resemble sugar cane in physical appear- 
ance and sugar content. Sweet sorghum's adaptability to 
various mils and climatic conditions suggests that it could 
be cultivated extensively as an energy crop or a sugar crop.. 
Cumntly, probably less than 5,000 acres of sweet sorghum 
is grown commercially in the United States. Tbcrcfore. 
there arc no published data on the energy required to grow 
the crop. However, we estimate that the energy to grow and 
harvest sweet sorghum (per dry ton) is about 65-75 percent 
of that requid for sugar cane. The ethanol yield would be 
similar to that from sugar cane. 

The energy requid  to grow sugar cane, sugar bacts, and 
most agricultural products is primarily petroleum fuels for 
tractors and mcks, and petroleum or natural gas for the 
manufacture of fedlizer. 
Con. The energy required to grow and barvest corn used 

in the net energy analysis was 0.452 BhJBtu ethanol. lhis  
estimate, which includes 0.19 Btu5tu for direct fanning 
operations and 0.26 Btu/Btu for the petroleum and natural 
gas required to manufacture fedlizer. is typical of energy 
consumption in Illinois. Illinois was selected because it is 
one of the largest corn-producing states and because the en- 
ergy required pcr bushel of corn was mar the national av- 
erage. The energy required to grow corn in 1974 in Illinois 
was 95,00i) Btulbu (higher heating value) compared to the 
national average of 107.000 Ptulbu.t In Iowa. another ma- 
jor corn-producing state, slightly less fertilizer is used and 
the typical energy requirement is about 90 percent of that in 
Illinois. Nebraska has one of the higher energy require- 
ments to grow corn. primarily because much of the Ne- 
braska corn land requires inigation. It requires h u t  1.78 
times as much energy to grow corn in Nebraska as in Illi- 
nois. Thus, on the average, the energy required to grow and 
harvest the feedstock for corn-derived ethanol in Nebraska 
would be about 0.8 BhJBtu ethanol compared to 0.45 Btu/ 

Smith. B. A.. " S m  m u m  as r Sourrr d Sugm," A p i c u M  
R e ~ h  Ma;  U.S. Deprmntu of Agnculauc. Publiutioo CA*, 
June. 1974. 
t 1974 was r &y )tu with low crop yields. In r good year. Illiadr can 

yields would nvmge Iw to 115 Warn, which would &t 
70.000 to 75.000 BnJbu' .Nevcnhclen. widerpMd uw d .Icu&l fuels 
will acassiuu uw of M, cspuiring mar futilizcr md him 
w g y  amsumpion pn biuhcl. Tbc 1974 dur m e m s i d e d  ruLaic f a  
m cmpy adpis.  

Btu in Illinois. Dr. Schtller elf the University of Nebmka 
bas estimated agricultural m r g y  at 46.000 HHV Btdgal 
ethanol or 0.57 B M t u  ahanol.'. Perhaps his estimate is 
based on non-irrigated farms in eastern Neb* rather than 
the Nebraska average. 

0 t h  Grains. The energy (U.S. average) required to 
grow winter wheat is about the same as that for corn. Grain 
mghum requires about 50 percent m& energy per bushel 
&an corn. The yield of Jcohol from dl three grains is tkc 
Mme. 
Corn Stover. h estimating the energy required to grow 

and harvest corn stover, only the collection and mnsparte- 
tion opcrations w m  considered. The energy associated 
with tilling, fertilizing. and harvesting the corn grain was 
111 attributed to the grain. Therefore, very Little energy is 
attributed to the harvesting and growing of corn stover. The 
rtual energy required can vary by a factor of 2 or 3, de- 
pending on the extent of drying which occurs in the field. 
The estimated energy to harvest corn stover of 0.001 Bod 
Btu ethanol is intmnediate between collecting wet stova 
(57 percent moisture) and drying at the processing plant and 
field-drying to 20 pmcnt moisture. 

 zed  ist tillers Grains. The energy associated .with dried 
distillers grains, which are a byproduct from tbe manufac- 
ture of uhanol, was estimated as the energy to grow soy- 
beans of equivalent protein content. Illinois was selected in 
part because it is a significant mybean'producer and in part 
because it was the state elected for corn production. Tbe 
lower heating value mergy requirement for mybeans grown 
in Illinois is 85,700 Btu/bu. 

Actually, soybean d. .not soybeans, is used in lnimAl 
feed in direct competition with distillers dried grains. 
Therefore, implicit in our d y s i s  arc the following as- 
aumptions: (1) the energy to grow soybeans is distributed 
between soybean meal and oil in proportion to the weight 
yield. (2) d l  energy for oil expression from the bean is 
charged to the oil, (3) soybean meal is dinctly substitutable 
for dried distillers grains on a protein equivalent basis. ?he 
above assumptions are generally m e ,  except that the high 
ralt content of distillers residues from sugar fmnentation 
limit their application in animal feed to rather low concen- 
trations. There is technology available to recover these d t s  
with negligible energy expendim. 
Wood. For the net energy malysis, it was assumed that 

wood would be grown on silviculture farms in Wisconsin. 
The energy required to grow the wood would be about 1.5 
million Btu per dry ton. If the silviculture farm w m  in 
buisiana. the emrgy requirement would be about I million 
Btu per dry ton. Wisconsin is typical of a fairly low-yield 
area (5 tondarn-year) compared to Louisiana. whicb is a 
high-yield ma with .bout 12 tonslacre yield per year. 

** Scbrlla. W. A.. Tcaimoay prc+msd a Bc U.S. DOE H m h g  oa 
CLabd. (hago. IlLaoir (Aprl6.1978). 



These differences uc due to climate. roil fertility. $election 
of tree species, md other factors. 
lo determining the energy required for silviculave. very 

intensive fanning was assumed. This includes fertilization 
md irrigation during rht fmt three y e .  of the crop. One 
awl$ use less intensive silvicultute techniques, but this 
would d u c e  the use of marginal land. In my ust, the 
energy required to grow wood is small compared to the 
fuels that can k produced from the wood. 

Additional data nn cmrgy foz agriculture md silviculave 
arc presented in Appendix B. 

Roceu Energy Con8ldemtlonr 
The process energy consumption for any process is de- 

pendent upon the specific design. This is illustrated by the 
large difference between the energy requirements of the w- 
ditional md energy-consenting designs for manufacturing 
uhanol from corn. Ln general. there an trade-offs between 
saving energy and capital. The energy efficiency of any 
plant design is also affected by considerations of rafety, 
pollution abatement. and general plant upcrability. 

Comparison With Other Studies. Most of the conmvmy 
surrounding the net energy analysis of manufacturing ethanol 
from biomass has centmd on the manufacture of ahanol 
from corn. The results of some of the more often quoted 
studies uc summarized in Table 3. It is interesting to note 
&at the net energy consumption estimated by most authors 
is generally in the same range as our traditional technology 
case. This traditional energy requirement can be halved by 
design changes discussed below. 

Most authors quote energy consumption on tbe basis of 
higher heating values. To adjust their resulu from a higher 
beating to a lower heating value basis. it. was assumed that 
coal was used as a fuel and that the lower heating value was 
0.968 times the higher heating value. The Iowa heating 
value of ethanol was taken as 75,670 BNlgal. 

Cray is the only author who has published actual plant 
operating data. His value of energy consumption is based 
on the operating experience of Midwest Solvents Corpore- 
tion, which is considered om of the most efficient plants in 
the United States. This plant manufactures a 190-proof (95 
petcent) ethanol. We estimate that further c o n u n ~ o n  to 
anhydrous ethanol by traditional atcotropic distillation con- 
sumes about 0.19 BPrlBtu ethanol. On this basis. the Mid- 
west Solventr energy consumption for anhydrous ethanol 
would be about 1.86 Btul'tu ethanol, which is in excellent 
rgikmenc with our estimate. Cray has estimated that it 
would take 139,800 M V  Btu/gal to make anhydrous 
ethanol. This w d d  be equivalent to 1.78 Btu/Btu ethanol. 
. Energy ~onse&&ion. Modern technology cm nduce en- 
mgy consurnptionrignificantly. Many alcohol plants. which 
me typical of the ~aditional design, w m  built in an m of 
cbeq energy. Our energyconsming design uses tcchnol- 
ogies which have been demonsented on a commercial d e .  

These technologies include cogeneration (using steam for 
both motive power and process beat). vapor recompression 
evaporators, and extensive heat recovery. However. we uc 
not aware of my ethanol plant chat cumntly~utilizes dl of 
the energy-minimizing technology incarporated in our dt- 
ugn. 

We estimate that process energy requirements can k re- 
duced to 0.86 BhJBtu ethanol. Moon rt d. have recently 
published a desiq that is expected to achieve 0.7 Btu/Btu. 
If this energy consumption could be achieved in commacial 
opmabon, me MI energy Ful UR entire system (agriculrura 
plus process) would be mar breakeven. About one Bar 
would k rquired to make one BN liquid fuel. 

The major difference between our design and Moon's is 
in the energy requid for corn handling and milling. for 
s e n d  services, and for drying distillers grains. The last of 
these is most significant md is discussed below uada thc 
section titled "Distillers Dry Grains." 

Although t h m  arc some energy savings achievable in 
each part of the ethanol process, the greatest savings can be 
achieved in the distillation of ethanol and recovery of by- 
product distillers grains. These operations arc discussed be- 
low. 

Distillorion. Of the various parts of the alcohol processes, 
the separation and recovery of the alcohol offers tbe greatest 
oppomrnity to attempt energy savings. R. Katrtn Associ- 
Ucs, Vulcan Cincinnati. Stone and Webster. and Dr. Scheller 
of the Univmity of Nebraska claim to have designs which 
will significantly d u c e  the energy required to m v e r  
ethanol in grain fernentation processes. Stone and Webstcr 
and Dr. Scheller declined to discuss their improved distil- 
lation schemes. Presumably. Dr. Scheller's improvement is 
reflected in the duction in energy consumption between 
the earlier estimates of Scheller and Mohr and his most re- 
cent estimate shown in Table 3. The Karzen md Vulcan 
Cincinnati improvements include the cascading of distilla- 
tion towers so that the condenser from om tower becomes 
the reboiler for mother. This r q u k s  balancing distillation 
temperatures by adjusting pressure. The energy savings that 
can be realized by this technique arc similar to thox ob- 
tained with multiple~ffect evaporation. 
The total steam rquirement for recovery of tbe mhy- 

drous ethanol from fermentation beer is estimated at 21.5 
pounds stcam per gallon ethanol. Assuming an 83 pmcnt 
boiler efficiency, the separation of uhanol would then re- 
quire only 0.32 Btu/Btu ethanol, rather than the 0.68 Btu/ 
Btu estimate from the corn to ethanol case. Somewhat lower 
rttatn consumption may be achieved if the alcohol con-- 
tration in the beer is fairly high. One synthetic ethanol plant 
is making anhydrous ethanol with the consumption of about 
17 pounds per gallon. The steam consumption f a  distilla- 
tion may be reduced by the availability of process heat from 
other plant d o n s .  By way of comparison, Cbenu r e p  
that cumnt Brazilian practice for distillation of alcohol 



TABLE 3.--COMPARISON OF PROCESS ENERGY 
TO MAKE ETHANOL FROM CORNa1 

HHV Energy UN Energy 
Reponed BaJBm E~hanol 

A u h  Btufgal -01 Typc 

7his study. o d i -  
lid 
rshnology . 1.87 mhydmus 

Schella (1978) 157,000 2.01 anhydrous 
Schcller & Mohr 

(1976) 171.000 2.19 anhydrous 
Rcilly (1978) 1 3 0 . ~ 1 5 1 , 5 0 0  1.67-1.93 anhydrous 
b y  (1417) 131.200 1.67 l W h f  

139.000 1.78 anhydrous 
lh i s  study, eacgy 

conscrvrtion 
ochnology 0.8G anhydrous 

Moon (1979) W,870 0.70 mhydrous 

made from sugar cane consumes about 37.5 pounds steam 
per gallon. 

The distillation design used in estimating energy for the 
sugar cane-to-ethanol case was more energy efficient than 
that for the tnditional corn case. but less efficient than the 
energyconserving corn and wrn stover designs. Due to the 

' lower efficiency of bagasse-fucd boilers. the amount of fuel 
required was about the same as the traditional corn design.. 
The design used for the sugar cane process was essentially 
pat of the Katrcn patents. It is difficult to make direct com- 
parisons because the energy required for distillation is af- 
fected somewhat by the evaporation and other energy re- 
quirements in other p a  of the process. Using this more 
efficient technology. and assuming an 83 percent boiler ef- 
ficiency burning coal, the energy q u i d  for the manufac- 
rum of ethanol from corn or corn stover could be reduced 
by up to 0.18 BtulBtu. There is no incentive to achieve this 
raving, however, because the fuel for the sugar cane plant 
is bagasse which must be burned. In theory, less energy 
could be used to make ethanol from sugar cane, but there 
rst several economic and institutional b h e r s  to power ex- 
p o ~  u most locations. 

Distillers Dry Grains. The recovery of distillers dry 
grains (DDG) from the stillage is .a integral pan of the 
rnanufacturr of &e ethanol by fermentation. Furthermore, 
it is a very energy intensive step. We estimate that in the 
traditional manufacture of ethanol from corn, recovery of 
this byproduct consumes 0.48 BarlBtu ethanol. which can 

be reduced to 0.24 BnrlBtu with energy conserving tech- 
nology. 

The recovery of DDG includes centrifuging the itillage, 
evaporation of the antrifugate,' and drying. In the tradi- 
tional technology the evaporation is conduited in multiple- 
effect evaporators. Energy requirements can be reduced by 
using vapor recompression evaporation. This requires me- 
chanical energy rather than heat. The evaporated stillage is 
mixed with solids from the centrifuge, dried. and sold as 
animal feed. 

The minimum energy design of Moon rt d., which'we 
believe achieves the lowest published energy to make 
ethanol, uses.-flue gas from the c o a l - f d  boiler to dry 
DDG. The impact on product quality and saleability of this 
design unknown. The energy requirement is Iowa than 
that of our energyconserving design, which uses a neam- 
heated dryer. 

Some observers ugue that the energy required to recover 
distillers dry grains should not be included in the net energy 
to manufacture ethanol. Our method of calculating the en- 
etgy conterit of this distillers dry grain byproduct as the fuel 
required to grow soybeans of equivalent protein dots indeed 
penalize the net energy of the process. Nevertheless, the 
recovery of this byproduct is essential for the economics of 
the ethanol manufacturing process. When the price of DDG 
is S100lton. the byproduct credit amounts to about 51.001 
bu corn or S0.38lgal uhanol. nK recent price range was 
Sll~S12Olton.* 

Although om could not economically operate a fcnnen- 
tation ethanol plant without a &it for the protein in dis- 
tillers grains, the stillage could k fed wet. This would re- 
quire integration .of r feed lot with the alcohol plant and 
might cause significant storage and scheduling problems 
@anicularly if the markets for ethanol and beef were not in 
phase). 

Without recovery of DDG, the disposal of the stillage 
would k a significant and potentially expensive pollution 
problem. If DDG w m  not recovered, plant effluent would 
k high in BOD (biological oxygen demand) and COD 
(chemical oxygen demand). 

One technology which has been suggested is m m b i c  
digestion of the stillage. It is anticipated that such ananobic 
digestion would make r medium Btu gaseous fuel u very 
low energy consumption. This technology has not been re- 
duced to commercial practice and was not investigated in 
this study. 

Cogeneration. The use of high-pressure s h m  in back- 
pressure turbines to provide shaft power for rotating equip 
ment or electricity generators has been common practice in 
sugar cam plants. The low-pressure exhaust steam is used 
for process heat. This ume principle can k applied in 

Fad MU New. 61. p. 3, AgicullurJ M.rteriog Savicr. U.S. R. 
pa'UncE d Apiculm (Auprc 30.1978). 



ethanol-from-pin plants, with a net energy saving of about 
0.07 BtulBtu ethanol. 

Agricultural Residue as Process Fuel. One of the advan- 
tages of manufacturing ethanol from sugar cane is that ba- 
gasse can supply all of the fuel requirements to operate the 
plant. Proponents of t h ~  manufacture 'of alcohol from grain 
frequently suggest that agricultural residues like corn stover 
or straw be used to fuel alcohol from grain plants. 
Since the fuel required to collect and &spor( ag~icuiturd 
residues to a nearby processing plant is small compared to 
the process energy. such use of agricultural residues would 
significantly reduce the net energy consumption for gr in to 
ethanol. Substitution of agricultural residues for the process 
coal shown in Table 1 would reduce the.net energy to 0.58 
BtulBtu liquid fuel in the corn-toc+anol case and to 0.22 
BtulBm in the corn stover case. 

There arc. however. several practical problems to the use 
. 

of agricultural residues as plant fuel: ' h e  fvst of these 
problems is the collection of enough residue to-use as fuel. 
Estimates of the ratio of residues to grain can vary greatly. 
Some of the estimates of the percentage of corn p i n  and 
corn stover on a dry weight basis arc summarized below: 

Corn Stover -- 
( I )  Aldrich (1975) . . , 45% 55% 
(2) Veaer (1973) 53% 47% . 

(3) Inman & Alich (1976) 59% 41% 

The ratio will depend upon the variety of corn. climatic 
conditions, etc. The fust two authors reporred data for their 
Iowa location, the last for Texas. If one assumes on average 
that the quantity of dry corn stover would qua l  the quantity 
of dry corn from a typical midwestern field, and if one fur- 
her  assumes that the stover is dried to 2O-pacent moisture 
before burning, one could obtain about 1.36 B-tu ethanol 
by burning all the stover produced with the corn grain. 

In actual practice, it is desirable to leave some residue on 
the field as a soil conditioner. It is generally assumed that 
between 25 and 50 percent of the residue must be left on the 
field. Since farmers tend to be conscwative, they would 
probably tend to leave closer to 50 percent on the field, 
thereby 'reducing the fuel available from stover. On the 
other hand, much more corn would be grown for feed than 
for alcohol. Therefore, it should be possible to obtain ad- 
ditional stover ffom farmers selling their grain for use as 
feed. 

A second problem with using agricultural midue as fuel 
is consistency. In estimating the energy which could be ob- 

* ~ w u m c p m b l e m r p p l y u , u r d m m n o v a u r ~ o c t . F a ~  
pnpov ofuulysis o l k  mm aovaeacrgy it vu assun4 rbu l ime 
pmblcmr auld be d v d .  

rained by burning corn stover. we have assumed that staver 
was dried to 20 percent moishvc in the field. Field drying 
depends upon the weather conditions near the harvesting 
season and is greatly dependent upon the time of year that 
the stover is recovered. If the stover had to be dried in the 
plant, or if it were burned wet. vhe available energy would 
be significantly reduced. These problems can. of coarrsc. be 
overcome. in a typical sugar pla?t. moist bagasse is burned 
successfully at about SO percent moisture. 

A third problem is the low .bulk density of agricultural 
residues. We haveestimated that the bulk density of corn 
stover is about 15.8 dry pounds/cu ft. Because of this low 
density, a Btu of corn stover occupies 10 times the space of 
a Btu of oil. In an ethanol-from-sugar cane plant, the cane 
is continuously processed .as w i v e d ,  and there is very lit- 
tle storage of bagasse for fuel. The practice in an ,ethanol- 
from-grain plant, however, is to store the corn grain and 
process it throughout the year. Very large inventories of 
stover would be required to fuel a year round operation. The 
cost of this storage would probably be prohibitive. In addi- 
tion,' special measures would have to be taken to prevent 
degradation or spontaneous combustion during.the storage. 
If a grain-to-alcohol plant w m  operated seasonally like 
typical sugar tee plants, the price of grain would have to 
be reduced to pennit economic operation. 

A final disadvantage of residues as fuel is the low effi- 
ciency with which they arc burned. Whereas a typical coal- . 
fved boiler can conven the energy in the fuel to steam with 
an efficiency of about 83 percent (based on higher heating 
value), a typical bagasse boiler operates at an efficiency of 
63.5 percent. This reduced combustion efficiency a g p  
vates the problems of storage and handling associated with 
low fuel derisity. 

Other Considerations. As mention4 previously. the pro- 
cesses for the manufacture of fuels from m stover and 
from wood ue not commercially proven technologies. The 
manufacture of methanol from wood and ethanol from corn 
stover or other cellulosic biomass arc in the developmental 
stages. One would expect that a detailed plant design prior 
to plant constmction would uncover some opportunities to 
conserve energy by funher utilizing process heat. 

There is a new technology being developed (Tilby Fro- 
a s s )  to separate sugar from bagxSC without the conven- 
tional crushing and maceration. This technology would be 
applicable to both sugar cane and swat  sorghum. The en- 
ergy requid  to extract sugar ficmi the cane would be =- 
d u d  if the process were commercially adopted. But it 
would leave m excess of bagasse at the plant. At the present 
time, it is not certain whether such bagasse would be an 
expomble form of energy, r vduable byproduct, or a dis- 
posal problem. 
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GLOSSARY 

Bagasse 

BOD 

COD 

DDG 

E m H  

HHV 

m e  cellulosic residue left after' sugar is ex- 
tracted .from sugar cane. 

Biological oxygen demand. A measure of 
water pollution. LHV 

Chemical oxygen demand. A measure of 
water pollution. 

Distillers dried grains. The dried residue 
from ethanol fermentation which is used as 
animal feed because of its protein value. 

Ethanol or ethyl alcohol. MeOH 

Higher heating value. The heat released dur- Stover 
ing combustion of fuel if all products are 

oooled to room temperature and watcr is 
condensed to r liquid. The tmn is mast hr- 
quently used in the U.S. 

Lower bcatini value. Tbe k t  r e l d  dur- 
ing sombuttion of fuc! If all pmducts ~c 

cooled to room temperalure while watcr re- 
mains u s t a n .  The lower beating value is 
more representative of typical fuel burning. 
?be term .is frequently used in European lit- 
CfBEurr. 

Methanol or methyl alcohol. 
< 

The residue (stalks. leaves. and cobs) of c m  
after the grain bas been removed. 



APPENDIX A 
PROCESS DESCRIPTIONS AND ENERGY CONSIDERATIONS 

Ethanol From Qm: T m d t t l o ~ I  Process fermentation is exhausted to tbe atmosphere t h g h  r con- 
A block flow diagram showing .the steps in the manufac- denser. which removes entrained liquid and mum it to the 

ture of ethanol from corn is presented in Figure A-1. Al- famenter. 
though corn is generally selected because it is the mOR eco- Upon completion of fbc fermentation, the alcohol is plr- 
wmic grain in the United States, the process is representative ified and recovered in r series of distillation columns. Tbc 
of b e  manufacture of alcohol from other grains. nK energy bottom swam from the fmt column, which is known as tbe 
and materials requirements for the traditional process arc beer still, contains water and organic materials. This stream 
rummarked in Tables A-1 and A-2. The material and en- is concentrated by evaporation, dried: and sold as distillas 
crgy balance were based on a plant manufacturing 20 mil- dry grains. As can be w n  from Table A-1, the evaporation 
lion gallons anhydrous ethanol per year and operating around and drying of &stillen dry grains is one of the major energy 
the clock 330 days per year. The selection of plant d e  consumers. Nevertheless, recovery of this byproduct is es- 
docs not affect the net energy balance, which is based on sential to the ovaall economics of ethanol manufacture 
energy consumed per unit of energy produced as liquid fuel. from grain. 

The corn or other grain used in the manufacture of olce The overhead from the fm rtill contains r of 
bol can be conveniently stored for long periods of time. water, ethanol, and impurities. These include both low- 
This is in contrast to sugar cane, which must be processed boiling impurities (ester-aldehyde) and high-boiling impur- 
soon aftci it is brought from the field. Therefore, the alco- ities (fuscl oil). In the design used for this study, it was 
hol from grain plants ue generally designed to operate on assumed that the ester-aldehyde would be recovered a d  re- 
r year-round basis while alcohol from sugar cane plants op cycled to boilers for use as fuel within tbe plant. A fairly 
crate only during harvesting season. This variation bas r significant crtdit of 0.03 B-tu uhanol was taken f a  this 
p a l e r  effect on the economics than net energy consumb boiler fuel. The quantity depends upon the way in which 
tion. Nevmheless, it is sometimes proposed to harvest the the fmnentation is opqated. We believe that many com- 
som stover and use it as r fuel in the alcohol from corn mercial fermentations have Iowa yields of ester-aldehyde. 
plants. Befausc the stover has a relatively low density and Thmfore, the calculated net energy requirement is slightly 
because the storage stabll~ty of the stover has not been ad- low. In the rectifying column, ahanol is concentrated to 
equately demonstrated, many agricultural experts believe .bout 95 percent by volume md sent to a benzene column 
that the use of corn stover as a fuel for year-round operation where it is further concentrated to anhydrous tthanol by 
would not be feasible. lzeobnpic distillation. Fuse1 oil. which is removed from m 

The fmt step in the corn-Wthanol process shown in intermediate plate of the distillation columns and acparated 
Figure A-1 is size reduction. When alcohol is the primary by decantation, is combined with the anhydrous alcohol. 
product, this can be accomplished by hammer milling. The This fuse1 oil contributes slightly to the energy content of 
ground corn is then conveyed to a pre-cooker where it is the liquid fuel. Them are small benzene losses during the 
mixed with water and recycled stillage at about 150 F. The ueotropic distillation. lhis small benzene loss was not in- 
corn slurry is then cooked for about 10 minutes at 250 F in cluded in the net energy balance because it is believed that 
r continuous cooker. most of the loss goes with the liquid fuel product. 

The cooked mash is then cooled to about 80 F in r mies As can be seen from Table A-1, the total process energy 
of flash coolers which operate at progressively Iowa tern- nquirewnt is estimated at 1.87 BtulBtu ethanol. Consid- 
peratures. After cooling, an .enzyme (amylase) is added to ering the use of ester-aldehyde as boiler fuel, the act process 
convert starch to sugar. This enzymatic hydrolysis is known energy consumption is estimated at 1.84 BtulBtu. Esscn- 
as saccharification. tially all of this process eaergy could be normally supplied 

Following the' hydrolysis, the mash is cooled to about as coal for the generation of processed steam. A small par- 
70 F and combiBed with recycled stillage to d u c e  the pH tion would k supplied as coal f a  generatio; of elmicity 

-and to provide buffering capacity during the famentation. used in the process. Of course, otber fuels could be .substi- 
Chemicd nutrients and yeast are added and the mixam is  tuted for the generation of rtum. 
allowed to ferment in batch femmters. Continuous famen- 
tation has been proposed and has been demonstrated on r Ethanol From Corn: Modem, Energy-ConrenlnQ 
pilot scale and in m e  commercial operations. Changing Technology 
from batch to continuous operation might improve the cco- Significant energy savings over the traditional process f a  
wrnics but would have little effect on the energy qu i r e -  manufacture of ethanol can k achieved by application of 
menu. During the fmmntation. the mixam is kept be- modern technology. Most existing ethanol plants wen con- 
tween 77 and 90 F. & h o n  dioxide rrleased by Ibe structed before 1970 in m aa of cheep energy. Energy min- 



TABLE A-1 . w O L  FROM CORN. TRADITIONAL PROCESS ENERGY BALANCE 
Basis: 20 million gallons anhydrous elhanoUyr 

330 dayslyr-24 hrslday: 
Cower heating value 75,670 Btulgal at 68 F. 

Fuel Requid 
BaJBluMIH Fuel 

Feed Pmpara'on 
Screening. gnoding a d  mtaial 5050 hv Uecoicity 10,OOO Brulkrvh 0.26 Gnl 
W i n g  

Protcss 
Coddng and enzyme prrparation 25 MM BnJhr Stcam 83% boiler efftciency 0.16 Conl 

Scpran'on and Recovery 
Stripping column 44.7 MU BoJ Stuim 83% boiler efficiency 0.28 CoPl 

hr 
Rectifying column 32.6 MM Boll Stcam 83% boiler efficiency 0.21 Coal 

Dehydration column 
hr 
30 MM BnJhr SIum 83% boiler e f f i n c y  0.19 Corl 

46.0 MM BoJ Stram 83% boiler efficiency 0.29 CoPl 
hr 
30.0 MM Btd Stram 83% B o i i  effiency 0.19 Cool 
hr 

A d @  
Boila feedwater heating 21.00 MM Btd Steam 83% boiler cfftcitncy 0.13 CaPl 

hr 
Plant building scrias 25.00 MM BtdStum 838 boiler cfftcieacy 0.16 CoPl 

hr - 
Total Rocess Energy 1.87 

imization was not economic in these older plants. In addi- 
tion, fuel.grade ethanol may include many higher boiling 
compounds (fuse1 oil), which arc unacceptable in industrial 
grade ethanol. Lcss energy intensive separations art re- 
q u i d  for the fuel grade ethanol. 4 

Modern eneigy eficient technology g e n d l y  is similar 
to the traditional technology described in Figure A-1, ex- 
a p t  that materials other than benzene am used for ueu 
mpic distillation for anhydrous ethanol. Energy savings are 
achieved by (1) grurta heat r t c o v q  and (2) by using high 
pressure steam in back pressure turbines to turn rotating 
equipment ot'to generate electricity, while the low pressure 
stcam from the turbine exhaust is used for process beat. 

The most signifiet savings occur in the separation and 
alcohol recovery. yatzen Associa!esL have recently pub- 
lished a deiign which minimizes the energy consumption in 
recovery of 99.5 petcent ethanol. Vulcan Cincinnati has ac- 
tually built several anhydrous ethanol systems which mini- 
mize atam rqukments. Both designs require about 21.5 
pounds steam per gallon anhydrous uhanol. 

- 

M-. G. G.. h.. n d., ' M a  M a r  h r l  M I  Tscturial rad 
M c  Aucarmenc Sady ." R.phrl KaQm -6 frpm 0 Dc- 
plnmM d h u g Y  mcanbu. 1978). 

TABLE A-2-ITHANOL FROM CORN. 
MATERIALS REQUIREMENTS 

Basis: 20 million gallons anhydrous ethanol per , 
year, 330 dayslyr, 24 hlday or 60,600 gall 
stream day, bwer heating value 75,670 
Etulgal EtOH @ 68 F 

Fucl 
EquivJtda' 

MuuiJ Amount. BhJBtuE40H Use 
- - 

Can 53.737 lblhr 0.452 nw 
mrmial 

Eahaml 2 2 5  grvhr (1.0) liquid 
fuel 

Furel Oil 12 gdhl (0.01) liquid 
fuel 

Wed distillus 8.21 oDaslhr (0.075) ~ h a l  
' .  p i n  fesd 

F~a-aldchydc 78.7 g d b  (0.03) boila 
fuel 

(I) Fuel rrquivdcnts t J e o  u l o w  beating d u e ,  rn fuel O p w  ?Id 
hn-. DDG u fvcl to p w  qu idem proacio u 8uybaas. 
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7X'E':-E A3.-ETHAN3L FRDM CORN 
EKERGY C0t;SERVATION DESIGN 

&-isis: 1 ga1i3n anhydr~us ethanol. Lower heating 
vaiQe 75,676 Bru'gal at 68 F. 

FccC Prcpa.arion 
GnnJ:,: and mattrial 

handl~ng 
Process 

C o d i n g  a d  enzkmc 
prep-rdon 

Ferrnenrarion 
Srt-c.-r3:i~c G :.' l i e r n i . r ~  

Lhs:ilia:ior Toweis 
Bjprodun Recovcq 

Evapnton 
m e n  . 
Gnuifuges. etc. 

A1Ln'lia.~ and Mrsccllatwous 
Boiler Ftedwarer Heating 
Miscellams Powcr 
Plant Building Services 

SUBTOTAL 
Cogcnerorion Crrdirs 

Elcsmciry Saved 
Foci Consumed for 
R w  Equipment 

TOTAL 

0.308 kwhr 

7.1 Ib steam 
0.30 kwhr 
0.053 kwh; 

21.5 Ib steam 

0.746 kwhr 
6.0 Ib strarh 
0.356 kwhr 

3.4 lb swam 
0.50 Lnvhr 
3.4  lb sttam 

0.946 kwh 
0.%6 kwh 

G n v e n i o n  Assumplionc: Shaft power ud elamcity rrsume 10.000 BIU 
~~ 
S l u m  usumes 8 3 4  boila rffKieocy 

Evaporation of stillage and drying of dark distillers grains 
also are significant energy consumers. Although triple ef- 
fect evaporation is usually practiced in alcohol plants, the 
use of vapor recompression evaporators can result in large 
energy savings. 

The energy requirements using modem, entrgy-conserv- 
ing technology is summarized in Table A-3. The process 
energy requirements are about half those needed for the tra- 
ditional technology. Even further savings can be achieved 
by cogeneration of process steam and either elecaicity or 
shaf: power. 

It should be not& that most of the energy savings arc 
achieved at the expense of additional capital investment. 
The material balanu remains essentially as shown in Table 
A-2. 

Ethanol From Sugar Cam 
A block flow diagram showing the steps in the manufac- 

ture of ethanol from sugar cane is presented in Figure A-2. 

The process energy and materials requirements for this p re  
cess are summarized in Tabies A 4  and A-5. The material 
and energ) balance were b s s d  or, r design b) F. C. Schaf- 
fe: an2 Ass~ ia ; e s  for a p!a?i p?:c:isin; 9,01)? tons of cane 
per day, which can produce 14(1,NQ gdlons of anhydmuo 
et+anol per &y.  Since the fuel qsirements are presented 
as a ratio of the lower heating value of fuel to the lower 
heating value of ethanol produced, the scale does not sig- 
nificantly affect the results. 

The fvst step in the p m s s  is the cuttrng md p r l n d i ~ ~ ~  rif 
the sugar cane. Juice is then extracted from the w e  in rna- 
aration units. The mechanical energy required for Lhex 
feed prepcation stcps. is supplied by mnning high pressure 
steam through a turbine. The exhaust low pressure steam is 
then available for process heat in other operations (see Ta- 
ble A d ) .  Th- raw juice is then bta:ed with lime and puri- 
fied in clarifiers. The energy associated with the small 
quantity of lime used is insignificant. The solids, which arc 
known as "mud" in the sugar industry, are conccntratcd by 
filmtion. segregated, and eventually returned to the cane 
fields. The filtrate from the "mud" fdtrrs is added to the 
clarified cane juice. 

The cane juice is then concenttated from about 4 percent 
to 20 percent in a triple-effect evaporator. Heating and 
evaporating the cane ' juice are significant energy con- 
sumers. 

After concentration, the cane juice is pumped to fe&n- 
tation tmks where i t  is mixed with yeast and nhients. After 
fermentation. the fermentation broth is antrifuged to re- 
move yeast. Part of the yeast is recycled to fermentation 
and the rest is dried for sale as animal feed. The centrifuged 
fermentation broth is x n t  to a series of distillation towers 
where the alcohol is concenmttd. In the design used for 
analysis, which is typical of modern sugar mill practice, the 
fermentation beer is fvst distilled in a stripping town to 
take a mixture of alcohol and water overhead. The "bot- 
toms" from this tower contain water and dissolved nutrients 
from the fermentation. Thex  still bottoms arc known as 
stillage. They arc concentrated in a txiple-effect evaporator, 
dried, combined with excess yeast from the famentation 
centrifuge and sold as dried distillers grains. 

The alcohol water mixture is separated in a rectifying and 
seipping tower. Alcohol is concentnted to about 95 percent 
in the rectifying tower and then sent to a benzene tower for 
final concentration to anhydrous alcohol by azeotropic dis- 
tillation. The small benzene losses which occw are not in- 
cluckd in the energy balance. We believe much of the lost 
benzene will be in the alcohol product and will therefore k 
used as fuel. 

Solvents other than be=& may k used for the ruce 
tropic distillation if OSHA and EPA regulations prohibit 
benzene. This would have little effect on overall taergy 
consumption. 
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TABLE A 4 . - € l H A N O L  FFlOM SUGAR CANE. PROCESS ENERGY BALANCE 
Basis: 9,000 tons caneldab, 24 hrlday 

140,000 gal/day anhydrws ethanol 
with LHV = 75,670 Stulgal 

Unit Opaations 

Dirrcl t w r g y  
Canvasion Fuel Rsquirrments 

Arnwnt l b h  Steam h s s w  Assumptions BWV BIU EtOH Fuel .Type 

Feed Prepration 
Qves.  shnddei. mill 
Turbine exhaust 

Process 
juia e v ~ t o i  
juia evapcnator 
20 psig steam from evaporator 
juia heaters 

Scparan'on and Recovev 
rtboilcrs 
reboikrs 

Byprodva Recovery 
dllage evaporator 
nillage dryer 

Aun'lhry and Misc. 
mines  
Live ncam . 
exhaust steam 
mix.  uscs ud beat loss 

Heat loss 
Taal Roccss Fuels 

bp rctun'.' 
42 psig 

42 pig  
'b 

20 psig 
20 psig 

42 psig 
20 psig 

b 
b 

42 psig 
42 pig  

(a) bp umn 420 psig, 200 F aqaba 
.@) exhaust iwaPopic avenge cmhdpy. 

A fuse1 oil-alcohol-water mixture is removed from the Improvements in process efficiency would result in ex- 
middle of the rectifying tower and separated into organic cess bagas* or excess steam. It is unlikely that such excess 
and aqueous phases by decantation. The fuse1 oil would energy could be economically exponcd from an alcohol fuel 
the.1 be combined. with the ethanol fuel. plant. It might be possible, however, to integrate another 

As can be seen from Table A d ,  the total process energy process with the plant at some locations. 
consumption is 2.27 Btu per Btu of ethanol. All of this en- 
ergy is supplied by burning the bagasse rrcovacd from the Emnol From Corn Stwer 
feed preparation stages. The manufactut of ethanol from corn stq& is a process 

cumntly under development by the Department of Energy. 
TABLE A-5-ETHANOL FROM SUGAR CANE. The act energy balance is based on a conceptual design 

MATERIALS REQUIREMENTS which in turn is b a d  upon laboratory scale research and 
Basis: 9000 tons canelday, 24 hrlday d o g i e s  to similar processes. In the process. corn stover 

140,000 gal anhydrous ethanollday or other allulosic material is-hydrolyzed to sugars, which 
are then fermented to ethanol which can be recovered in the 

Fuel Equivalent conventional manner. Cellulose decomposes primarily to 
Mam'ol Amowu BNIBIV EIOH Use glucose which can be .converted to ethanol by fermentation, 

while bemicellulose decomposes primarily to xylose and ' 

Sugar Corv 9000 ronrlday 0372 process feed otller fivecarbon sugars which cannot be c o n v d  to 
Bagase 3146 ronrldrry (227) boiler fwl Uhanol using conventional fenrkntation technology. 
Ethanol 140.W gals/& (1.0) liquid fwl In the conceptual design chosen for analysis, the pentoses 
DDG 136.4 tonslday (0.W2) animal feed (or f i veahon  .sugars) are converted to furfural which 

b 
2-104 



would be the p z ~ ~ ~ o r  of mother liquid fuel. B-uu of 
its tendency to polymerize. furfural would not k suitable 
for direct inclusion in gasoline. Rather, mild hydrogenation 
would be q u i d  to convert it to r more suitable chemical 
for use rs r liquid fuel. Energy for this hydrogenation has 
not W n  included in the energy analysis. 

The simplified process flow diagram is given in Figure 
A-3. For the conceptual design it was assumed that the 
plant $ale would be 20 gallons anhydrous ethanol per year. 
operating 330 days per year. lhis is the same scale used in 
the ethanol from corn design. It was further assumed that 
the problems of storing corn stova for long periods of time 
could be solved, so that the plant cwld operate on r year- 
round basis. As aoted before, the sfale of operation has 
liale effect on the net energy balance. 

'Ibe first step in the eorn stcver prooessris grinding or 
cbopping the Stova. This would k done in hamma mills. 
For the energy analysis, it was assumed that tbe c a n  stover 
would be dried in the field to r rather low moist& content 
(20 percent or less). If dditional drying w m  q u i d  at 
the plant, the energy oeeded would k increased. . 

After size reduction, tbc corn sto& is tnated with dilute 
r i d  at b u t  250 F. This dilute acidleaching convats bem- 
icellulose in the stover to bluble peatosans (fivecarbon 
sugars and their 7). Tbest pentosans me thcn sent 
to r furftval plant w h m  the coluticjn is bcated, contacted 
with high ptssurr steam, md r X+X~LKC of rurfural and 
rteam taken overhead. The fwfural is then ncovered by a 
combination of distillation and decantation. As can k setn 
in Table A d ,  the furfural manufacave and recovery is 

TABLE M.-€THANOL f ROM CORN STOVER, PROCESS ENERGY BALANCE 
Basis: 20 MM gallons anhydrous ethanol&, 

330 daylhr, 24 hrsJday. 
Lower heating vdue 75,760 Bb/gal @ 68 F 

-Enegy Coavarioa Fuel Rapixcd 

Unit Opcntions Amount Fam Asnrmpboas BILL/BtuEIOH FutlTypc 

49.2 kw Electricity 10.000 BWkwh 0.002 Cal 

103 kw Fkaicity 10.000 ~ n ~ h v h -  0.005 Carl 
Heater 21 M M B W  Steam 
Vvuum Fi lm 322 kw Elecaicity 
Ptntosan Washing & Filming 130 kw Electridty 
Dry a 76MM Btrrlhr Fuel 
Maurial Handling & Pumping 92 kw Electricity 
Reprecipitation With Metha- 228 kw Electricity 

ool. Washing & Fitaing 
Hydrolysis, Neuualiza- 238 kw Electxicity 

tion Washing & Fitaing 
Heater 53.5 MU B& . Stum . 
Mntctial Handling & Pumping 49 kw Electricity 

Seprrration a d  Recovery 
-1 Stripping, Rectifi- 50.3 MM BnJhr Srum 

ation. rad Dehydration 
Methanol Rectifiution 21.1 MU Bnr/hr Stum 
Acid Mixhm Evrpo~tors 8.4 MM B& S ~ u m  

By-Prodrco Recovery 
fumua! Plmt 293 MM BtrJht bp Steam"' 
DDG Evrgor~ulrs & Dryas 76MM BnJhr Stum 

Residue 223 MMB& Residue 
Estn JLhyde 78 glyhr 

Avriliary 
Boiler Feedwater Heating 63 MM ~ t u  
Plant Building' Services 25 hiM Btu 

TotPl Process EzyrEy 

(a) H p u e u n 6 8 O p i W F . A U o Q r i r h g r r ~ 1 l r r ~ ~ m .  

63.5 Boiler E f f i i  
10.000 BaJhwh 
10,000 Bar/hwh - 
10,000 BnJhwh 
10.000 Btulhwh 

83% Boiler Efficiency 
10.000 BtdbtI 

63.5% Boila Effiimcy 
838  B a i a  Efick~cy 

8 3 8  Boiler Efficiency 
83% Bailer Effitcimcy 

63.5% Boiler Effdcocy 

83% Boiler Efficieacy 
83% Boiler E f f i i c ~ c y  

Residue 
Cal 
C a l  . 
&I Oil 
Cal 
Cal 

Cal 

Corl 
Carl 

Cal 
Cal 
b i b  
Rtridue 
Boiicrfutl 

Cal 
Cal 
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a vtry energy-intensive process. requiring approximately 
1.5 BtulBtu ethanol. Although the rnanufacturt of Mural 
docs consume oonsiderable energy, it also cqnverts between 
one-third and onc-half of the corn stover to a useful liquid 
fuel precursor. n i s  increase in oyerall yield of liquid fuel 
is believed imponant for the overall process economics. 
'The solid residue from the dilute sulfuric acid leach is 

dried to reduce entrapped moisture, cooled, and mixed with 
concentrated (79 percent) sulfuric acid. The concenmd 
acid dissolves or solubilizts the cellulosic portion of the 
stover. The solution is then mixed with methanol, which 
reprecipitates the ullulose in an amorphous form. This 
amorphous cellulose is then recovered by vacuum filtration 
and sent to the acid hydrolysis section. 

The purpose of the-solution and reprecipitation of the cel- 
tulose is to incnase the reaction yield in the hydrolysis. 
Research at Purdue University has shown that this proce- 
dure can double the yield of ethanol. 

The filtrate containing methanol and sulfuric acid md 
water is separated by a combination of evaporation and dis- 
tillation. A two-effect evaporator is used to conserve en- 
ergy. Although additional energy could be conserved by the 
use of additional evaporation efects. the corrosive nature of 
the acidic solution would make this uneconomic. The re- 
covery and recycle of acid and methanol is another energy- 
intensive step. 

The solid from the concentrated acid treatment section is 
washed with water and sent to the acid hydrolysis section. 

TABLE A - 7 e H A N O L  FROM CORN STOVER. 
MATERIAL REQUREMENTS 

Basis: 20 MM Gallons Anhydrous Ethanol Per 
year, 330 dayslhr, 24 hnlday, LHV 75,670 
Btulgal, EtOH @ 68 F 

Fuel 
Equivdencla' 

Mawrial Amount B w B m  EtOH Use 

Corn Stover 

Ethanol 
FurfurPl 

Rsel Oil . 
Distillers Iked 

Gniirs . 
Esm Aldehyde 
lignin & Ash 

Residue 

- 

1427 Dry TPD 
(148.646 Ibh. ,  

20% wet) 
2.525 gaVhr 
13.460 Iblhr 

78.7 Boilcr Fuel 
746 wa tons/&y 

(I .O) Liquid Fuel 
(0.71) Liquid Fuel or 

Chemical 
(0.01) Liquid Fuel 
(0.042) A n i d  Fecd 

(1 22) Boiler Fuel 
(1 2 2 )  Boiler Fuel 

(a) Fuel rquivdmtr taken at lower huting vduc; corn Uwa a fuel rn 
~IQW "d h n c u .  The amvmioa cffieiary of cbc alluh*c 
m u u i d s ~ n r b a r l 2 0 8 .  

The dilute acid hydrolyzes the amorphous cellulox to glu- 
cose at about 260 F.. The reaction mixture is then cooled. 
neutralized with lime. and filtered. The solids recovered in 
the filtration consist primarily of lignin.and ash. These sol- 
ids are used as boiler fuel. 

The sugan a~ contained in the filtrate and w t  sent to a 
fermentation section. The remainder of the process is simi- 
lar to the other ethanol processes. 

Methanol Ma The Purox Pmsu 
A simplified process now diagram for the manufacture of , 

methanol from wood using the Purox Process is illustrated 
in Figure A 4 .  The Pwox Rocess employs a vertical shaft 
furnace for converting a mixture of oxygen and wood chips 
into synthesis gas. Oxygen used to combust wood residue 

,in the lower p~ of the furnace, and the heat of combustion 
panially gasifies the wood in the upper portion of the reac- 
tor. Significant energy in the form of elechicity is con- 
sumed in the separating of the oxygen from the air (Table 
A-8). 

The gas leaving the reactor contains 30 to 40 percent 
moisture. The moisturr, along with ash, tars, and other con- 
densable liquids are removed in a gas cleaning step. On a 
dry basis, the gas from the reactor is reported to have the 
following composition: 

The high percentage of propane and higher hydrocarbons 
gives the gas a surprisingly good heating value. This gas 
composition has been reconfirmed with Union Carbide.' 

Following cooling &d cleaning. the gas is compressed to 
about 200 psi and sent to an acid gas removal section. For 
the purposes of analysis. a Berfreld hot carbonate system 
was used to remove carbon dioxide from the gas. ln this 
system. acid gases arc absorbed in a hot potassium carbon- 
ate system. The absorbant is then regenerated by a combi- 
nation of reduced press& and the application of heat 
(which is supplied by low pressure steam). The acid gas 
removal section consumes about 0.72 BtulBtu methanol. 

After acid gas removal. the gas is compressed to about 
500 psi. heated. and passed over a hydrogenation catalyst 
to saturate the olefinic compounds which would have m 
undesirable effect on the shift catalyst. The gas is then 
cooled in a waste heat boiler to recover heat of hydrogena- 
tion before sending to a water-gas shift reactor. 

Hr. R. S. Rul. Unioa W i  Carp.. pivatc wuununidaa (July. 
1978). 
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TABLE A+.--METHANOL FROM WOOD (PUROX PROCESS). ENERGY BALANCE 
 asi is: 1000 tonslday bone dry wood.(lb28 tons/day,gresn wood) 

205 tooslday methanol, LHV 8570 Btu/lb 

mm Canvasion Fuel 
Unit opeaxrim Amount Fam Awunptions BhJBfuMcOH Fuel- 

Acid Gar Removal -- . . 
punps 
regen tower 

Hydrogemn'on and Shifr 
gas huting 
hydrogenation WHB 
pocess- 
shift WHB 
WHB 

-P=- 
w i n e  exhaust' 

Methanol S ~ k s i s  
-P=- 
waste bca~ boila 
pudifotiaa 

T d  prarss bcfm purge gas edit 

m e  gm (405.8 hIM BnJhr) 

par=& 
hp- 
b- 
hp - 

J00 psl aeam 
procesh 
b- 
elatricity 
4J uam 

10,000 BrunPm 
10.000 Btukwb 
83% boiler eff. 

Net Roccts Eoergy 
, . (1 . U S )  

pr#as 

pocess 
prarY 
F s  
pmcw 
proccM 
proceY 
aul 

pocess 

(a) bpaeam is S M p i  SOOF, b = l 2 2 3 B d b  
l p u c u n i s , U ) q r i ~  

The gas is combined with steam, and sent to r water-gas 
shift reactor where the carbon morroxide reacts with steam 
to form hydrogen and carbon dioxide. The.:atio of hydrogen 
to carbon monoxide is adjusted to 2:l for the methanol syn- 
thesis. The shifted gas is then cooled, and carbon dioxide is 
then removed in a second Benfield unit. 

The gas is then compressed to h u t  50 ~tmospheres. 
combined with recycled gai and sent to r methanol con- 

, . . vener. The ICI low pressue methanol synthesis was the 
. . basis for the process energy estimates. This process is used 

. in many commercial applications throughout the world. 
' There were-some &tic4 areas w h m  the process details on 
the methanol synthesis arc proprietary. Energy requirement 
for the methanol synthesis was estimated from fundamen- 
tals ind from the data available in the literawe. ' h s e  num- 
bers were checked by 'consultation with ICI licensors. 

The unrcacted gases am sepaiated from the methanol in 
r series of flash vek l s  &d the methanol product is purif~ed 
by distillation. Most of the gas is recycled to tbc methanol 

\ 

TABLE A-9.--METHANOL FROM WOOD (PIJROX 
PROCESS). MATERIALS REQUIREMENTS 
Basis: 1000 tonslday bone dry wood (1,428 tons1 

day green wood, 205 tonslday methanol, 
"LHV 8570 BtuAb. 

Fuel 
Euivrlenfn' 

Muaid Ammot BaJBru McOH Uu 

.Wood 1000 @d,day 0.4Wb) Raw Mataid 
Mcthrnol 205 toadday . (1.0) Liquid Fud 
h g e  Gas 282toadday (2.772) By-Rodua 

Fuel Grs 

(a) h d  squivJetm m k n  a kwr buting d u e .  road a fuel &I 
.ad bwea. 

6) Far a ypiul kw yield ~rrr (Wixamsin. 5 &y W~llbv) .  A hi@ 
JLld ru like Mriw ~ u l d  d aaly rbout 0.30 BdBu mabr- 
d. 



synthesis and a purge gas with a high fuel value is moved .  ntories was &elected. A simplified process flow diagram is 
Bwuse of the high amount of hydrocarbons in the gas fkm &own in Figure A-5 and energy and material requirements 
the Purox gasifier, the purge gas has r beating value d l -  ue given in Tables A-10 and A-11. 
dent for use as pipeline quality gas. W i t  for this purge 'Ibe fvst step in the p-ss is feed pparation. Tbe Bat- . 
gas was taken in the ~ e t  energy bqAnu. It would k possi- teUe process qu i r e s  that the wood chips k rtduced in size 
ble to increase the methanol yield and @y dtcrease the by milling. Tbe wood particles ut then conveyed thrwgh 
energy contenl of purge gas by incorporating a steam re- r lock-bopper system to r dryer where the green wood is 
forming step in the process. While increasing the yield of dried by bat flue gases exiting the gasifier. Thc wood par- 
methanol. r reforming step would Qcreasc the net energy ticles then cue m s f e m d  to r fluid bed gasifier. A unique 
produced. multi-solid fluid bed design pmniti high gas rates in the 

gasification section, but this has little impact on the m d  
Methanol from Wood (Ekttdl~ hoceu) toergy balance. Heat for gasification is supplied by re&- 

Tbe manufacm of methanol from wood chips consists culating bot sand fnnn a combustor. In the combustor. 
of three steps. (1) gasification. (2) gas purification and shift, wood char which is not convened in the gasifier is b u d  
and (3) methanol synthesis and purification. Whereas the with air to provide beat which is then convmed to wnsible 
technologies for gas purification and shift and for methanol beat of the recycling fluid sand. From r aet energy view- 
synthesis and purification are wclldevelopod and an prac- point, the use of recirculating sand as r beat tramfa me- 
ticed commercially, the technology for the gasification of dium eliminates the '& fur an oxygen plant and rignirl- 
wood is in its early stages of development. In the concephral + cantly reduces the energy required for the gasification section 
design used to estimate the ~ e t  energy of methanol from compared to a R v o x  system. 
wood via the Battelle gasification process, an experimental Another advantage of the fluid bed gasifier campared to 

1 ~cchnology under development at Bantlle Columbus r fued b d  gasifier like Purox is that there are negligible 

i TABLE A - I O . ~ & O L  FROM WOOD ( W ~ L L E  PROCESS). ENERGY WCE 
Basis: 1000 tonslday bone dry wood 

492 W d a y  methanol, LHV 8580 Btunb - EWY C o a v s ~ h  
Amount Form I Unit *tion . .  Auumptim BtulsarlMeoH FutlType 

Feed Prcpararion 2237 kw elecoicity 10.000 ~ n h b  0.064 anl 

Acid Gas Removal 
.=w"=- 3335 kw el~xeicity 10.000 Btdkwh 0.095 anl 
Punps 1068 Irw tlscoicity 10,000 BhJLrwh 0.030 ad 
regen. tower 30.593 Ib/hr SO psi r r ~ m  960 Barllb 0.083 Pocas 

Methbol Syntksis 
comp~evar ' 3583 kw dkoicity 18,000 BaJLvh 0.102 d 

w a y  (40 MU BaJhr) 650 psi steam 984 B d b  (0.114) 
plrifiution . . 69.7 MM BnJhr SO psi steam 83% b o k  efi. 0.221 oal 
p r r i f i o n  5582 lblhr . 50psiuuxn !I60 Btunb 0.015 m 

Subtotal before plrge gas 
crrdits 
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T1'.71E A-? 1 .--h'ETH.4'!3 - FR.3'2 W 3 0 D  
(BATTELLE PRDCESS). . 

h'.\TER!XLS REO'JITiEMENTS 
E : 7 : : :  1P3? t07r'day bone dry w d .  492 tons! 

do) methanal, LHV 8583 Btu!lb 
- . - . - - - - - - - - - . - 

.# . Fuel 
Eq~ivJen!'~' 

Mareea! Amount Bru'Ba; McOH Ux 

W m 4  lm  tons'day 0.777'b' Raw Matcrial 
Methanol 492 tonslday ( 1  .O) Liquid Fuel 
Rvge Gas 234 tongday (0.707)' Bj-Roduct 

Fuel Gas 

( I :  Fu' ec:.:rJtm u t z  r:')cwe heating rduc, r d , u  fuel a . p v  
uri t.::.. : $1 

(b) Fa: a y e i d  of 5 dr) - ' m e  e x p d  in W i w r u i n .  

tars ccondensable materials in the gas. This. facilitates 
heat recc?i.e~y from the hor;gasifier gaxs .  

The gasifier operates at low pressure (about 50 psi). 
Much of the energy r q u i r d  for the gasification is to corn:, ' 
press air for the combustion section.' . '  

< '  

Follou~ing the gasifier and dryer, the gases are further 
.$ cooled. filered through a sand filter, and compressed to 

rbur 200 psi. Carbon dioxide is then removed by a Ben- 
field system. The Benfield consists of an absorption tower. 
which removes the carbon diox~dc and other acid gases, and 
r &generation tower where tht acid gases arc released from 
solution through a combination of pressure drop and appli- 
cation of steam. 

With the Battelle process, the gasifier conditions can be 
adjusted to give a 2: 1 ratio of hydrogen to carbon monoxide 
so that no water-gas shift reaction is required prior to meth- 
anol synthesis. The gas is then.compressed, heated to about 

. . 480 F through heat exchange with hot process gases. wm-  
b i n d  with recycled gases from the reactor, and sent through 
r sulfur guard (which removes traces of sulfur) to the meth- 

I anol synthesis reactor. The reactor effluent is then cooled, 
mettiznd is condensed and sent to a distillation column for 
purif~cation, and the unreacted gas is recycled. The purge 
gas smam is removed from the recycle. This purge gas con- 
tains hydrogen and carbon monoxide as well as minor 
mounts of methane and other hydrocarbons. It has a heat- 
ing value of approximately 615 Btu per cubic foot and can 

' 
be used as a clean-burning fuel. 



APPENDIX B- 
ENERGY INPUTS FOR SELECTED B13RASS RES3URCES 

n.i:  =:.::~r. ci'~L1xrcpn indica:es the estimated quantity (sugar cane, sugar beets, corn, and soybeans) and for s sil- 
o' e;~<rg: rc;:::i:-sr' to produce, ha-est, and aanspon bio- viwlrural farm supplying "woody" biomass for energy 
n a b s  "r= 6 n.lat:rid ." Da:; are b a d  on published research production. 6. 
foi er,crp in2u:s as.yria:c2 w i ~ !  four agricultural crops 

Agricultural Crops 

Various sp-ies of agriculaual crops grown in the United 
State3 are candidates for. or arr affected by, any large-scale 
biomass-for energy plan. Sugar cane an'd sugar beets pro- 
d,,= s .._.,-. - .. s.~. , . . .  : =-. trt. ferrr~entk to prdace ethyl alco- 

bol for use in motor fuels or as an indusmal chemical. Orher 
fuels and chemicals could also be made from these sugars. 
inwead of ethyl alcohol. Also the residues from these crops 
contain cellulose and lignin which would provide fuel for 
direct combustion. Corn grain has a high starch contrnt and 
can be fermented to produce ethyl alcohol. Soybeans are 
not a likely source of biomass for energy but art included 
since they would be affected by any large-scale production 
of ethyl alcohol from corn grain. Distillers grains arc a high- 
protein by-product of alcohol production from corn. These 
distillen dried p i n s  could replace a portion of the soybean 
meal, which is now used extensively as a protein supple- 
ment in livestock. and poultry f&. 

The energy inputs for the agricultural crops arc based on 
data supplied by a comprehensive investigation of energy 
used in apricultural production undertaken by the Economic 
Research Service (ERS) of the U.S. Depanment of Agri- 
culture.** These energy inputs include energy used in til- 
lage practices, irrigation, harvesting, and crop drying. Also 
included is the energy required to manufacture and transport 
fertilizers and pesticides. As will k noted. this invested 
energy comprises a significant portion of total energy re- 
quirements for crop production where there are heavy a p  
plications of nitrogen fertilizen. 

Sugar Cane 
Data on the utilization of fuel in U.S. sugar cane produc- 

tion ak s h o w  in Table B-I. A wide distribution in the 
number of BN's. needed to produce a ton of sugar cam is 
evident (from 229,000 Btulton in Hawaii to 629,000 B t d  
ton in Louisiana); Yield differences ax the major conaib- 
uting factor to this dispersion since, except for Hawaii. 111 
statts require r total of 13.000 to 14,000 Btu's pet m e .  

These yield differences can be attributed to climate. soil, 
and technical variations. Hawaiian sugar cam has the hiph- 
est yield per acre and also the highen total amount of BN'S 
uxd  per a m ,  since the sugar cane c rop  there have a wo- 
year growth period as opposed to approximately 12 months 
on the Gulf Coast. Hawaii uses electricity as its most prev- 
alent input. Electiicity contributes 46% of all energy inputs 
in Hawaii unlike the k inland states where diesel fuel'is the 
primary input. (contributes over SDCx in these states as o p  
posed to 13% in Hawaii). T h i s  is closely followed by in- 
vested energy (34% on the Gulf Coast and 28% in Hawaii). 

In Table B-2, data on the energy content of f e d i x n  
applied to sugar cam is provided. FeniliLm account for 
mom than 85% of invested energy for sugar cane. Hawaii, 
Texas. and Louisiana use approximately the same ratio 
(15:l:l) and quantity, with nimogen being the primary com- 
ponent. Florida, however, uses an insignifmt amount of 
nitrogen, slightly less phosphate, but more potash (rquir- 
ing less energy than nitrogen) than the other states. 

Figures on fuel utiliLed by gpcs  of operation in sugar 
cane arc presented in Table B-3. Fertilizers comprise about 
289 of all energy used in sugar cane growing. The opera- 
tion which requires the most energy is iPrigati0.n (20% of 
total inputs). Irrigation here includes conventional irrigation 
and drainage since water is withdrawn from most of Flor- 
ida's fields to control water table levels. Irrigation takes 
place in Florida (over 978 of all surte acreage) and Hawaii 
(over 3 0 8  of all state acreage). Most of the energy in ini- 
gation is consumed via electricity, which is used almost ex- 
clusively in Hawaii (see Table B-I). Diesel and liquid pe- 
troleum gas pumps tend to k used in Florida. The bext , 

most energy consuming activities ut harvesting lad prc- 
planting, which use 15% and 8%. respectively, of 111 en- 
ergy inputs. Transportation and pesticides compose most of 
the remaining energy input use. 

Data on the consumption of energy in h e  production of 
N*: Thc 61r in chis rppcndix ur brcsd a, higher heating values. 
" E n r r n  a d  U.S. Agriculrure: 1974 Data B u t ;  Vdum 2: Commadity 

sugar beets in the U.S. and four selected states is provided 

series d ~ n e r g ~  ~ h l ~ ~ ,  U.S. D~~~ 4 ~ @ ~ ~ l ~  .ad - in Table B-4. 'lbcse four states w n  c b w n  on the basis of 
b y  MminiMtioa; Wuhingrm. D.C.; April. 1971. location, with each state reprcxnting 8 major rugar beet 

- 
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TABLE 5 1  .-UTILIZATION OF FUEL IN U.S. SUGAR CANE PRODUCTION 
- 

Glsolu* Diucl LP Gas Uccaicity Invcsed 
Energy'.' Taal Tans 

A m s  BtulA BaJA Bhr/A B d A  BtJA B d A  
0.000) GIVA (1.000) GIYA (1.000) GPVA (1.000) Karh/A (1,000) (1,000) (1,000) ~a Tm 

Raids 272 17.04 2,131 52.13 7398 3.75 357 63 213 2.911 12,910 30.0 430,333 
Hawaii 224 21.63 2.703 19.60 2,744 - - 2,799 9.553 5,830 20.831 94.8 219.736 
hisians 340 11.28 1,410 45.99 6.439 - - 6 20 5 1  13.210 21.0 629.048 
Texas 29 15.97 1.996 45.51 6,372 - - - - 5376 13,643 37.0 368.730 

Taal U.S. 865 15.93 1.991 41.07 5.750 1.18 112 747 2.549 4.248 14.650 34.5 424,637 

SOURCE: CJculncd by BCL botd m dur horn h r g y  a d  US. A@d&rc: I974 Dan h e :  Vdumc 2: Caarmadity So& of Eeagy Tabla. 
U.S.D.A.. U.S. Govarrmcnr Rinting Ofiicc. April. 1977. 

(a) I n v a d  q y  includes dr c q  q u i d  to m r n u f w r r  fcrdlirar ud pesticides (including cmia &m). 

region. California typifies the Southwest. ldaho tht north- 
ern mckies. Minnesota the Red River Valley, and Nebraska 
represents the Gnat Plains. The Southwest and northern 
Rockies are dry but very fertile areas for sugar bats. The 
Red River Valley represents a more humid climate with a 
shon growing season. The Great Plains region is very dry 
and requirts irrigation. 

In the states chosen, the Bm's used per ton of sugar 
beets ranged between 428.000 Btu-ton in California to 
1,124,000 Btu-ton in Nebraska with a U.S. average of 
678,000 Btu ton..Reasons for this large variation may be 
assumed to be due to soil and climate conditions which in- 
fluence the technology involved in growing sugar beets. 
.Without involving invested energy inputs, which arc major 
discerning factors, an analysis of Table B-4 indicates a high 
quantity of fuel input in all states except Minnesota. One 
Rason for this may be the use for irrigation. In California, 
Idaho, and Nebraska 529.64%. and 988, respectively, of 
state sugar beet am3ge is irrigated. The energy casts of 
irrigation are reflected in h e  number of Btu's per acre p 

vided in the form of electricity, natural gas, liquid pctm 
leum gas, and diesel fuel in the three states needing iniga- 
tion. 

In Table B-5, a breakdown of fertilizer use is presented. 
Fcr~jiliLcr generally accounts for over 90% of the invested 
energy. As can be determined by comparing the final col- 
umn of this table with the total invested energy figures of 
Table B-1, finnesota has a higher percentage (22%) of its 
invested energy in the form of pesticides than most ofha 
states. The pesticides. or perhaps the prtdaton they arc 
meant to repel. may be the cause of the low yield in that 
state, along with the relatively short growing season. 

The bmkdown.of fertiler energy shows a variety of 
mixhuts. which are due to the variations in state 'soil fertil- 
ity. California and Minnesota require only nitrogen. though ' . 

Minnesota requires much larger quantites per acre. Ne- 
h s k a  soil qu i r e s  both nitrogen and phosphate on about a 
5 1  ratio. ldaho qu i r e s  all. thret types, including potash. 
in a 19:7:1 ratio. Total U.S.. Figures show similar results, ' . 

though in lesser quantites. Using this final figure a min- 

TABLE 52.--ENERGY CONTENTOF FERTILIZERS APPLIEDTOSUGAR CANE. 

Tocal" 
Nitrogen ~ ~ p h a  (Pto~) Potash (K,O) lnvestcd 

I m - 
A ~ S  ~ t u l ~  BWA etulA' . BWA 

(1 .ax') W A  (1.000) W A  '(1,000) Lb/A (1.000) (1.000) . . . 

Rorida 272 - - 50 278 150 642 Qu) 

Hawaii 224 150 4.665 60 33 1 67 289 5.285 
Lou~siana 340 134 4,167 60 336 68 290 4.793 
Texas 29 133 4.1s . 60 - 333 67 287 4745 
Total U.S. 865 % 2.984 57 318 ' 93 398 3.701 

- - -- -- 

SaaFc. Wculatcd by BCL b u d  oa dam fmm b g y  a d  US. A#?hhwc.  V d .  2: -ity brier q f b q y  P&J. U.S.D.A.. U.S. Govanmmt 
Priming (mrr 



TABLE 6-3-U.S. SUGAR CANE PRODUCTION, FUEL UTILIZED BY TYPE OF OPERATION 

Lnvcaed 
Elecaicity Energy T a d  

Grroliac Diesel LP Gas (1 .Ow (M~Uion) (kkllioa) 
G.L1 A GIVA W A  KwWA BrJA BaJA 

Prrplmt 
Plant 
Cultiv* 

- FdizuApplkdon 
F e d k r s  
Rsticidc Application 
Pesticides 
Mgrtion 
b e s t  
Fum Pickup 
Fmn Auto 
E l a .  Ovabead 
Mircllrneous 

SOUR(Z: CJculued by BCL hrcd oo 6 u  fromEwgy and V.S. Agriculture, Vdvmr  2: C d i r y  Series glEnergy ToMcr. U.S.D.A.. U.S. Gover~- 
merit hnting Offa. 

h u m ,  it can k determined that at least 79% of fertilizer 
energy is provided in the fonn of nitrogen. 

The fuel utilized by type of operation is,shown in Table 
B-6. As was determined earlier, fertilizers and irrigation are 
the major users of energy input3 in raising sugar beets in the 
U.S. They account f o r m  and 27% respectively. The only 
other major energy consuming operation is pplanting, 
which utilizes 11 % of d l  energy inputs. 

Corn 
The fuel inputs for h e  production of corn in the U.S. and 

ulected states are psented in Table B-7. l k s e  states were 
cboscn on the basis of acres devoted to corn and climatic 
difference. Illinois and Iowa arc the bean of the corn k l t .  
md together account for 35% of total U.S. corn production. 
Nebraska,.the fourth state in tcnns of value of product, is 
included to exemplify the plains states, which have less fer- 
tile soils and less moisture than the corn belt states. Finally. 
New Mexico was chosen to show the implications of intcw 
fertilization and irrigation. 

As can k determined from Table B-7. there is r wide 
range in the amount of Btu's needed in each stak to produce 

Table B-4-UTILKATION OF FUEL. IN U.S. SUGAR BEET PRODUCTION, SELECTED STATES 
- --- 

Odk Dicrl F d  Oil UGm N.nmlQr Ebraid~y L.*crad 1- Du 
EaI7g.p' Tad Btga Ps 

Aan W A  W A  BWA BWA BWA BWA BWA BWA Rr Te 
(I.QX)) WA (1.000) WA cr.aDo) cu-A (1.0001 WA (1.000) WIA (1,010) KWVA (1.000) (1.m) (1,000) API (ODO) 

Tarl U.S. 1,252 13.0, 1.630 15.36 2.150 - - 3.42 325 970 1.018 SO1 1.709 5.652 12.400 18.3 678 

soma. ~ c u ~ c e d  by BCL b-~ oa brr ~mm h r d y  md U.S. Agriorlavc. vdvmr 2. c h i r y  S ~ ' C I  glm T&ICC.'U.S.D.A.. U.S. GOV- 

nrnt Riming Off=. 
(8) l a v m c d  cmpy k l u d r r  the cmgy rspuMd m ~ ~ f u ~ c  fatilk .Id puricidu (kluding crnLr dutim). 

- 



TABLE B-5.--ENERGY CONTENT OF FERTILIZERS APPLIED TO SUGAR BEETS, SELECTED STATES 

Tors! 
Nitrogen Phosphate (PtO,) potash 0(,0) Invested 

Energy - 
Acres BNlA BNlA BdA BtulA 

(1.m) W A  (1.000) LbfA (1,000) . L ~ / A  (1.000) (1,000) 

Toul U.S. 

brmr: CJNLtcd by BCL bucd on dur fmm Lvrdy ad US. A g ? u n k e .  V d .  2: Commoduy Series qf'&nrrgy Tables. U.S.D.A.. U.S. Govaammt 
Rioling OK= 

r bushel of corn (from 87,000 ~tu/bushel in lowa* to 
470,000 Btu.%ushel in New Mexico). The main component 
of these energy costs for all of the states selected is invested 
energy inputs (energy required to manufacture fertilizers 
and pesticides). which accounts for over 50% of the BN'S 
used to raise an acre of corn in Illinois, lowa, and the U.S.- 
The fact that Nebraska and New Mexico arr not included in 
this p u p  is indicative of the different production tech- 

niques king used. The primary reason for this diffmnt 
technology is the d for.irrigation in Nebraska and New 
Mexico. Ln both Illinois and Iowa. the amount of irrigated 
land is less than 0.5% of the total acreage in each state. 
However. over 53% of Nebraska's corn amage md over 
,9956 of New Mexico's corn acreage are irrigated. Natural 
gas for use in irrigation in New Mexico accounts for almost 
60% of total energy used for corn production in h a t  state. 

. . Next'to invest& energy the next largest energy source for 
1974 om 9 c 1 6  in Or Midrca  were d u d  rpproximntely 201E.due 

. to dry wuther. B d  on "DO+" yields, m y  uud might vp Illinois. Iowa, and the.U.S. is gasoline; closely followed by 
frmn 70.000.80.000 Btu pa bushel in rtr crm belt. diesel fuel and liquid pitroleurn gas. 

- ,  . . 

I TABLE 8 6 . 4 . S .  SUGAR BEET PRODUCTION. FUEL UTILIZED BY M P E  OF OPERAllON 

. . . . .  . L Invested 
NaDlralGas Electricity Energy Totd 

Gasoline Died Fuel Oil LP Gas (1.000) (1.000) (Million) (Million) 
GPVA GPVA GaYA GIYA Ft'lA kwhlA' . BdA BWA 

mu 1.38 7.79 - 0.51 - - - 1.31 
P h t  0.30 0.61 - 0.11 - - - 0.13 
Ca~ltivuc 0.13 0.76 - 0.05 - - - 0.13 
Fatilm Applicatioa 0.14 0.10 - 0.05 - - - 0.04 
F d l v m  - - - - - - 5.00 5.00 
kmcide Appliution 0.07 0.08 - 0.03 - - - 0.02 
kmcides - - - - - - 0.57 0.57 -. 
Lrigdoa 0.52 2.52 - 2.66 0.97 0.50 - 3.38 
Hmesl 0.02 3.09 - 0.01 - - - 0.44 
Fym TW& 2.53 - - - - - - 0.32 
Fum Pickup 1.66 - - - . - - - 0.21 
F P ~  Auto 5.79 - - - - - - 0.72 - 
Elcct. Ovabud - - - - - - - 0.02 
M~rellallc€iu 0.50 0.39 - - - - - 0.12 -- 13.04 15.36 - 3.42 0.97 0.M - 12.39 

SOURCE. CJculued by BCL burd o drtl h Energy ad US. A p i d t w r .  Vdwne 2: C-uy Series o/Energy Tables. U.S.D.A.. U.S. Govan- 
mcm h m n g  me. 



TABLE E7.-lJTIUZATION OF FUEL IN U.S. CORN PRODUCTION. SELECTED STATES 
. .  . 

~ i a r ~  LP ~u NA ~u ~ c r o i c i r y  
LrrrPsd 

CLdrac kl Oil T d  &r8rls 
EacrgY,., - 
I Corn 

*eral B I J A  B I J A  W A  B I J A  6 W A  B I J A  B I J A  B I J A  Ro Ps 

hh& (1.000) W A  (1.m) W A  (I.=) W A  (1.m) W A  (1,000) W A  (1.000) KrhlA (1.000) (1.000) (1.000) A m  Bushel 
- - -  - 

Illinois ' 10.010 12.46 1557 4.89 684 0.007 1 11.45 1.088 14 15 13 , 46 4.- 7.- 83.W) 95.181 
h a  11.850 12.04 1,505 2 716 0.011 1 8.40 198 20 21 11 ' 39 3.878 6.959 80.W) 66.988 
N e b r n h  S.600 8.47 1.W8 18.33 2 . W  0.002 - 19.14 1.818 783 822 123 420 4.846 11.530 68.0 169,559 
New Mexico 35 2034 2,568 23.23 3.252 - - 23.91 2,272 20.02921.030 W3 1.853 5.200 36.175 77.0 b . 8 ~  
Tad U.S. 65,194 10.51 1.314 1.22 1.011 0.173 24 8.97 853 397 417 31 IW 3.935 7.658 71.3 107,405 

- 

SOURCE: Cdculrrcd by BCL baud on dur horn b g y  md U.S. @~culture: 1974 Ihta 8.u Vdume 2: Gmmodity Scries of k g y  Tablo. U.S.D.A. 
U.S. Govarvnent Printing Office. 

(a) Invested eargy includes lhe energy nquirrd tc~ nunufmvl: feni1iz.m .~d '~ea i c ides  (including cPria solution). 
(b) Abnormally low yield due to dry wulher. Corn yields in Illinois wmrally avasge 105-1 I5 bushels pr me; brsed on "amal"  +Ids. mergy uu 

would be about 70,000-75,000 Bn' per acre. Ncvenhelerc, widespread use of alcohol fuels will occcssilatc use of m a r g i d . l d .  which will iacreov 
mcrgy consumption per bushel. Tbc I974 dPrn ur coaridmd rrolirtic for energy d y s i s .  

The differences in invested energy inputs can be further 
investigated by examining Table B-8, which contains data 
on the energy content of fertilizers applied to corn for the 
U.S. and selected states. Approximately 8 5 9  of the in- 
vested energy per a m  due to fertilizers is nitrogen. By 
comparing total invested energy in Tables B-7 and and B- 
8. it can be ascertained that over 90% of all invested energy 
is fertilizers; hence. nitrogen contributes about 80% of all 
invested energy inputs. State to state variations in total 
unount of fertilizer energy used per a m  and mixturc ratios 
ue due to the variety of soil types and precipitation differ- 
entials. 

This data in the last column of Table B-9 reinforces the 
fact that fertilizers generally accwnt for about a half of the 
energy inputs per a m .  The next most crucial operations arc 

crop drying and irrigation respectively. These two com- 
bined only amount to about 20% of the total amount of 
BN'S used to raix corn. The preplanting process, harvest- 
ing, and pesticides account for another 13%. The remainder 
of the energy inputs are used by transpoitation or operations 
with insignificant energy inputs. 

Soybeans 
A breakdown of fuel inputs in U.S. soybean production 

for selected states is presented in Table B-10. The states 
were chosen on the basis of level of production, yield per 
acre. and geographic location. Illinois and Iowa arc the 
largest U.S. producers of soybeans. Illinois has a moderate 
to good yield per a m .  while Iowa has a'rclatively good 
yield. Mississippi represents a state which has tripled soy- 

. . 

TABLE 58.--ENERGY CONTENT OF FERTILIZERS APPLIED TO CORN, SELECTED STATES 

Taal 
Nitrogen Phosphate (PtO,) Paash (KtO) Invested 

-J3Y 

Winois 10.010 ' 116 3,594 62 347 73 311 . 4,252 
Iowa 1 1,850 1 02 3,157 50 277 44 187 3.621 
Nebraska 5,600 140 4.355 38 210 I1 ... 45 4.610 
New Mexico 35 - ,150 - 4.665 - 60 - 33 1 - 12 - .52 , - 5.048 - 
TotPl U.S. 65.194 102 3,162 55 306 55 '235 ' 3,702 

. . 

SOURCE: h u h t e d  by BCL based on dur from E w r g y a ~ ~ d  U.S. Agricuffnrr V d w v  2: Caamduy Scrirs o f E ~ r g y  Tnbler. U.S.D.A.. U.S. Government 
Rinting Off=. 
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TABLE B-9.--43. CORN PRODUCTION. FUEL UTILIZED BY TYPE O F  OPERATION 

invested 
N ~ r u g  Gas Electricity Energy f d  

I Gasoline Diesel Fuel' Oil . LP Gas (1.000) ( 1  .OOO)c (Million) (Million) 
operations-Crops GaVA GaVA GaVA GlVA Cu WA K M A  BnJA BnJA 

Replant 
Plant 
Cultivate 
FcniliLer Application 
Fertil izen 
Pesticide Application 
Pesticides , 
Inigation 
Harvest 
Form TNC~ 
Grain Handling 
Crop Drying 
Farm Pickup 
Farm Auto - 
E l a .  Overhead 
Miscellaneous 
focal-crops 

SOURCE. CIcuIaud by BCL bared on dap from E n e r p  and U.S. Agriculnrre Volume 2: Commadir?. Series ofEnrrgy Tables. U.S.D.A.. U.S. Government 
Pnnring Office. 

bean amage  over the past two decades, but has a relatively breakdown is similar in all states. Gasoline contiibutes 
low yield. about 40% of all input energy, closely followed by diesel . 

As can be inferred from the last thrre columns of Table fuel (about 38%) and invested energy (about 15%). Since it 
B-10, differences in the amount of input energy invested in seems d a t  parallel .technologies exist, environmental forces. 
a bushel of soybeans is predominately due to variations in such as soil fertility and climate must be the s w c e s  of the 
yields per acre. since the total amount; of input energy arc viviations in yield per a m .  
relatively similar in .the states selected. The fuel inputs An examination of Table B-l  1, which contains data on 

SOURCE. CJculrd by BCL b a d  on dur from Energy and U.S. Agricrlfire: 1974 Lkra Base. Vdvrrv 2: Cdmmodig Series d E y r 0  Tables. U.S.D.A.. 
U.S. Govmvncru Rinting Offia. 

(a) lnwned Eaergy iacludo the e m g y  rspuirtd to o u n u f y  faril ircn .ad pnicidcs (iocluQing h a  r d u t i a ) .  



TABLE B-11 A N E R G Y  CONTENT OF FERTILIZERS APPLIEC: TO SOYBEANS, SELECTED STATES - 

Winois 
IOWP 
Mississippi 

Total U.S. 

SOURCE: Wculucd by BCL on d m  fran ENrgy a d  US. A ~ ~ c Y h r r r :  1974 Dmrr Base VoIYmr 2:  Commodrry W c r  o/&urgy ToMrs. U.S.D.A.. U.S. 
Govanment Rinting mi. 

the energy content of fertilizers applied to soybeans. would 
help answer the question of which environmental facton 
may be concerned. In the three states chosen, the amount of 
fertilizen used as a percentage of invested energy varies 
greatly, from 244 in Mississippi to 74% in Illinois with a 
U.S. average of 68%. 

An important difference in the energy inputs for soybeans 
as compared to corn is due to nitrogen fertilizer application. 
Soybeans are a legume and can "fu" their own nitrogen; 
hence, linle or no nitrogen is applied. This d u u s  the en- 

ergy input associated with f e d i z m  (about 52,000 Bb's 
pcr bushel of corn compared to 13,000 Btu's per Bushel af 
SOY-). 

The data in Table B- 12 show a breakdown of energy in- 
puts by operation. The primary energy user is the farm 
pickup which uses 2 1 % of all input energy. This is followed 
by the prcplanting operation, which utilizes 17%. The abcr 
major energy consuming operations are cultivating (1 1%). 
harvesting (8%). and planting (5%). Fertilizers md pcsti- 
cides comprise a total of 1% of all energy inputs. 

TABLE 8 1 2 . 4 . S .  SOYBEAN PRODUCTION, FUEL UTILIZED BY TYPE OF OPERATION 

Lvesrsd 
N d  Gas Uectricity Encrgy Taul 

Gasoline Diesel LP Gas FPIA K W A  B d A  BfJA 
Opaation-Crops GaVA GaVA GaVA (1.000) (1.000) (Million) (Million) 

Replant 
Plant 
Cultivate 
Fertilizer Application 
Fertilizers 
Pesticide Application 
Pesticides 
Irrigation 
Harven 
Farm T ~ c k  
Grain Handling 
Crpp Dryhg 
Farm Pickup 
Fann Auto 
Elccmc hrahud 
Miscellnrwrus 
Total Cropr 

SOURCE: C.IcuLtcd by BCL bas@ oa dru fmm -04 US. Agriorl01rr: 1974 B a x  V o k  2:  Camodrry Smirdm ToMrs. U,S.D.A.. 
U.S. Govcrnmcat Ridng Offa.  
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Corn Realdwr 
Table 8-13 indicates the estimated energy input for col- 

lection and transportation of corn residues or "stover". The 
corn residues represent a source of C C ~ ~ U ~ O K  which could be 
converted into ethanol like corn grain (see desqiption of 
Purdue p&ss). In making these estimates. it is assumed 
that alt-the energy necessary for corn production would be 
dlocatd to the grain pohon. which was discussed earlier 
in this section. In other words, the only energy input re- 
quirements noted in Table B-13 include going thrwgh the 
field after the grain has been harvested and collecting the 
residues. This might be accomplished by several methods. 
such as chopping, baling, or compressing the residues into 
stacks. In estimating the energy required for collection, it 
was assumed that energy usage would be similar to that 
required for harvesting corn silage. in which the entire plant 
material is chopped and blown into a wagon. 

The residues then would have to be transported and. in 
some instances, dried. The moisture content of corn resi- 
dues will vary significantly according to the weather con- 
ditions, such as humidity. rainfall, snow cover, etc. la order 
to store the residues over any period of time. the material 
presumably would have to contain no more than 20% mos- 
i m .  If. for example, a heated air dryer analogous to those 
used for drying grain was used, r sizable volume of fuel 
would be required. It is possible that all or a portion of this 
requirement could be supplied through the waste flue gases 
generated during the processing the corn residues into 
ethanol. 

TABLE B-13.--ESTIMATED ENERGY INPUT 
REQUIREMENTS FOR COLLECTION AND 
TRANSPORTATION OF CORN RESIDUES 

Bm Residue Bm 
R r A m  ~ P a A c r r  PcrDryTm 

(000) (tom) cm, 

b e s t  1,513 - - 
TmFJort 743(397)U' - - 
Dry horn 57% HIO to 

20% HsO 7.338 - - 
Total with in-plant 

drying to 20% 9.594 4.00 5.578 
T d  with field 

drying to 20% 1,910 2.14 1,110 

If the residues do q u h  supplemental drying (other than 
that provided by solar radiation and natural air movement). 
the total Btu utilized per ton of residue would be roughly 
2.4 million. m s  assumes approximately 4 tons of residue 
on a hsh-weight basis, which is the amount of residue that 
might normally be produced on an a m  of corn yielding 100 
bushels of grain. If the residues were sufficiently dried by 
solar radiation and natural air currents and no supplemental 
drying was necessary, total energy usage would be only 
h u t  900.000 B M o n .  

Sllvlculture 
For the purposes of this study it is assumed that wood for per year). A Louisiana site capable of producing 12 dry tons 

per acre per year was selected as representative of r high 
yield area. (Both sites would have low agricultural and for- 
estry value, but both have sufficient rainfall if supplemented 
by irrigation.) The sites arc relatively flat land with slopes 
averaging 3 to 4 percent. Hybrid poplars would be selected 
as representative biomass candidates for the Wisconsin site. 
while eucalyptus wwld be a m a  likely candidate for the 
Louisiana site. 

The estimated energy consumption for silviculm fanns 
producing 250,000 dry tons of wood per year arc summa- 
rized in Table B-14. For the lower yielding Wisconsin site, 
the energy consumed is 149.300 Btu per dry ton compand 
to 103,800 Btu per dry ton in Louisiana. These energy con- 
gumptions uc on r Iowa heating value basis. h&st of the 
energy consumed is for irrigation and fertilizer manufac- 
ture. The higher energy consumption for the Wisconsin site 
reflects the lower yields. Transportation costs arr fairly low 
because it was assumed that the gasification facility would 
k located near the center of the planted uta. 

It would be possible to d u c e  energy to grow trees if less 

the gasification processes would be grown on silviculture 
farms. These would consist of plantings selected from rap- 
idly growing tree species at close spacings which would be 
harvested at appropriate intervals. The succeeding crops 
would be grown by coppicing (sprouting from the stumps). 
Intensive crop management. including fertilization, irriga- 
tion during the first 3 yean of each crop. and weed control. 
would be practiced. 

Whereas the energy required to grow agricultural crops is 
based on data collected by the Department of Agriculturr, 
the energy required to grow and hakest small a e s  is based 
upon projeqions by MITRE.. These estimates arc believed 
to be the &st currently available, but it must be recognized 
that they have not been demonstrated in practice. 

For the purpose of the present analysis, two sites werr 
selected. The Wischsin site was selected u typical of r 
low-yield area @reducing five dry tons of wood per urc 

*laman. R.E.. Sivicuhurc B i m v u  F ~ m r .  MlTRE shniul rrpar 
7341. V d  1 rad IV. repon c ERDA (May. 19?7). 
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TABLE B-14.--ENERGY CONSUMPTION AND 
BAUINCES AT WISCONSIN AND LOUISIANA 

SITES: 250.000 dry tons!yr (all as higher heating 
values)' 

I 

b g y  Coasumcd 
. (1W BNlyr) 

w='n Maraid Wtsoonsin Lauirlrne 

Supnrldm CirPollnc 1.67 1.67 
DievUGwliae 0.53 0.53 field Supply 

1 

H . n ~ c n  Diesel 9.43 7.87 
T ~ t a  Hall Dlescl 5.45 5.49 
Lading Khescl 3.32 3.29 
T ~ ~ m  meul 28.83 17.32 
hrigatioa Move Ihesl 1.30 0.65 
krigatioa Pumping Diesel 223.63 111.83 
M m u f m  Uma 99.36 102.32 
M.wfratrr P a 4  8.03 8.17 
h u f a c l u k  Kso 15.42 17.08 
Grwad Opentions Ihescl 1.16 0.06 
Aimaft 0puabon.s Gasoline 0.15 0.16 
Fcmluu Tnnspat Iheul (Rail) 0.98 0.64 

Eac%y pa Qy m. HHV B t u h  1397,000 1.11o.m 
LHV Badton 1.493.000 1.038.000 

' ~ c o o t c n t :  
Chsoliot - 124.000 BaJgal 
Diesel Fuel - 138.690 BnJgal 
Urn - 27.730 Bar/lb N 
P;O, - 6.019 B W b  
K*O - 4,158 Bdlb 
Rail - 800 ton-miles per gal 

intensive agriculture w m  used. Neverthelcss. fatiliation 
to replace nutrients removed with the w e  would be 
nrrArA. 



CHAPT'ZT, VII 

FO?J.iULkTED ALCOHOL FUELS 

U<:.:.- . c~ ,+? j ,  B . A . ~ E E  FUELS 

~'cssil-based liquid fuels such as gasoline,,diesel 

and kerosene, are a disorganized mixture 05 hydrocarbons. 

T h e i r  basic characteristics are only the average of a 

mixture of related factors, each factor being provided 

and controlled by different types of moleculars. Basically, 

the specifications of any liquid fossil fuelaye defined 
. . 

1.- ..: + c E F . ' ; . : T ~ ; ~  fi~lecular be!-,3-\+i0r. 
L.& --.. 

. . 

To the contrary, alcohols are well defined chemical , 

substances, The characteristics of these substances are 
" ,  

totally related to their molecular arrangement' T s  well a s  . . 

to the physical and energy contributions of their atomic. 

structure. 

These well known and defined characteristics of alcohols, 
. * 

as a pure substance are of paramount importance in deter- 

mining the expected Behavior of biomass-based formulated 

fuels- (Sec Tab le ) .  . , 
< . . .  



TABLE A-1 

SELECTED LIQUID FUEL CHARACTERISTICS 

ET!=!!NSL 

11,500 
75,670 

12,800 

396 
2,379 

106-108 
98-100 

4.3-19.0 

93.8 

0.60 

685 

7 0 

l . 1 2 ~ ~ 0 ' ~  

1.20 
15.80 

30.5 
195 

3.95 

GAf ?LINE 

18,900 (Avg) 
115,403 (Avc) 

20,260 
124,800 

1SC 
903 

91-105 
87-98 

1.4-7.6 

9 5 
213 

0.48 

430-500 

- 50 

0 . 6 ~ 1 ~ "  

0.40 
3.46 

2 0 
119 

2.59 - 

I 

-I 

pLTEF::2L, 

8,600 
56,560 

9,770 

506 
3,340 

106-108 
99-101 

6.7-36.0 

87.3 
1150 

0.60 

878 

52 

1 . 2 ~   LO'^ 

0.50 
8.85 

40.8 
263 

5.28 

P 

fx=:- y-2 F F T ? ~ ~ ~ : E ~  

Laver HeatlnS Value 
ET'J'/U 
BT ;/gal 

Hlqher Heatin5 Value 
BTV/lb @ 6 8 ' ~  
BTL'/gal 

Heat o f  Vaporization 
BTU/lb 
B:v/qal 

Octzne R a t ~ n g s :  
Research 
Pump (ROK+XOh') /2  

F l m z a b ~ l i t y  Llmi ts  
( 0  by vo l .  ~n Air) 

B13/ft3 @ Sto l ch .  
A/F; 6COF; one A m ;  
Gaseous Reactants  : 

B T U / ~  t 3  
BTU/lb 

S ~ c l f i c  Heat ,  
BTu/lb-F0 

A u t o i ~ n i t i o n  Temp (OF) 

Flash Poln t  (OF) 

Coef f ~ c i e n t  o f  Thermal 
Expansion @ 6 0 ° ~  6 one 
Atm 

GfNERAL PROPEPTIES 

Costs  (Average P l a n t  Gate) 

$ Per g a l  
per  l o 6  BTU 

Typical  v e h i c l e  Fuel  
Tank Equivalent  

(energy basis) 
G a l  f 
lb 
f t 3  



TABLE A-1 

SELECTED LIQUID FUEL CHARACTERISTICS 

s 
CHEMICAL PROPERTIES 

Formula 

noleculat Weight 

t Carbon 

' ny&Ogen by weight ' Oxygen 
C/H Ratio 

Combustion Reaction 
Equation 

Stoichiometric A D  
Ratio 

F'uel volume 8 of 
vaporized stoichio- 
metric mixture 

Xoles Product Per 
Mole Charge 

Moles Product Per 
Mole (02+N2) 

PHYSICAL PROPERTIES 

Specific Gravity 

Liquid Density 
(lb/ft3) 

Va-wr Pressure 
psi @ 10O0F (Reid) 
psi @ 77OF 

Boiling Point (OF) 

Freezing Point (OF) 

H20 Solubility 
in H20 

Hz0 in 

Surface Tension 
(dyne /cm) 

Dielectric Constant 

Viscosity Q 68oF (cp) 
Specific Resistivity 

b 

GASOLINE 

C4-C1 2 
Mixture 

Varies 

85-88 
12-15 
w 

5.6.7.4 

CnH2n+1.. 502+ 

5.66n~~=nCO~+ 

nH20+5.66nN2 

14.2 - 15.1 

2.1 

1.047 

1.070 

0.70-0.78 

W3.6 

7-15 
% 0.3 

80-440 

Q-70 

240 ppm 

88 Pan 

0.288 

2x 1016 

ETHANOL 

C~HSOH 

46.1 

52.1 
13.1 
4.7 
4.0 

CzHsOH+ 

302+11.3Nzt 

2C02+3H20+ 

11.3N2 

9.0 

6.5 

1.065 

1.140 

0.794 

49.3 

2.5 
0.85 

173 

-173 + 

'b w 

'b 

2 3 

24.3 

1.17 

O.3x1o6 

METHZVJOL 
I 

CH jOH 

32.0 

37.5 
12.6 
49.9 
3.0 

CH3OH+1.502+ 

5.66N2=co2+ , 

2H20+5.66N2 

6.4 

12.3 

1.061 

1.209 

0.796 

48.8 

4.6 
2.31 

149 

-144 

OD 

Q) 

22.6 

32.6 

0.595 

O.14x1o6 



EXPECTATIONS 

In order to correctly establish the baseline criteria 

for biofuels, we must recognize that the formulated fossil 

fuels of today have, in all likelihood, exhausted their 

capabilities -. to control pollution and increase efficiency.. 

For the past 10 years, engine design changes such as 

modifications in compression ratio, timing, and exhaust 

gas manipulation, restricted formulations (unleaded gas) 

and add-on equipment (catalyzers, electronic ignition, 

and computerized fuel supply, and pollution control 

devises) , have significantly deteriorated the primary 
function of the internal combustion engine -- the trans-. 
formation of chemical energy into available torque with 

the maximum .of efficiency. 

The need to balance energy and environrnent'al require- 

ments is receiving major attention around the world, and 

the passenger car is in the spotlight here, and in the rest 

of the world. It consumes a large share of petroleum 

that is produced; and it emits hydrocarbons, carbon oxide, 

nitrogen oxides. At one time, when petroleum was cheap 

and 'the supply was assumed inexhaustible, the general 

approach was to mandate emission standards as low as 

technically feasible. Now, however, with petroleum being 

expensive, and the supply known to be finite, people 

around the world are questioning 'the balance between air 

quality and fuel utilization. 



Tnis has to hzve an & a c t  on us and it is difficult to 

see  haw t k 1 ~ t  ir , ,azt c6n be f avo rab le .  

FACTOFS AciECTlX:Z . . 
FUEL CO3S'J!.!?TIOS Re!~ner) Penally : 

Vehtci~ Uelgh! . . Octane Qualtty ' 

Prsd~cr~or .  V e h ~ r k  Performance Emtsslon Standards 

EFFECT OF OCTASE REQUI!?EMENT OK FUEL CONSUM?TIOK . Di Poni: Genera! Motors. and. 'more 
recently. s commtnee of European 

. sutbmoble manufa:turers (CCMC) have 
reported reduced fuel consumption 
assorta~ed w~th htgher octane requ~rement 
en3:2es 

,.. . ., , ' 

m 

Figure 19 Eatmates horn three ma)or US pr:roiebm 
EFFECT OF UNLEADED OCTANE NUMBER ON REFINERY ENERGY CONSUMPTION companies lnd~catr that to Increase the 

@v.ragr U S unleadrd p*' m a n e  qusltt) 
horn 87 5 to 95 C research octane 
nurnbrr would conrurnr a: avoagr o! 5 
prrcrnt morr energ, on the rel~nrry 

h c r u S M  0 
6"e' 
Parcent 

10 

W 



V~ruc!l)  at: o' :he dar~es '~ra! : ;  prnci re?  
ag!o?loki;es ir. thf C1 5 P. i* re:e?. mo?e! 
years have req-;ref unksded fuel because 
o! t1.o use O! ca:a',:~: ~ I T ~ : s s I ~ ~ .  C ~ T , : T G :  

devires Ha? these cars beer. d e s q ~ e ?  wt:h 
othe: types o! ern!ss.or. contra' s::s:ems 
the) coulc have use? lea?e: fuel an5 
coulf have gwen lower fuel consumption 
due to the h!?'ie: octane qca!;::; o! tne 
kade?  fue: a:a;la5!e In the L.S.A An 

' 

energy penalty of abou: 6.5 percen: is in, 
curre? due to the use of unleaied rather 
thar. leased fur! In the U S.A Thus. the 
orange area in the above llgure represents 
the energy 10s: due to operatlor: e n  lowet 
octane unleaded ra!he: than h~gher octane 

IBbf  I O l t  

k o r  1.. leaded .fuel 

ENERGY CONSUMPTIOS OF VEHICLES 

Start~ng in 1974 the emlsslons reductions 
r equ re i  for cars sold IF the State of 
Calilornia have been subj;ant~aliy more 
stringen! than thosc fo: the rernzinrn~ 49 
sta:es in the U.5.A According to the fue! 
consurnpt~on data puSi!shed bb- the U.5 
EPA. these more stringen! standards have 
resulted in h~gher fue! consurnpt~on for the 
Californ~a cars Thls "Cal~forn~a pena!ty" 
has grown from abou! 6 percent in 1974 
to 12 percen: in 1977.76 On the other 
hand. slnce 1975 the em~ssion standards 
for Canada have been less stringent that in 
the U.S. 4 9  dates As consequence. the 
cars in Canada have been retuned to  take 
advantage of these less stringent standards 
and fuel consumption has been improved 
by 5.8 percent in 1977.78. 

EFFECT OF EMISSION STANDARDS,.ON ENERGY CONSUMPTION The data from F~gures A and L\ can k 
comb~ned with the emissions standards for 
the corresponding mode! years to arrive at 
a relatlonsh~p between stringency of emis. 
sion control and fuel consumption penaltb 
Fuel consumption increases of up to 5 per. 
cent apparently have k e n  incuned to 
meet the U.S 1973.78 em~ssions nan.  
dards. Only a very small increase in fuel 
consumption was incuned to meet the cur. 
rent Canadlan emlssion standards and a 
rignificant improvement could have been 
achieved if vehicles had continued to be 
designed to  operate on  high octane lead& 
gasoline The more stringent emission stan 
dards already k i n g  met in California in 
1977.78 result in a n  additional 11.13 per. 
cent penalty for a total to date of about 
20%. General Motors recently estimated 
that another 5% penalty would be incunec 
lo  meet the U.S 1981 emlsslons standard; 



Tile 'baseline for a forn:ilated tiofuel must consider 

the fuel 2-2  the en~ine as a csr.;lete entity. This 

c a ~ S i n s 2  systez; -- fuel a22 the cor.yersion-,of fuel into 
t o r q u e  -- must be cocsiZere2 in any analygis of a formu- 

The entire syste~ -- the contribution of the raw 
rriaterial, the conversion anZ refining of the fuel, and 

the engine using this fuel -- must be considered in 
determining the perforrr,=ce of an engine.in meeting its 

preestablished expectations. 

ALTERKATE TRANSPORTAT ION 
FUELS 

"2 

CH4 
.Ch3.0H. C2 H, OH. (CH,!, COCHj C 
Liqu~ds from Oil Shale .. . . 

. . Liquids horn Coal . . 
.. . 

7BBZ84M/b.5 
: 4  . a 

FUEL SUPPLY - MANUFACTURE - USE SYSTEM : ." .- . , . 
... . 

On0 Petroleum 
Coal . . Diesel 
011 Shale ' Jet ' 

Biomass Turbine 
' D.I.S.C. 

Stirling 

In any comparison of fossil and biomass fuels, w e ,  

must consider the total cost in money and energy of'the 

above described negative remedies. We must, therefore, 

C consider, as part of the baseline criteria, the ability 

of biofuels to avoid these negative remedies in order 

I to achieve pollution standards and combustion efficiencies. 



U s e  of A l c o h o l  F u e l s  a n d  B l e n d s  

Ove rv i ew  

The s u b j e c t  of a l c o h o l  f u e l s  is a p o p u l a r  o n e  and  raises 
l o t s  o f  q u e s t i o n s .  The w h a t ,  why a n d  when of a l t e r n a t i v e s ;  t h e  / 

n a t u r e  and  i n f l u e n c e s  o f  a l c o h o l s  o n  p e r f o r m a n c e ;  t h e  p r o b l e m s  
a n d  s o l u t i o n s  u s i n g  a l c o h o l  f u e l s ; . ?  F u e l  e x t e n d e r s  as a l t e r n a -  
ti;e s o u r c e  o f  h i g h  g r a d e  f u e l s .  

A r e a s o n  f o r  c o n c e r n ,  o f  c o u r s e ,  i s  t h a t  t r a n s p o r t a t i o n  
u s e s  more t h a n  h a l f  o f  t h e  U.S. p e t r o l e u m  c o n s u m p t i o n ,  and  o u t  
o f  t h a t ,  h ighway v e h i c l e s  u s e  a b o u t  t h r e e - q u a r t e r s ,  So  t h i s  
means  t h a t  o u r  highway v e h i c l e s  u s e  s o m e t h i n g  o v e r  a t h i r d  o f  
t h e  t o t a l  p e t r o l e u m  i n  t h i s  c o u n t r y .  A s  a  r e s u l t ,  a l t e r n a t i v e  
f u e l s  f o r  h ighway v e h i c l e s  are  g e t t i n g  a  l o t  o f  a t t e n t i o n  and  
c e r t a i n l y  d e s e r v e  a top p r i o r i t y  i n ' o u r  e n e r g y  program.  I 

The f e a s i b i l i t y  s t u d i e s  show t h a t  t o  s a t i s f y  t h e  U.S. s u p p l y  
, f r o m  d o m e s t i c  r e s o u r c e s ,  o n l y  o i l  s h a l e  and  c o a l  a r e  s u f f i c i e n t  

f o r  t r a n s p o r t a t i o n .  The b e s t  c a n d i d a t e s  f o r  a l t e r n a t i v e s  are  
f u e l s  f rom s y n c r u d e s ,  w h e t h e r  i t  b e  s y n t h e t i c  s h a l e  c r u d e  or  
coal c r u d e ,  f o l l o w e d  by m e t h a n o l  f r o m  coal ,  and  p o s s i b l y ,  
e v e n t u a l l y ,  h y d r o g e n  f rom water. B u t ,  s t a t e  of  t h e  a r t  o f  
t h e i r  t e c h n o l o g i e s  and  r e l a t e d  a v a i l a b i l i t y  i n  time need  t o  
c o u n t .  

Wi th  h y d r o g e n  f rom w a t e r  w e  need  a l o t  o f  e n e r g y  f rom a n  
a b u n d a n t  r e n e w a b l e  r e s o u r c e .  What w e  r e a l l y  d o  is. p u t  i t  i n  
t h e  h y d r o g e n  as  a carrier.  a n d ,  t h u s ,  need  n u c l e a r  or s o l a r  o r  
a c o m b i n a t i o n .  But  i t ' s  g o i n g  t o  b e . a  l o n g  time b e f o r e  i t ' s  
a p p l i c a b l e  to  v e h i c l e s .  

L i q u i d s  f rom coal w i l l  n o t  b e  a v a i l a b l e  i n  s i g n i f i c a n t  
q u a n t i t i e s ,  b e f o r e  t h e  y e a r  2000. 

U s e  o f  o i l  s h a l e  a s  an  a l t e r n a t i v e  f a c e s  economic  e n v i r o n -  
m e n t a l  p r o b l e m s ,  and  t h e  q u e s t i o n  is w h e t h e r  w e ,  a s  a  n a t i o n ,  
a r e  g o i n g  t o  b e  a b l e  to  b r e a k  t h a t  b o t t l e n e c k  f o r  f i l l i n g  t h e  
g a p  b e t w e e n  d o m e s t i c  o i l  and  s u p p l y  and  demand. 

One way, o f  c o u r s e ,  is by i m p o r t s ,  a n d  t h i s  is  t h e  way 
we're d o i n g  i t  r i g h t  now. A n o t h e r  way is t o  h e l p  t h e  s i t u a t i o n  
by i n c r e a s e d  e f f i c i e n c y  a n d ,  o f  c o u r s e ,  t h e r e  is a l o t  of  work 
g o i n g  i n  t r a n s p o r t a t i o n  as  w e l l  a s  i n  o t h e r  end  u s e s .  A n o t h e r  
a p p r o a c h  is r e d u c e d  demand, o r  p e r h a p s ,  i n  t h e  case o f  t r a n s p o r -  
t a t i o n ,  s h i f t i n g  f rom o t h e r  sectors. A f o u r t h  p o s s i b i l i t y  is 
e l e c t r i c a l  p r o p u l s i o n ,  whereby  t h e  e l e c t r i c a l  e n e r g y  is g e n e r -  
a t e d  f r o m  a non -pe t ro l eum r e s o u r c e .  And t h e n ,  f i n a l l y ,  w e  have -  
a l t e r n a t i v e  f u e l s  and  e n g i n e  s y s t e m s .  



T h e  p o i n t  o f  a l l  t h i s  is t h a t  i n  t h e  t r a n s p o r t a t i o n  a r e a  
o n l y  . t h o  l a s t  two  a r e  p e r i c a n e n t  s o l u t i o n s .  A n , y t h i n g  e l s e  is a 
s t o g - g z p .  B u t  w e  r e a l l y  n e e 3  t o  b e  w o r k i n g  h a r d  o n  t h e s e  
pe r i : !anent  s o l u t i o n s .  

T h e  s ' i t u a t i o n  i s  r e c o g n i z e d ,  b u t .  is o f t e n  o v e r l o o k e d ,  " u s e  
f u e l s  f r o m  s y n c r u d e s ;  a n d .  t h e s e  a r e  a t  t h e  t o p  o f  o u r  l i s t ,  
a v a i l a b i l i t y  i n  i t s e l f  d o e s  n o t  a n s w e r  o u r  n e e d s . "  T h e  r e a s o n  
f o r  ti-,is i s  t h a t  c o n v e r s  i o n  o f  n o n p e t r o l e u m  r e s o u r c e s  t o  . l i q u i d  
s y n c r u d e s ,  d o e s  n o t  a s s u r e  p r a c t i c a l  or  e a s y  f o r m u l a t i o n  o f  w h a t  
t h e  i n d u s t r y  c a l l s  " f i n i s h e d  , f u e l s . . "  Much w o r k  is r e q u i r e d  o n  
t h e  u t i l i z a t i o n  e n d .  

. . L o g i c  a n d . c o n m o n  s e n s e  i n  t h e  a n a l y s i s  o f  r e a l  f a c t s  s h o w s  
t h a t  for increasinq t h e  a v a i l a b i l i t y .  o f .  l i q u i d  f u e l s  f o r  t r a n s -  
PJ r ta+  L A b c .  .: .%-. i7. k : - ; ~  :LC:- terr , ,  t h e  o ~ l y  c z z 5 i Z ~ t e  a r e  a l coho l s .  : 
T a b  2 4  s h o w s  t h e  p r i m e  c h a r a c t e r i s t i c s  o f  g a s o l i n e - a n d  t h e  major 
a l c o h o l s  t h a t  we t h i n k  o f :  m e t h a n o l  a n d  e t h a n o l .  

fable 24 . . 

PRIME FUEL CHARACTERISTICS .. , ,  

Gaiol~ne Methanol Ethanoi 

Energy BIU/ 
Gal (LHV) 1 15.400 (Avg) 

Octane 
Ron 91.105 
Pump 87.98 

Storchlornetrlc 
A/F 14.55 

Boiling Point O F  80440 
 or Pressure 

PSlA 7.15 

.The f o l l o w i n g  f i g u r e s  c o n s o l i d a t e  t h e  r e s u l t s  o f  t h e  U?ivers i ty  
ci S a n t a  C l a r a  o f  F o r d  P i n t o  E n g i n e  c o m p a r a t i v e l y  o p e r a t e d  o n  
y - A s . > l i n e  ( i n d o l e n e  m e t h a n o l ,  a n d  e t h a n o l )  . 





0~c . l - z  t iye  C h a r a c t e r i s t i c s  
_L-- ------- 

The s v k j e c t  of  a l c o h o l  Sue1 i s  a  p o p u l a r  one and 

raises l o t s  o f  gl- lest ions.  We're. briefl-17, go,i<ng t o  co l re r  
. . 

t h s s e  a s 2 e c t s :  t h e  wha t ,  why, and 'when of  a ' i t $ r n a t i v e s ;  

t h e  n a t u r e  and i n f l u e n c e s  of a l c o h o l s  on performance;  

t h e  pro5lems an2 s ? l u t i o n s  u s i n g  a l c o h o l  f u e l s .  

F i r s t  o f  a l l , - a l c o h o l s  c a n  b e  used s t r a i g h t  o r  i n  a  

b l e n d ,  and t h i s  p e r t a i n s  t o  b o t h  methanol  and e t h a n o l .  

The Tab le  shows t h e  prime c h a r a c t e r i s t i c s  o f  g a s o l i n e  and 

th5 r z j o r  a l c o i i o l s  t L a t  we t h i n k  o f :  methanol  and e t h a n o l .  

Some o f  t h e  major  f u e l  e n g i n e  c o n s i d e r a t i o n s  shown r e l a t e .  

t o  c e r t a i n  k i n d s  of problems t h a t  we have.  

On a n  e n e r g y  b a s i s ,  f o r  a n  e q u a l  volume, methanol  h a s  

a b o u t  h a l f  t h e  energy  t h a t  g a s o l i n e  h a s .  E t h a n o l  h a s  a b o u t  
I 

t w o - t h i r d s  o f  t h a t  o f  g a , s o l i n e .  
. , . ...~, . , 

From a n  a p p l i c a t i o n s  p o j n t  o f  view, t h i s  means t h a t  

w e  need t o  p u t  more f u e l  i n t o  o u r  e n g i n e  w i t h  a l c o h o l  t h a n  

w i t h  g a s o l i n e .  Alcoho l s  have  h i g h  o c t a n e  numbers and t h i s  

c a n  be v e r y  h e l p f u l .  - T h i s  i s  t h e  b a s i s  f o r  o u r  b e i n g  . 

a b l e  to  u s e  eng ines .  w i t h  h i g h e r  compressio'n r a t i o s  a n d ,  

t h e r e f o r e ,  h i g h e r  e f f i c i e n c i e s .  On a systems.  basis,  t h i s  

. i s  r a t h e r  i m p o r t a n t .  I f  you go t o  s t r a i g h t  a l c o h o l s ,  you 

c a n  improve t h e  e f f i c i e n c y  of t h e  e n g i n e  above and beyond 

. t h a t  which you have  w i t h  g a s o l i n e .  , , . , 

.. . . . . -  



Also, of course, alcohols can serve as an octane 

booster, and this is helpful to us because it might possibly 

be a solution to lead,MMT, and things of this sort. 

When we burn these fuels, the ratio of the air to the 

fuel is different with the alcohols than with gasoline, 
. . 

because you have some oxygen in the alcohols. And so, in 
. .. 

addition to having to meter a different amount of fuel intu 
. . . . 

the engine, we also have to handle - .  air in proportion to it 
. . .. . . 

, . 1 ' .. . i  , . . 
. : 

in a different manner, which gets . . us back into the management 
'. . . , , -  

system of our engine. 

.The next two points, boiling point and vapor pressure, 

combine in a sense, in that there are some combination 

portions that relate to starting problems. On the latter 
i .  . - - 

item, the vapor pressure ,a . - ofthe alcohols is lower, but there 
, . .  , . . . 

, . .  . ,, . 
is an anomaly . there. . When alcohol is added . . to gasoline, 

. > 
- ,  . , 

you get a disproportionate . increase , in vapor . pressure. , 
. . 

And this gives us potential vapor lock problems. 
, . ! ;: . .  . .. . ,  

. . 
Other effects of alcohol fuels: , . . . .  . . .. . .. ..I . . 

. We need more heat to vaporize alcohols, and this 
gives us some problems as far as cold starting is concerned. 

Alcohols burn cooler. Here's a place where we get 

some advantages. As a result, we can get a greater charge 

into our cylinder and, get more power. The formation of 

oxides of nitrogents (NO,) is very heavily temperature- 

I dependent. And since the alcohols burn cooler, we auto- 

matically get lower combustion and lower NOx. 



. .L,r.c.t?-~r f e a t u r e  t h a t .  g e t s  ,us i n t o  sone  o f  t h e  f i n e  

p~ints i s  t h a t  we can  b u r n  ' l e a n G r .  There  a r e  some problems 

because  a l c o h o l s  r e a c t  d i f f e r e n t l y  with 'som'e m a t e r i a l s  t h a n  

g a s o l i n e  does .  ~ r e s e n t ' s y s t e m s  a r e  d e s i g n e d  f o r  g a s o l i n e ;  

t h e y  a r e  n o t  d e s i g n e d  f o r  a l c o h o l .  

. Also ,  a  g a s o l i n e - a l c o h o l - w a t e r  combina t ion  g i v e s  u s  
..- 

problems.  Ke w i l l  touch on a l l  o f  t h e s e  t h i n g s  i n  a  l i t t l e  

1 more d e p t h .  

U s e  o f  s t r a i g h t  a l c o h o l s  i n v o l v e s  modify ing t h e  f u e l  

management sys tem t o  p r o v i d e  a  g r e a t e r  f u e l  f low and t o  
. .. 

o p e r a t e  i n  which w e  t e r m  a  d e s i r a b l e  a i r - t o - f u e l  regime.  
. . 

I W e  a l s o  must change  t h e  m a t e r i a l s  i n  a t  ' l e a s t  t h e  f u e l  

s u p p l y  sys tem and p o s s i b l y  i n  t h e  e n g i n e  s y s t e m .  I t ' s  

h i g h l y  d e s i r a b l e  t o  i n c r e a s e  t h e  compress ion  r a t i o  t o  

1 .  g i v e  t h e  added power and e f f i c i e n c y  which i s  p e r m i t t e d  by 

I t h e  h i g h e r  o c t a n e  t h a t  i s  a v a i l a b l e  from t h e  a l c o h o l s .  
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Figure A 
FZEL TO.A:F. RATI.3 FOR ANY FUEL 

FUEi.TO.AIR RATIO F O R  GASOLINE. METHANOL. AND BLENDS 





Now let 's  change t h e  f u e l  t o  a n  a l coho l -gaso l ine  blend.  

The a l c o h o l  h a s  oxygen i n  it, and w e  a u t o m a t i c a l l y  l e a n .  

o u t  t h e  mix ture ,  s o  t h a t  t h e  o p e r a t i n g  l i n e  moves over  t o  t h e  

l e a n  side. A s  a r e s u l t ,  you are going  t o  f i n d  d i f f e r e n c e s  

i n  t h e  performance o f  t h e  v e h i c l e ,  as shown by t h e s e  c u r v e s .  

Now, one i t e m  t h a t  i s  now shown i s  t h a t  of  aldehyde 

emiss ion.  Aldehydes are p a r t  of  t h e  hydrocarbons,  and they  

a r e  o n l y  a s m a l l  p a r t  of  it. However, t hey  are chemica l ly  

r e a c t i v e  and they  are r e s p o n s i b l e  f o r  t h e  eye  i r r i t a t i o n  t h a t  

you g e t  from smog. With s t r a i g h t  a l c o h o l s ,  aldehyde emiss ions  

are fou r  t o  t e n  t i m e s  as g r e a t  as they  are w i t h  g a s o l i n e .  The 

l e v e l  i s  s t i l l  ve ry  low and, your exhaus t  c a t a l y s t s  reduce them 

even f u r t h e r  s o  w e  do n o t  f e e l  tha t  they  are a problem. 'But 

c e r t a i n l y  t hey  are something t h a t  w e  have t o  f a c e  up as p a r t  

of ou r  c o n s i d e r a t i o n s .  

Due t o  lower combustion tempera tures ,  t h e  u se  of  methanol 

reduces  NOx by a ' t h i r d  t o  a h a l f  of  t h a t  o b t a i n e d  wi th  g a s o l i n e .  

The c o o l i n g  e f f e c t  o f  methanol also provides  a g r e a t e r  d e n s i t y  

change, s o  t h a t  power i s  inc reased .  And t h e  lower combustion 

temperature  means less l o s t  h e a t  s o  t h e  thermal  e f f i c i e n c y  

i n c r e a s e s .  A s  you can  see f r o m . t h e  curve on t h e  r i g h t ,  w e  g e t  

something i n  t h e  neighborhood o f  e i g h t  t o  t e n  p e r c e n t  better 

thermal  e f f i c i e n c y  w i t h  t h e  methanol. 



Now, another  o f  t h e  problems t h a t  we have with 

s t r a i g h t  a l c o h o l s  i s  co ld  s t a r t i n g .  S t r a i g h t  methanol 

w i l l  no t  s t a r t  a t  below about 15 degrees cent igrade .  It 
. . .  _. / _ . . .  . . 

j u s t  doesn ' t  vapor ize  s u f f i c i e n t l y  t o  do so.  The add i t ion  

of  o t h e r  hydrocarbons w i l l  h e l p  s t a r t  a t  lower temperatures.  

About 5 pe rcen t  pentane i n  t h e  methanol w i l l  permit  

s t a r t i n g  a t  about minus 10 degrees cent igrade .  . And about 

8 percen t  of  it w i l l  achieve s t a r t i n g  a t  about minus 30 

degrees  cent igrade .  

The a d d i t i o n  of about 12 pe rcen t  gaso l ine  t o  methanol 

w i l l  provide s t a r t i n g  a t  minus 20 degrees  cent igrade .  And 

3 0 , p e r c e n t  gaso l ine  drops t h i s  down t o  about minus 30 

degrees cent igrade .  Also we can mix t h e  two of them to -  

g e t h e r ,  s o  w e  can have combinations of t hese .  And s o  we 
. . 

do have f u e l s  s o l u t i o n s  t o  co ld  s t a r t i n g  when we use s t r a i g h t  
. . 

alcohols .  



Gasohol and Blended F o s s i l  Fue l s  and Alcoholb . ,  

I f  we use  a l coho l -gaso l ine  b l ends ,  p r e s e n t  eng ine  d e s i g n s  

n  p r i n c i p l e  are s u i t a b l e .  Minor changes o r  ad jus tments  can 

accommodate a  swi tch  t o  t h e  b l ends ,  al&ough it i s  e s s e n t i a l  

t h a t  w e  do t h e  same t h i n g  wi th  a n  e t h a n o l  blqnd.  

One of  t h e  b e n e f i t s  of  t h e  a l c o h o l ' f u e l s  is' t h a t  t hey  

burn l e a n e r  t h a n  g a s o l i n e  burns .  And s o  w e  can push f u r t h e r  

o u t  i n t o  the '  l e a n  regime i f  we use  s t r a i g h t  . . a l c o h o l .  

When an engine  i s  se t  f o r  g a s o l i n e ,  it o p e r a t e d ,  s a y  a t  

an  equiva lence  r a t i o  o f  one,  a s  r ep re sen ted  by a v e r t i c a l  l i n e  

r i g h t  through t h e  ' c en t e r  of  t h e  c h a r t .  

Now l e t ' s  change t h e  f u e l  t o  an a l coho l -gaso l ine  b lend .  The 

a l c o h o l  has  oxygen i n  it, and w e  a u t o m a t i c a l l y  l e a n  o u t  t h e  mix ture ,  

s o  t h a t  t h e  o p e r a t i n g  l i n e  moves over  t h e ' l e a n  s i d e .  A s  a  r e s u l t ,  

you a r e  going t o  f i n d  d i f f e r e n c e s  i n  t i e  performance of  t h e  v e h i c l e ,  

as shown by t h e s e  curves .  

Due t o  lower combustion tempera tures ,  t h e  u se  o f  methanol 

reduces  NOx by a t h i r d  t o  a h a l f  of t h a t  o b t a i n e d  with g a s o l i n e .  

Now, i f  we  use  a b lend ,  t h e  r educ t ion  i a . r o u g h l y  p r o p o r t i o n a l  
. . 

t o  t h e  b lend  percentage.  So, i f  you have 'a 10 p e r c e n t  a l c o h o l  

b lend ,  you on ly  move t h a t  NO, curve down 10 p e r c e n t  of  t h e  

d i f f e r e n c e .  And t h a t  i s  s t i l l  i n  t h e  n o i s e ,  l eve l , ,  as f a r  as 
. .  . . . 

. . 
measurements are concerned. 

So even though people  t a l k  about  g e t t i n g . l o w e r  emiss ions  wi th  

a l c o h o l  b l ends ,  s o  f a r  as NO, i s  concerned,  t h e  change i s  r e a l l y  
. . 

i n  t h e  n o i s e  l e v e l .  
. . 



Figure 3 
VAPOR PRESSURE EFFECT , , . . , 

I 
I ~ Minor Blena Component. .Val% . .  . . ., 

Blend Components Minor Major 
A Butane . ; Low RVPGaso. . .  . .. . 
B Methanol , Low RVP Gaso. 
C 75 wX Methanol Low RVP Gaso. . ... . . . - .  . _  

25 wOA Mixed Alc. 
0 Penune Methanol 

. . . ., . . . ,  . . . ,.,, ' . , I  . '  1 . . .  

Figure  B looks*  a t  'some o t h e r  p r o b l e m .  
. . .  

vapor p r e s s u r e  

i s  o f  g r e a t  concern t o  us.  
. . ' . :. 

 his is t h e  e f f e c t  when t h e  * 

g a s o l i n e  h e a t s  up and some o f  t h e  l i q u i d  changes t o  vapor. 

Your f u e l  pump c a n ' t  pump as much f u e l  and, as a r e s u l t ,  

you d o n ' t  g e t  the proper  f u e l  f low, s o  your c a r  s t a l l s .  

It may even s t o p  completely.  There ' s  been a l o t  of bork 

done on - c o r r e c t i n g  t h i s .  The " c r i t i c a l  vapor-l iquid r a t i o n  
., . .. . 

of Curve.' B shows t h a t '  t h e  addi* ion ,of  a l i t t l e  kefhanol  t o  
. 5 .  1 :,, 

t h e  gasor rne  i n c r e a s e s  t h e  vapor- p r e s s u r e  a g r e a t  dea l .  

And t h i s  r a t h e r  d ramat i c  change is t h e  t h i n g  t h a t  g i v e s  

t r o u b l e .  



Now ethanol is not as marked in this regard. Here's 

one of the cases where it's better. Its effect on vapor 

pressure i= only about a third as much as that obtained 

with methanol. Curve A shows the influence of butane 

which is used in our gasolines. And it also has a marked 

effect. 

I However, Curve C shows an interesting aspect. In 

1 I the graph, the percentage of blend goes across the bottom. 
I 
I Curve C represents the result with addition of alcohol 
I 

where threeOquarters of it is methanol, and the other 

quarter is mixed alcohols of a little higher order. Now , . 

I the increase in vapor is not anywhere near as 

great and, indeed, offers an opportunity to manage this 

particular problem. 

There's a Curve D which applies to the use of straight 

methanol, where we might want to add some pentane into 

gasoline to help us with cold starting problems but that 

I'll get to in a little bit. And' it shows, in essence, 

I that we can add a pretty fair amount of pentane to the - , 

gasoline before the vapor-liquid ratio increases to the 

point of concern. 

Now, to put this into perspective. Today's automobiles 

and fuels are- designed so that the critical vapor-liquid 
$ 8  - . 

ratio is about 15. . . 



Figure  C shows t h e  s e n s i t i v i t y  t o  w a t e r  .of var ious  

blend l e v e l s  of  methanol i n  gasol ine .  I f  we put methanol 

i n  gaso l ine  and inc lude  some water ,  a t  some lpwer , 
? 

temperature t h e  methanol and gaso l ine  s e p a r a t e .  And a s  

you can s e e  from t h e s e  curves ,  i t ' s  a very,  very complex 

type  o f  s i t u a t i o n :  Now, t h e  problem stems from t h e  f a c t  

t h a t  t h e  a lcohol  has  less energy than  an equal  amount' of 

gasol ine .  And t h i s  so-ca l led  "phase separa t ion"  whe;n .we 
* .  

opera te  , the v e h i c l e ,  we. wind up fee.ding a lcohol  i n t o  t h e  . ,> . . .  .. . . ,  

engine when i t ' s  ad jus ted  f o r ' g a s o l i n e ,  s o  we're going 

t o  g e t  a s t a l l ,  h e s i t a t i o n ,  o r  power fade.    he curves 

f o r  e thano l  a r e  s i m i l a r  t o  t h i s .  Ethanol w i i l  *handle 

water  a l i t t l e  b e t t e r ,  s o  t h e  curves a r e  n o t  s o  severe.  



AMOUNT OF WATER TOLERATED.[N BLENDS 

I n  F igure  4 4  we have nome 
g f  t h e  same k ind  of  c u r v e s ,  
t o g e t h e r  w i t h  t h o s e  mhowing 
some p o t e n t i a l  s o l u t i o n s .  
Th i s  graph shows t h e  amount' 
o f  wa te r  t h a t  can be t o l e r -  
a t e d  i n  a  b lend.  Curves  A,: 

. B, .and C .were t h e  t y p e  t h a t  
I j u s t  showed. 

Now, i f  you look a t  Curve 
' A and a t  Curve D, t h e y  show 

t h a t  u s e  o f  a  melected co- 
s o l v e n t  accommodates 
a p p r e c i a b l y  more w a t e r  i n  

. t h e  b l end  a t  a  s e t  temper- 
a t u r e ,  o r  p u t  a n o t h e r  way, 
r educes  t h e  t e m p r a t u r e  a t  

Alcohol 
. kBlrnU 

V Y  
A 10 
0 15 
C 20 
D 10 
E 20 
P 20 
0 20 

which s e p a r a t i o n  w i l l  
o c c u r  f o r  any g iven  amount 
o f  wa te r .  

Curves E,P, and G a r e  
d a t a  taken w i t h  t h e  same 
p e r c e n t a g e  o f  c o s o l v e n t  
i n  each ,  b u t  w i t h  d i f f e r -  
e n c e  i n  t h e  a romat i c  con- 
t e n t  o f  t h e  g a s o l i n e .  So 
t h i s  w a t e r  s i t u a t i o n  is  
v e r y ,  v e r y  complex. The 
bot tom l i n e  is t h a t  i f  
we ' re  go ing  to go t o  
commercial  f u e l s ,  we have 
t o  f o r m u l a t e  t h o s e  f u e l s  
j u s t  l i k e  we fo rmula te  
g a s o l i n e s ;  we 'have +to , . , ; 

a d j u s t  f o r m u l a t i o n s  w i t h  
c l i m a t i c  c o r r e c t i o n s ,  
geograph ic  l o c a t i o n ,  and 
seasons .  We a r e  n o t  under  
any s e t  o f  c i r cums tances  
go ing  t o  j u s t  dump a l c o h o l  
i n t o  , g a s o l i n e  and e x p e c t  i t  
t o  work t o  t h e  degree  t h a t  
we would l i k e  t o  have it. 



MATERIALS INCOMPATIBILITY 

Alcohol Attacks: ' -  

Zinc 

Terne Alloy 

Aluminum 

Polyester-Bonded piberglass 

, , Alcohols Causes Shrinkage or swelling 

Cork Gasket 

Leather 

Viton 

Polyurethane 
% .  

Alcohols'does attack. various metals. It also 

attacks polyester-bonded fiberglass, and that's pretty . 

Ei. important because .it's !used in some gas tanks and it's 

used in all kinds of underground storage tanks in.the 

fuel distribution system. Methanol also .causes a 

shrinkage or a swelling i n ~ r i o u s  plastics and leather, 
/ 

' and so on and so forth. And similarly, ethanol'is a 

solvent for some plastics, including some of those 

that are used in the 'fuel system. And, as' a result ,, we 

do have to make vehicle changes. 



Now, there's nothing magic about this. It's 

straightforward engineering. It can be done, but it, : . , '  . . . .  

isn't being done now because we're building automobiles . . 

to run on gasoline. 
t ,  

DRIVEABILITY 

I 
\ 

Carburetion Deterioration ,. , , , 

Volatility, Leaning, Combination . . . ;. . . . . . . . .  

Fuel Injection Unaffected . . . . .  .. , ',:< . , . ! .  . . .  . . . . . . . . . . . .  

Aldehydes Minimized . . . ,  . 

Driveability is, of course, the bottom line. All 

other things being equal, for vehicles with carburetion, 

deterioration occurs due to the volatility, tothe 'Lean- 

ing effect, . . .  and to the combinat,ion.,~hereof., : ,  Now, ,. it is 
. . . . .  , . ..L 

. . . .  
f ovnd that, problems with driv,e.ability.. . . . . . . .  . .  . , . , ,  arse essentially . .  . . 

. .  , 

accommodated~ totally. by retuning the engine. .. . . . S,o there 

is a combination. of things that happen,. but in essenc&, . , ' .  , 

they happe,n be.cause. . . . .  we . . rqn . . .  .leaner. : . . .  . . . . .  t . .  
. . , .. 

For . . .  vehicles . ,  . with fuel,injection.and . :  a three-way , + 

catalyst ,., the so-called, ,rLambda System,, " in Volvo'.~ . a s  . 
: . I  

California: . . . .  cars driveability is unaffected.,.Also . . . .  aldehydes . . % _ .  . :. 

are minimized, &nd perhaps even eliminated. ., .. 
*'' < -  . 



TOSlCOLO~;C;,;. A;:  I.L':T. i i :  ALCOHOL FLlEL UTlLIZL.TIO:i 

In acy c@nsi?er~:ion cf mcthanol as a replacemen: 
fuel for gas~linc, sane assessment of its toxicity 
reletive tc .gsi.?lint . a x > :  be uaie. Concerr, has 
been expressc.?, 2'5.?::; t?ie .fuel use of methyl a!coho!, 
a5 it has reSc!teZ i~ b!in?ness an2 death on oral . . 
ingestion an? siri;ils i::ec:s following topical ex- 

. . .  . . o r  . . .A?? product containing more . . than L h r e : n s : c i  is rrguired .to carry the 'skull 
and crc:ss-bczer' p?:scn insignia. It has been sug- 
gestei that if rnerh;?.?l is added to gasoline, the 
resu1:ant fuel ~suli leqllre such labelling. ' 

Many metr~anol-containins ~roducts have been avail- 
able over t h ~  years. 

1. 'Scerno' - fcr many years contained up 
to 50' zerhy? hydrate 

2. Acrozc'2ile ra2ia:cr antifreeze - until 
s.>?pie::trd by ethylene glycol 

4. Model airplane fuel 

5. Denatured alcohol preparations 

Grain alcchol, variously denatured vith mechyl alco- 
hol, has been videly available for topical use. 
vithout obvioils coc;.;ica:ions .attributed specific- 
ally t'o cutaneous exposure. , 

Therefore, in any relative assessment of the toxic- 
ities of methanol and gasoline, .one. must weigh 
differing circusstances. Present label varnings 
for methanol are based on the fact that these pro- 
ducts are coz3cnly in our home and certain segments 
of the population are prone to drink anything label- 
led 'alcohol'. Gasoline is not so labelled, not 
because it is less toxic, but because it is alto- 
gether too hazardous.to keep in the house and ex- 
cept for the bizarre and groving practice of gas- 
oline 'sniffing', people are not tempted to use it 
phar;nacclogically. The very serious explosion 
hazard associated vith gasoline is vell known. 
Yethano1 does not present the same explosion liabil- 
.icy and in case of fire or spill, is much more read- 
ily contained vith almost universally available 
water. 

Injuries and fatalities related to methanol have 
been reported on exposure to higher concentrations. 
almost always in closed spaces. Exposure to 800- 
1000 ppm for 4 hours has been reported to produce 
headache, as has exposure to 300 ppm associated 
with the use of duplicating machine fluid. A fatal 
case has been reported folloving exposure to 4- 
13,000 ppm for 12 hours. Dogs exposed to 450- 
500 ppm for 379 days were vithout toxicity. Cener- 
ally, industrial exposure is conceded as safe if 
the concentration does not exceed 200 ppa. 

Clinical signs of acute toxicity relate to mucous 
membrane irritation, headache,%roaring in the ears, 
nervousness, trembling. nausea~.andvomitSng. Numer- 
ous deaths have been reported folloving the oral 
ingestion of methyl alcohol. 'Epidemics' or clust- 
ers of deaths have usually occurred folloving a 
change in the source of 'moonshine? or other nan- 
regulated alcoholic beverage. 

kicoi:ol cunraininl; nethano1 a5 a den'turi~g a~ent 
was uscd for many years as a rubbins cornpouni. It 
is, hclsevcr, gt.n~,iaily cor,c&cd L ~ I J L  tosir levels 
c3n or.!!. he attain*C in rnzn by inhalation or ~ ~ s r r c -  
intzs:ical absor3:ion. Only undcr excepcfonal ccn- 
ditions can toxic percutancous absorption be demon- 
strrr:i: In ar~izals. 

Thc phermacnlogic and toxic properties of ethanol 
are too vell documented to repeat. It should be 
re~srnhercd that ethanol has been used intravenously 
in man, to produce anaesthesia and while rcspons- 
ible for much social misery, is considered to be 
less toxic,than me~hanol on chronic administration. 
Uorkers in biological product plants, such as 
insulin and bind fraction facilities..have been 
exposed to relatively high concentrations of eth- 
anol fumes, on a chronic basis an2 without serious 
long-ten effect. A recent report frou Sweden has 
indicated that chronic use of aicohol can possibly 
result in direct bone marrow toxicity - even in the 
aksen:~ of live: ciseasr. 

Gaseline is a most extensively used hydrocarbon and 
being a mixture, no single toxic level can be clear- 
ly defined. The Threshold Limit Value is describ- 
ed as 500 ppu, but this will depend on benzene and 
other aromatic content. 

Acute exposure results in mucous membrane, central 
nervous system and gastrointestinal side effects. 
A recent report of gasoline 'sniffing' illustrates 
the type of hazard that can be associated vith the 
handling or misuse of such products. Of a group 
of Indian children that had misused gasoline for 
some years, two were burned to death through care- 
less handling, tvo developed serious mental prob- 
lems related to the gasoline sniffing and tvo de- 
veloped organic lead poisoning as a complication 
of their 'gasoline addiction' 

Massive exposure to gasoline can result in sudden 
collapse, c o w  and death vith tissue changes char- 
acteristic of a lipophilic solvent. Severe acute 
exposure results in convulsions and tremors, In 
most cases, the patients recover. Repeated expo- 
sure at relatively lov concentration is usually 
without effect. Bowever, exposure to 2000 ppm is 
reported as unsafe for man for even a brief period 
and prolonged exposure at levels greater than 300 
ppm should not be allowed. 

Gasoline is a primary skin irritant and the topical 
use of gasoline blends contalning benzene or tolu- 
ene are especially hazardous. Two cases of bone 

marrow toxicity have recently been reported and 
specifically relate to the use of benzene contain- 
ing fuel. With the increased availability and more 
widespread use of unleaded gasolines, bone marrov 
toxicity must be anticipated more frequently. Re- 
cent hearings on a proposed benzene standard in the 
United States. considered a retrospective report 
on the possible occurrence of acute leukemia among 
industrial workers exposed to the agent. 



High solubility of methanol makes its mechanical 
removal from environmental systems more difficult. 
However, the lower alcohols are plant growth stimu- 
lants and their water solubility facilitates dis- 
persion, dilution and biodegradation. 

Fire and explosion hazards associated with the use . - 

of methanol and methanol gasoline blends should be 
studied further. Flash-point and ignition tempera- 
tures must be determined for each proposed mixture. 
Because alcohol fires are 'clean' and therefore 
difficult.to see, consideration should be given to 
the use of appropriate additives to enhance visi- 
bility. With regard to ethanol, new and better 
methods should be devised to reduce palatability. 

The more commonly used gasoline engine emission 
monitoring devices vill requireire-design if 
unburned alcohol forms a large part of the hydro- 
carbon exhaust. Additional sampling techniques 
will be required to monitor aldehydes. 

Because environmental exposure to 'alcohol, whether 
methanol or ethanol, vill substantially increase,' 
synergistic efteccs wlcn commonly used drugs must 
be studied carefully. 

All available information to date indicates that 
the biomedical and environmental issues associated 
with the use of alcohol fuels are not critical - 
in fact, ehe relative impact is clearly less than 
that for gasoline. 

For the internal combustion engine, it is obvious .'. 
that alcohol fuels can be part of the short-term . . 
solution when blended with gasoline and the basis . . .  
for a longer-term solution when used alone as the 
alternative fuel. ,Full benefits of neat alcohol . . . . .  
will only accrue with re-design of the engine for " 

use,of alcohol-water mixtures--where their superior 
lean combustion characteristics will allow for more 
efficient operation, with extremely low emissions. 

Alcohols pr0vide.a certain flexibility~~lfered by 
no other fuels. Whether producad .from drban gar- 
bage or agricultural wastes, low grade coal or 
remote natural gas, they can fire a boiler, drive 
a 'rabbit', fuel gas-turbines or be regasified to 
meet emergency pipe-line requirements - in addition 
to facilitating interpersonal communication, nurtur- 
ing single cell protein and powering fuel cells. 

As in the historic context, 'wood alcohol' bridged 
the gap between a wood fuel economy and the modern 
petroleum era, so methanol may now provide that 
clean liquid bridge between fossil fuels and a 
.renewable resource-based/ultfmate electrical econ- 
omy. A combination of escalating world market 
prices for gas .and oil and rapidly dwindling re- . , , , 
serves make it.essentia1 that we examine the 
'alcohol opt'ion' as an interim alternative. And 
accurate quantification of the biomedical'and envi- . . 
ronmental impact is an essential part of this exam- 
inat Ion. 
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CHAPTER I .  USE OF ALCOHOL A S  
A MOTOR FUEL 

T h e  f i r s t  s e r i o u s  a t t e m p t  t o  e x a m i n e  t h e  p o s s i b ' i l i t y  o f  a l c o h o l  
a s  a  f u e l  i n  c o m p e t i t i o n  w i t h  p e t r o l e u m  seems t o  . h a v e  b e e n  made 
i n  1 8 9 4  a t  L e i p z i g ,  Germany ,  b,y P r o f e s s o r  H a r t m a n  f o r  t h e  Deu t -  
s c h e n  L a n d w i r t s c h a f  ts G e s s e l l s c h a f  t. . German a l c o h o l  d i s t i l l e r s ,  
s e e k i n g  t o  e n l a r g e  t h e i r  m a r k e t ,  s u c c e e d e d  i n  i n t e r e s t i n g  t h e  
German G o v e r n m e n t .  They p o i n t e d  a t  t h e  s i g n i f i c a n c e  o f  h a v i n g  
a v a i l a b l e  a  s o u r c e  o f  f u e l  f o r  p o w e r ,  p r o d u c t i o n  w i t h i n  t h e  
n a t i o n  f r o m  y e a r l y  c r o p s ,  w h i l e  t h e  s u p p l y  o f  c r u d e  o i l  may 
u l t i m a t e l y  become e x h a u s t e d .  

By Acts o f  U.S. C o n g r e s s  f o r  J u n e  7 ,  1 9 0 6 ,  a n d  March 2 ,  1 9 0 7 ,  
d e n a t u r e d  e t h a n o l  became e x e m p t . f r o m  i n t e r n a l  r e v e n u e  t a x a t i o n  
when u s e d  i n  t h e  i n d u s t r i e s .  The  U.S. D e p a r t m e n t  o f  A g r i c u l -  
t u r e  i n  1 9 0 7  p u b l i s h e d  F a r m e r ' s  B u l l e t i n  N o .  2 7 7 ,  "The Use o f  
A l c o h o l  a n d  G a s o l i n e  i n  Farm E n g i n e s "  by  C h a r l e s  Edward L u c k e  
a n d  S . V .  woodward .  

I n  1 9 0 9  t h e  U n i t e d  S t a t e s  G e o l o g i c a l  S u r v e y  p u b l i s h e d  a  b u l l e t i n ,  
N o .  3 9 2 ,  c a l l e d  "Commercial D e d u c t i o n s  f r o m  C o m p a r i s o n s  o f  Gaso-  
l i n e  a n d  A l c o h o l  T e s t s  o n  I n t e r n a l  C o m b u s t i o n  E n g i n e s . "  T h i s  
t h i r t y - e i g h t  p a g e  b u l l e t i n  by  R o b e r t  M .  S t r o n g  i s  t h e  r e s u l t  of 
c a r e f u l  o b s e r v a t i o n  o f  2 , 0 0 0  t e s t s  c o n d u c t e d  a t  S t .  L o u i s ,  
M i s s o u r i ,  a n d  N o r f o l k  V i r g i n i a .  The t es t s  were u n d e r  t e c h n i c a l  
s u p e r v i s i o n  o f  R . H .  F e r n a l d ,  e n g i n e e r  i n  c h a r g e  o f  t h e  p r o d u c e r -  
g a s  s e c t i o n  o f  t h e  t e c h n o l o g i c a l  b r a n c h .  

I No S h o r t a g e  o f  F u e l  

I n  a n  i n t e r v i e w  i n  1 9 2 9  w i t h  M . K .  W i s e h a r t ,  a u t h o r  o f  "The  
M a r v e l s  o f  S c i e n c e , "  H e n r y  F o r d  p r e d i c t e d  n o  s h o r t a g e  o f  f u e l  
f o r  i n t e r n a l  c o m b u s t i o n  e n g i n e s  o f  t h e  f u t u r e .  "We c a n  g e t  f u e l  
f r o m  f r u i t , "  F o r d  s a i d ,  " f r o m  t h a t  sumach  by t h e  r o a d s i d e ,  o r  
f r o m  a p p l e s ,  w e e d s ,  s a w d u s t  a l m o s t  a n y t h i n g .  T h e r e  i s  f u e l  i n  
e v e r y  b i t  o f  v e g e t a b l e  m a t t e r  t h a t  c a n  be f e r i n e n t e d .  T h e r e  i s  
e n o u g h  a l c o h o l  i n  o n e  y e a r ' s  y i e l d  o f  a n  acre  o f  p o t a t o e s  t o  
d r i v e  t h e  m a c h i n e r y  n e c e s s a r y  t o  c u l t i v a t e  t h e  f i e l d  f o r  a  
h u n d r e d  y e a r s . "  

"And i t  r e m a i n s  f o r  someone  t o  f i n d  how t h e  f u e l  c a n  be p r o d u c e d  
c o m m e r c i a l l y  b e t t e r  a t  a  c h e a p e r  p r i c e  t h a n  t h a t  we now know!" 

On May 7 a n d  8 ,  1 9 3 5 ,  F o r d  h o s t e d  t h e  D e a r b o r n  C o n f e r e n c e  o f  
A g r i c u l t u r e ,  I n d u s t r y  a n d  S c i e n c e  a t  h i s  f a m o u s  a i r p o r t  h o t e l ,  
t h e  D e a r b o r n  I n n .  A m a j o r  top ic  o f  t h e  p r o c e e d i n g s  w a s  t h e  



p r o d u c t i o n  a n d  u s e  o f  a l c o h o l  a s  motor f u e l .  H e  d i d  t h i s  a g a i n  
May 1 2 - 1 4 ,  1 9 3 6 ,  a n d  i n  S e p t e m b e r  1 9 3 7 .  T h e s e  m e e t i n g s  l e d  t o  
t h e  o r g a n i z a t i o n  o f  t h e  f a r m  C h e m u r g i c  C o u n c i l  a n d  t h e  f i r s t  
a t t e m p t  t o  m a r k e t  a n  a l c o h ' o l - g a s o l i n e  b l e n d . i n  t h e  U n i t e d  S t a t e s .  
T h e  b l e n d  s o l d  u n d e r  t h e  t r a d e  name o f  ' " A g r o l l "  a t  A t c h i s o n ,  
K a n s a s ,  w h e r e  a p l a n t  o p e n e d  f o r  t h a t  p u r p o s e  O c t o b e r  l s t ,  1 9 3 6 .  
D r .  L e o  M .  C h r i s t e n s e n  w a s  . i n s t r u m e n t a l  i n  t h i s  e f f o r t .  

A t  a b o u t  t h e  same time C l e v e l a n d  P e t r o l e u m  P r o d u c t s  C o . ,  .was 
s e l l i n g  a n  a l c o h o l - g a s o l i n e  b l e n d  i n  B r i t a i n  c a l l e d  " C l e v e l a n d  
Discol. l1 

T r u c k  a n d  T r a c t o r  R u n n i n g  o n  A l c o h o l  

A t  t h i s  time K o p p e l  ( P h i l l i p p i n e s  ) I n c o r p o r a t e d  c l a i n e d  t h a t  
t h e y  h a d  8 2  P l y m o u t h  A l c o h o l  L o c o m o t i v e s  i n  o p e r a t i o n  a n d  
u n d e r  o r d e r  f o r  o p e r a t i o n  i n  t h e  P h i l i p p i n e  I s l a n d s .  I n t e r -  
n a t i o n a l  H a r v e s t e r  C o . '  o f  t h e  P h i l i p p i n e s  was s e l l i n g  motor 
t r u c k s  p o w e r e d  w i t h  e n g i n e s  e s p e c i a l l y  d e s i g n e d  t o  b u r n  
P h i l i p p i n e  a l c o h o l . .  S u g a r  c a n e  i n  M a n i l a  w a s  d e l i v e r e d  i n  
S t u d e b a k e r  t r u c k s  b u i l t  t o  u s e  a l c o h o l  i n s t e a d  o f  . g a s o l i n e .  
I n  1 9 3 3  t h i s  was  t o  s a v e  t h e ' s u g a r  p l a n t e r  45% o n  f u e l  c o s t s . -  
B a l d w i n  L o c o m o t i v e  W o r k s  a n d  G e n e r a l  Motors a l s o  o f f e r e d  t h e  
a l c o h o l  b u r n i n g  o p t i o n .  

A p r i l  2 8 ,  1 9 3 6 ,  H a r r y  J. W o o l s o n ,  C h r y s l e r  C o r p o r a t i o n  e n g i n e e r ,  
s a i d  t h a t  D e t r o i t - m a d e  a u t o m o b i l e s  e q u i p p e d  f o r  u s i n g  a l c o h o l  
axe. b e i n g  s h i p p e d  t o  N e w  Z e a l a n d .  The o n l y  c h a n g e s  r e q u i r e d ,  
h e  s a i d ,  a re  a d i f f e r e n t  c a r b u r e t o r  j e t  a n d  t h e  u s e  o f  more 
h e a t  o n  t h e  m a i n f o l d .  

\ 

A l c o h o l  a s  motor f u e l  h a s  t h e  u n i q u e  q u a l i t y  o f  h a v i n g  a ,  p r a c -  
t i c a l l y  u n l i m i t e d  p o t e n t i a l  m a r k e t ,  a n d  i t  c a n  b e  made f r o m  so  
many raw m a t e r i a l s .  A s  s u c h ,  a n y  s t u d y  o f  t h e  s u b j e c t  is e n t e r -  
i n g  i n t o  a n  e n o r m o u s  j u n g l e  o f  c o m p e t i n g  e c o n o m i c ,  p o l i t i c a l ,  
a n d  i d e o l o g i c a l  ' i n t e r e s t  . g r o u p s .  

A m e r i c a n  P e t r o l e u m  I n s t i t u t e  p u b l i s h e d  i n  J u l y  1 9 7 6  a t h i r t y - t w . 0  
p a g e  report  c a l l e d  " A l c o h o l ,  a T e c h n i c a l  A s s e s s m e n t  o f  t h e i r  
A p p l i c a t i o n .  a s  F u e l s . "  N o  b e t t e r  r e f e r e n c e  c a n  b e  found '  t o  
m a g n i f y  e v e r y  smallest l i m i t a t i o n  o f  a l c o h o l . a s  motor f u e l .  



B r a z i l i a ?  h i s t o r y  h a s  shcwn t 5 a . t  a t t e r : ~ t c  t o  i n t r o d u c e  e t h ; n ~ l  
a s  f u e l  ha;e b e e n  ~ a d e  f o r  a  c o n s . i d e r a l s l e  t ime. 

W e  h a v e  r e p o r t s  a v a i l a b l e  on  r e s e a r c h  and  t h e  u s e  o f  e t 5 a n o l  
a s  e a r l y  a s  i n  t h c  2 0 ' s .  A l r e a d y  i n  1 9 2 3  a u t ~ n a b i l e s  w i t h  
p u r e - e  t t ano l -pawe : -33  e n q i n e s  were u s e a  t o  t r a . 2 ~ 1  f r o z  P. io  d ~  
J a n i e r o  t o  S a 3  P a u l o  ( 4 3 . : .  K-:? a n d  fro!:: R i o  t o  P e t r o p o l i s .  

A p i o n e e r i n g  g r o u p  of s a g a r - c a n e  p l a n a t i o n  o w n e r s  i n  t h e  
s t a t e  o f  P ~ r n i : . ~ d c o  cgr! be c r e d i t e d  f o r  h a v i n g  made a  
s i g n i f i c a c t  s t e p  t o w a r d  t h e  b r o a d  a a p l i c a t i o n  o f  a l c o h o l  as  
f u e l .  , T h e s e  p e o p l e  f o r m e d  a n  , a l c o h o l - e n g i n e  c o o p e r a t i v e  
i n  1 9 2 7 .  The  p r o d u c t  w a s  named A X U L I N A  a n d  w a s  s u c c e s s f u l l y  

' 

p u t  o n  t h e  m a r k e t .  I t  w a s  a  c a r b o n  cor?pound b a s e d  o n  a  
a l c o h o l .  T h e  co r . ?os  i t i o n  w a s  a s  f o l l o w s :  

. - € 5 ;  ~ : - r ) . ; l  pu : - i r i c z  ta gc,; 
1 0 5  e t h y l  e t h e r  
5% g a s o l i n e .  

ALCOHOL AS AN ALTEFI;F.TIVE FVES 

A1coho. l  a.s m o t o r  f u e l  w a s  s t u d i e d  v e r y  c a r e f u l l y  b y  t h e  S o c i e t y  
o f  k u t o n , o S i l e  E n g i n e e r s  o £  P a r i s ,  , F , r a n c e ,  i n  a  s e r i e s  o f  
l e c t u r e s  s t a r t i n g  o n  November  1 0 ,  ' 1 9 4 2 .  

F o r  many y e b r s ,  i n  F r a n c e ,  a l c o h o l  ( e t h a n o l )  w a s m i x e d  w i t h  
g a s o l i n e  t o  g e t  r i d  o f  s u r p l u s  a l c o h o l  p r o d u c t i o n  a n d ,  t h u s  
m a i n t a i n  p r i c e  s t a b i l i t y  i n  t h e  b e v e r a g e  m a r k e t .  , G a s o l i n e  
a l c o h 0 . 1  b l e n d s  w e r e  f o u n d  t o  b e  less t h a n  s a t i s f a c , t o r y  
b e c a u s e  w a t e r  t e n d e d  t o  c o n t a m i n a t e  t h e  m i x t u r e  c a u s i n g  s e p a r a -  
t i o n . '  Also, sorrie i o n s  f o u n d  i n  d e n a t u r i n g  a g e n t s  a n d  i n  p o o r  
q u a l i t y  g a s o l i n e s  w a u l d  r e a c t  w i t h  w a t e r  o f  t h e  a l c o h o l  t o  f o r m  
c o r r o s i v e  c h e m i c a l s .  

Most a u t o m o t ' i v e  e n g i n e s  t o d a y  were n e v e r  d e s i g n e d  t o  u s e  
s t r a i g h t  a l c o h o l  a s  f u e l  a n d ,  t h e r e f o r e ,  t h e y  c a n ' t  b e .  
e x p e c t e d  t o  r u n  o n  a l c o h o l  e f f i c i e n t l y . .  T h e  p r o p e r t i e s  of 
a l c o h o l  a r e  c o m p l e t e l y '  d i f  f e r e n t  f r o m  t h o s e  o f  g a s o l i n e  



and  t h e r e  a r e  d i f f i c u l t i e s  mix ing  t h e  two. P u r e  e t h a n o l  and  
m e t h a n o l ,  as  w e l l  a s  o t h e r  a l c o h o l s  and  a l c o h o l  d e r i v a t i v e s ,  
mix w e l l  w i t h  e a c h  o t h e r  a n d  w i t h  w a t e r .  

The B r a n d t  Svs tem 

The N a t i o n a l  E x p e r i m e n t  S t a t i o n  a t  B e l l e v u e ,  F r a n c e ,  i n  September  
o f  1941 ,  t e s t e d  a f o u r - c y l i n d e r  i n t e r n a l  c o m b u s t i o n  e n g i n e  m o d i f i e d  
t o  b u r n  s t r a i g h t  a l c o h o l  a c c o r d i n g  t o  what  i s  c a l l e d  t h e  B r a n d t  
Sys t em.  Compress ion  r a t i o  o f  t h e  e n g i n e  was t w e l v e  t o  one .  The 
e t h a n o l  f u e l  w a s  i n j e c t e d  a t  h i g h  p r e s s u r e  d i r e c t l y  i n t o  t h e  c y l i n d e r s  
u s i n g  a  l u b r i c a t e d  f u e l  pump and  s p e c i a l l y  l u b r i c a t e d  i n j e c t o r s .  
The a l c o h o l  was t h u s  m e c h a n i c a l l y  p u l v e r i z e d  i n t o  a  f i n e  m i s t  which  
e v a p o r a t e d  i n s t a n t l y  i n  t h e  c y l i n d e r  as  it a b s o r b e d  t h e  h e a t  d e v e l o p e d  
i n  t h e  c o m p r e s s i o n  s t r o k e  o f  t h e  e n g i n e .  An o r d i n a r y  s p a r k  p l u g  was 
t h e n  u s e d  t o  i g n i t e  t h e  a i r  f u e l  m i x t u r e .  

F u e l  consumpt ion  u s i n g  e t h a n o l  - in  t h e  above  e n g i n e  was 94% o f  what  
i t  had  been  when u s i n g  g a s o l i n e  b e f o r e  t h e  c o n v e r s i o n .  I t  had been  
a  c a r b u r e t o r  t y p e  e n g i n e  w i t h  a  c o m p r e s s i o n  r a t i o  o f - 5 . 6 5  t o  1. 
A f t e r  t h e  B r a n d t  c o n v e r s i o n ,  a v a i l a b l e  power w a s  i n c r e a s e d  by 1 8 8 ,  
u s i n g  n e a t  e t h a n o l ,  a l t h o u g h  t h e  f u e l  consumpt ion  by volume was l o w e r .  

Me thano l  i n  t h i s  e n g i n e  g a v e  t h e  h i g h e s t  t h e r m a l  e f f i c i e n c y  a t  45 .5%.  
E t h a n o l  y i e l d e d  a  v e r y  r e s p e c t a b l e  t h e r m a l  e f f i c i e n c y  o f  42%.  

W i t h i n  l i m i t s ,  t h e  power and  e f f i c i e n c y  were n o t  a f f e c t e d  by w a t e r  
c o n t e n t  o f  t h e  a l c o h o l ,  o n l y  t h e  f u e l  consumpt ion  v a r i e d  i n v e r s e l y  w i t h  
t h e  e n e r g y  c o n t e n t  o f  t h e  f u e l .  

E x h a u s t  t e m p e r a t u r e  was r e d u c e d  by 150  d e g r e e s  C ,  u s i n g  e t h a n o l ,  and 
by 200 d e g r e e s  C w i t h  m e t h a n o l  as compared t o  g a s o l i n e  o p e r . a t i o n .  . 
D i e s e l  e n g i n e s  a r e  t h e  e a s i e s t  t o  c o n v e r t ' t o  t h e  B r a n d t  Sys tem b e c a u s e  
a l l  e n g i n e  components  a r e  a l r e a d y  d e s i g n e d  f o r  a  h i g h  c o m p r e s s i o n  r a t i o .  
The e x p e r i m e n t a l  r e s u l t s  from B e l l e v u e  were  v e r i f i e d  by r o a d  t e s t s  
o f  a  c o n v e r t e d  d i e s e l  t r u c k . .  Over t h e  same r o u t e ,  w i t h  t h e  same l o a d ,  t h e  
t r u c k  u s e d  2 4  l i t r e s  o f  d i e s e l . o i l . i n  100  k i l o m e t e r s  compared t o  -32 l i t e r s  
o f  e t h a n o l .  Note  t h a t  h e r e  i s  n o t  a  compar i son  w i t h  g a s o l i n e ;  The 
e n e r g y  c o n t e n t  o f  t h e  f u e l s  u sed  i s  d i f f e r e n t  by n e a r l y  1 0 0 % .  
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SUMMARY AND CONCLUSIONS 

I n  t h e  s e a r c h  f o r  a n  i n d e p e n d e n t  e n e r g y  b a s e  f o r  
i t r a n s p o r t a t i o n  i n  t h e  U n i t e d  S t a t e s ,  a l c o h o l s  a r e  b e i n g  
i proposed  a s  f u e l s  t o  supp lement  d o m e s t i c  o i l  and  n a t u r a l  

g a s  s u p p l i e s .  

I n  t o d a y ' s  economy, s y n t h e t i c  f u e l s ,  i n c l u d i n g  
a l c o h o l s ,  would b e  c o n s i d e r a b l y  more e x p e n s i v e  t h a n  
p e t r o l e u m  f u e l s .  T h i s  d i f f e r e n t i a l  i s  e x p e c t e d  t o  re- 
main a s  l o n g  a s  p e t r o l e u m  i s  g e n e r a l l y  a v a i l a b l e .  
Longer t e r m , .  i f  s y n t h e t i c  f u e l s  w e r e  t o  become c h e a p e r  
t h a n  p e t r o l e u m ,  a l c o h o l s  s h o u l d  have  t o  compete a g a i n s t  
hydrocarbon  l i q u i d s  from c o a l  and s h a l e ,  b o t h  i n  c o s t  
and i n  r a w - m a t e r i a l  u t i l i z a t i o n .  Should  a l c o h o l s  become 
c o m p e t i t i v e ,  t h e i r  b e s t  u s e  a t  t h e  s t a r t  would a p p e a r  
t o  b e  a s  g a s  t u r b i n e  f u e l s  fo r l a 'nd-based  peak power 
g e n e r a t i o n ,  and i n  o t h e r  premium f u e l  a p p l i c a t i o n s ,  
where t h e i r  c l e a n - b u r n i n g  and low n i t r o g e n  o x i d e  forma- 
t i o n  c h a r a c t e r i s t i c s  c a n  be  used  a d v a n t a g e o u s l y .  
F o l l o w i n g  t h i s ,  t h e i r  u s e  i n  a u t o m o b i l e s  c o u l d  be c o n s i -  
d e r e d .  Here t h e  u s e  o f  s t r a i g h t  a l c o h o l s  i n  a p p r o p r i a t e -  
l y  m o d i f i e d  ' e n g i n e s  would. b e  p r e f e r a b l e  t o  t h e  u s e  o f  
a l c o h o l - g a s o l i n e  b l e n d s .  

' T h e  c h e m i c a l  and p h y s i c a l  p r , o p e r t i e s  o f  a l c o h o l s ,  
p a r t i c u l a r l y  t h o s e  o f  m e t h a n o l . a n d  e t h a n o l ,  d i f f e r  
c o n s i d e r a b l y  from t h o s e  o f  c o n v e n t i o n a l  hydrocarbon  f u e l s .  
Energy c o n t e n t s  o f  a l c o h o l s  p e r  u n i t  volume a r e  s u b s t a n -  
t i a l l y  lower  t h a n  t h o s e  o f  h y d r o c a r b o n s .  S o l u b i l i t i e s  
i n  most  p e t r o l e u m  f u e l s  a r e '  i i m i t e d ,  t h e  e x c e p t i o n  b e i n g  
i n  a r o m a t i c  g a s o l i n e s .  Even h e r e ,  o n l y  v e r y  s m a l l  amounts 
of  w a t e r  c a u s e  t h e  a l c o h o l  , b l e n d  t o , s e p a r a t e  i n t o  two 
p h a s e s .  A l c o h o l - g a s o l i n e  b l e n d s  a l s o  e x h i b i t  d i s p r o p o r -  
t i o n a t e l y  h i g h  vapor  p r e s s u r e s  which ,  i f  n o t  c o r r e c t e d ,  
would g r e a t l y  i n c r e a s e  t h e  r i s k  o f  vapor  l o c k  i n  automo-. 
b i l e s .  

1 A l c o h o l s  a l s o  d i f f e r  from p e t r o l e u m  f u e l s  i n  c o r r o -  
s i v i t y  towards  m e t a l s ,  c d m p a t i b i l i t y  w i t h  p l a s t i c s  and 
r u b b e r s ,  t o x i c o l o g i c a l  p r o p e r t i e s  and f i r e  h a z a r d s .  
T h e i r  a p p l i c a t i o n  a s  f u e l s  would t h e r e f o r e  r e q u i r e  t h e  
u s e  06 d i f f e r e n t  m a t e r i a l s  i n  f u e l  h a n d l i n g  s y s t e m s ,  and I '  

a t  l e a s t  a  comprehens ive  r e v i e w ,  i f  n o t  a n  e x t e n s i v e  
rev i s i -on ,  o f  c u r r e n t  s a f e t y  c o d e s .  



I f  t h e  l e v e l s  o f  pe r fo rmance  and r e l i a b i l i t y  
c u r r e n t l y  e x p e c t e d  o f  p e t r o l e u m  f u e l s  a r e  t o  b e  e n s u r e d ,  
a l c o h o l s  - e i t ' h e r  s t r a i g h t  o r  i n  b l e n d s  - c a n n o t  b e  
i n t e r c h a n g e d  w i t h  g a s o l i n e  i n  c o n v e n t i o n a l  v e h i c l e s  
w i t h o u t  c o s t l y  m o d i f i c a t i o n s  t o  b o t h  v e h i c l e s  and  
f u e l  d i s t r i b u t i o n  s y s t e m s .  Moreover ,  w i t h  p r i c e s  o f  
me thano l  and e t h a n o l  s u b s t a n t i a l l y  h i g h e r  t h a n  t h o s e  
o f  g a s o l i n e ,  t h e r e  e x i s t s  no economic i n c e n t i v e  t o  
make t h e s e  m o d i f i c a t i o n s .  

S t r a i g h t  A l c o h o l s  a s  Automot ive  F u e l s  

I f  u s e d  t o  f u e l  v e h i c l e s  s p e c i f i c a l l y  d e s i g n e d  f o r  
optimum u s e  t h e i r  p r o p e r t i e s ,  s t r a i g h t  a l c o h o l s  o f f e r  
p o t e n t i a l  advan tage ' s  t h a t  c o u l d  ou twe igh  d i s a d v a n t a g e s .  
i n  c e r n  s i t u a t i o n s .  A s  example m i g h t ' b e  a  l a r g e  f l e e t ,  
where  b o t h  v e h i c l e s  and f u e l  d i s t r i b u t i o n  f a c i l i t i e s  
c o u l d  be  j u s t i f i e d  by t h e  l o c a l  s u p p l y    at tern o f .  raw 
m a t e r i a l s  and e n e r g y .  I n  t h i s  c a s e ,  pe r fo rmance  r e l a -  
t i v e  t o  g a s o l i n e  compares a s  f o l l o w s :  

o  Thermal  e f f i c i e n c y  economy. Thermal  e f f i c i e n c y  
i s  p o t e n t i a l l y  b e t t e r  w i t h  a l c o h o l s  b e c a u s e  t h e y  have  
more f a v o r a b l e  the rmochemica l  p r o p e r t i e s ,  c a n .  be  burned  
l e a n e r ,  and  can  o p e r a t e  a t  h i g h e r  u s e f u l  compress ion  
r a t i o s .  However, t o  t h e  g e n e r a l  ? u b l i c ,  t h e  most  
e v i d e n t  d i f f e r e n c e  would b e  s i g n i f i c a n t l y  f ewer  m i l e s  
p e r  g a l l o n ,  which i s  a  d i r e c t  r e s u l t  o f  t h e  lower  e n e r g y  
c o n t e n t s  o f  t h e  a l c o h o l s .  Methanol  h a s  a b o u t  h a l f  t h e  
e n e r g y  c o n t e n t  p e r  u n i t  volume o f  g a s o l i n e ,  and e t h a n o l  
a b o u t  two- t h i r d s .  

o  E x h a u s t  e m i s s i o n s  o f  h y d r o c a r b o n s  ( o r  unburned 
f u e l )  and o f  c a r b o n  monoxide a r e  p r a c t i c a l l y  t h e  same 
when methano l  a n d  g a s o l i n e  a r e  compared a t  t h e  same 
r e l a t i v e  m i x t u r e  s t r e n g t h  ( e q u i v a l e n c e  r a t i o ) .  Aldehyde 
e m i s s i o n s  a r e  h i g h e r  w i t h  methano l .  E m i s s i o n s  o f  ' n i t r o -  
gen o x i d e s  a r e  g e n e r a l l y  lower  w i t h  m e t h a n o l ,  e s p e c i a l l y  
a t  v e r y  l e a n  m i x t u r e s  where o p e r a t i o n  w i t h o u t  m i s f i r e  
would n o t  b e  p r a c t i c a l  w i t h  g a s o l i n e .  However, w i t h  
t h e s e  l e a n  m i x t u r e s ,  t h e  o t h e r  e m i s s i o n s  would n o t  b e  low 
enough t o  meet p r o j e c t e d  e m i s s i o n  s t a n d a r d s  w i t h o u t  
e m i s s i o n  c o n t r o l s  l i k e  t h o s e  r e q u i r e d  w i t h  g a s o l i n e .  

o  D r i v e a b i l i t y  , e x c e p t  f o r  s t a r t i n g  q u a l i t y ,  h a s  
n o t  r e c e i v e d  s u f f i c i e n t  a t t e n t i o n  t o  d a t e .  S t a r t i n g  
m e t h a n o l - f u e l e d ,  c a r b u r e t e d  e n g i n e s  below 50-60°7 
r e q u i r e s  a  s p e c i a l  s t a r i n g  a i d ,  s u c h  a s  a  v o l a t i l e  a d d i -  
t i v e  i n  t h e  f u e l  o r  a n  a u x i l i a r y  v o l a t i l e  f u e l .  Even 
w i t h  a i d s ,  s t a r t i n g  be lcw 1 ~ - 2 0 0 F  i s  e x t r e m e l y  d i f f i c u l t .  



o D u r a b i l i t y  o f  sone components of  engi.nes and 
f u e l  sys tems may be  impai red  w i t h  a l c o h o l s ,  e s p e c i a l l y  
w i t h  methanol T e r n e p l a t e  Ca common f u e l  t a n k  m a t e r i a l )  , 
copper  and b r a s s  show evidence.  o f  i n c r e a s e d  c o r r o s i o n ,  
and some p l a s t i c s  and r u b b e r s  show i n c r e a s e d  s o f t e n i n g  
o r  s w e l l i n g .  

Supplying s t r a i g h t  a l c o h o l s  a s  au tomot ive  f u e l  
would a l s o  r e q u i r e  new and s e p a r a t e  d i s t r i b u t i o n  systems 
des igned  t o  d e a l  w i t h  t h e d i f f e r e n t  m a t e r i a l s  compat ibi -  
l i t y  and c o r r o s i o n  c h a r a c t e r i s t i c s ,  t h e  d i f f e r e n t  f i r e ,  
e x p l o s i o n ,  and h e a l t h  h a z a r d s ' e n c o u n t e r e d  i n  hand l ing  
and s t o r i n g  a l c o h o l s ,  and t h e  n e c e s s i t y  o f  p r e v e n t i n g  
d e l i b e r a t e  o r  a c c i d e n t a l  a d u l t e r a t i o n  w i t h  wa te r .  

I Alcohol-Gasol ine  Blends a s  v e h i c l e  F u e l s  

Alcohol -gaso l ine  b l e n d s  have been s e r i o u s l y  proposed 
f o r  u se  o n l y  i n  c o n v e n t i o n a l  au tomobi les .  T h e i r  charac-  
t e r i s t i c s  i n  unmodified c a r s  a r e  p r e d i c t a b l e  from t h e  
r e l a t i v e l y  l e a n e r  f u e l - a i r  mix tu re s  t hey  produce:  

I o Thermal e f f i c i e n c y / F u e l  economy. Thermal e f f i -  
c i e n c y  i n c r e a s e s  somewhat,' p a r t i c u l a r l y  i n '  t h o s e  c a r s  w i th  
r i c h  mixture '  c a l i b r a t i p n s  (mainly pre-1968 models)  : 
however, f u e l  e'conomy measure'd i n  m i l e s  p e r  g a l l o n  
g e n e r a l l y  d e c r e a s e s ,  approximate ly  i n  p r o p o r t i o n  t o  t h e  
a l c o h o l  c o n t e n t  o f  t h e  b l ends .  The o f f s e t t i n g  improve- 
ments i n  t he rma l  e f f i c i e n c y  a r e  of  lesser magnitude t h a n  
t h e  reduce  energy  c o n t e n t  of t h e  b l e n d s .  

o  ~ x h a u s t  emis s ions  change t o  t h e  same e x t e n t  t hey  
would have changed u s i n g  g a s o l i n e ,  w e r e  t h e  c a r b u r e t o r  
a d j u s t e d  t o  an  e q u i v a l e n t l y  1 e a n e r . m i x t u r e  s t r e n g t h .  
Hydrocarbon and carbon  monoxide emis s ions  are reduced 
somewhat ( . p a r t i c u l a r l y  i n  o l d e r  c a r s  o r i g i n a l l y  se t  r i c h )  
b u t  ' t he  improvement i s  n o t  enough . t o  o b v i a t e  t h e  need f o r  
emis s ion  c o n t r o l s  With emis s ion  c o n t r o l s ,  a l c o h o l  o f f e r s  
no advantage i n  t h i s  r e g a r d  NOx emis s ions  a r e  n o t  much 
d i f f e r e n t  w i t h  a l c o h o l  b l e n d s ,  be ing  somewhat h i g h e r  
f o r  c a r s  se t  r i c h  and somewhat lower f o r  c a r s  se t  l e a n .  
Aldehyde emis s ions  i n c r e a s e  somewhat. 

o ' D r i v e a b i l i t y  s u f f e r s  s i g n i f i c a n t l y ,  j u s t  a s  it 
would S f  g a s o l i n e  a l o n e  w e r e  used w i t h  e q u i v a l e n t l y  l e a n  
c a r b u r e  t i o n .  

o  D u r a b i l i t y  o f  f u e l  sys tem components i s  impaired 
w i t h  a l c o h o l - g a s o l i n e  b l ends , .  a l t hough  n o t  as s e v e r e l y  a s  
w i t h  s t r a i g h t  a l c o h o l s .  



I f  c a r s  were o p e r a t e d  on a l c o h o l - g a s o l i n e  b l e n d s ,  
t h e  c h i e f  a d v a n t a g e  would be  a  r e d u c t i o n  i n  knock and a f t e r -  
runn ing  i n  t h o s e  a f f l i c t e d  w i t h  t h e s e  symptoms. The c h i e f  
2isady;aztage woulz be (1) t h e  r i s k  of  phase  s e p a r a t i o n  a t  
w i n t e r  t e m p e r a t u r e s ,  o r  i f  w a t e r  c o n t a m i n a t i o n  w e r e  p r e s e n t ;  
( 2 )  t h e  c o r r o s i o n  o r  d e t e r i o r a t i o n  o f  s e n s i t i v e  f u e l  sys tem 
p a r t s ;  and (3)  a  ' d i r e c t i o n a l  d e t e r i o r a t i o n  i n  v e h i c l e  
d r i v e a b i l i t y ,  n o t  o n l y  because  of  l e a n e r  o p e r a t i o n ,  b u t  a l s o  
because  o f  t h e  h i g h e r  vapor  l o c k i n g  tendency o f  t h e  b l e n d s .  

Avoiding t h e s e  problems would r e q u i r e  (1) modifying 
f u e l  d i s t r i b u t i o n  sys tems  t o  e x c l u d e  w a t e r ,  ( 2 )  r e p l a c i n g  
s e n s i t i v e  f u e l  sys tem m a t e r i a l s ,  (3) r e - c a l i b r a t i o n  of  
e n ~ i n e  f u e l  m e t e r i n g  s l -s tems asneeded t o  o f f s e t  t h e  l ean-  
i n g  e f f e c t  and/or  modify ing e n g i n e  f u e l  sys tems  o r  reform- 
u l a t i n g  .base  g a s o l i n e s  t o  a v o i d  vapor  l o c k i n g  and m a i n t a i n  
d r i v e a b i l i t y .  I n  t h e  c a s e  o f  methanol ,  r e f o r m u l a t i n g  t h e  
b a s e  g a s o l i n e  would e x c l u d e  from t h e  g a s o l i n e  p o o l  a  
q u a n t i t y  o f  b u t a n e  and p e n t a n e s  a b o u t  e q u a l  t o  t h e  methanol  
added.  Although t h e s e  components c o u l d  f i n d  a  f u e l  u s e  
. e l sewhere ,  i t  would make more s e n s e  t o  f i n d  a n  a l t e r n a t i v e  
u s e  f o r  t h e  methanol .  

F i r e ,  Explos ion '  and ~ e a l t h  Hazards 

Handling r e q u i r e m e n t s  f o r  a l c o h o l s  a r e  g e n e r a l l y  
t h e  same a s  t h o s e  f o r  g a s o l i n e  e x c e p t  f o r  two c r u c i a l  
d i f f e r e n c e s .  

o  The a l c o h o l s  have  much w i d e r  f l a m m a b i l i t y  l i m i t s .  
A s  a  r e s u l t ,  t h e i r  v a p o r s  i n  s t o r a g e  t a n k s ,  i n c l u d i n g  
v e h i c l e  t a n k s ,  a r e  e x p l o s i v e  a t .  ambient  t e m p e r a t u r e s  w h i l e  
t h o s e  o f  g a s o l i n e  a r e  t o o  r i c h  t o  i g n i t e .  

o  Methanol ,  i n  a d d i t i o n  t o  i t s  g e n e r a l l y  known 
t o x i c i t y  when i n g e s t e d ,  p r e s e n t s  a n  i n s i d i o u s  h e a l t h  
h a z a r d  i n  i t s  a b i l i t y  t o  i n d u c e  b l i n d n e s s  when i n h a l e d ,  
o r  absorbed  th rough  t h e  s k i n .  For  me thano l -gaso l ine  
b l e n d s ,  t h e  h e a l t h  h a z a r d s  a r e  such  t h a t  under  c u r r e n t  
law t h e y  would r e q u i r e  t h e  sku l l - and-c rossbones  l a b e l .  

Conc lus ions  

. S h o r t  range ' ,  a s  i n d i c a t e d  i n  t h e  P r e f a c e ,  a l c o h o l s  are 
too e x p e n s i v e  t o  be c o n s i d e r e d  f o r  l a r g e - s c a l e  f u e l  use .  
Longer r a n g e ,  when s y n t h e t i c  f u e l 3  from c o a l ,  s h a l e ,  w a s t e s ,  
or  a g r i c u l t u r a l  p r o d u c t s  become economica l ly  c o m p e t i t i v e  
w i t h  pe t ro leum,  t h e  u s e  o f  a l c o h o l s  as f u e l s  s h o u l d  b e  
re-examined. 



reexamined. The most a t t r a c t i v e  o f  such. u s e s  would be  
i n  land-based g a s  t u r b i n e s ,  o r  as a s t r a i g h t  f u e l  i n  
au tomobi le  e n g i n e s  s p e c i a l l y  des igned  t o  t a k e  advantage  
o f  me thano l ' s  s p e c i a l ' p r o p e r t i e s .  U s e  of  a l c o h o l -  
g a s o l i n e  b l e n d s  i s  t h e  l ea s t  a t t r a c t i v e  a l t e r n a t i v e  
because of  t h e  hand l ing  problems a s s o c i a t e d  w i t h  them 
and bec-ause t h e  p o t e n t i a l  . advan tages  o f  s t r a i g h t  a l c o h o l s  
are l o s t  and n o t  r e a l i z e d  i n  b l e n d s .  
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USE OF ALCOHOL FUEL 

Ford  Motor Company 

I n  g e n e r a l ,  F o r d  Motor Company s u p p o r t s  c o n s i d e r a t i o n  o f  p o s s i b l e  , 

g o v e r n m e n t a l  a c t i o n s ' w h i c h  would p r o v i d e  i n c e n t i v e s  f o r  t h e  
d e v e l o p m e n t  o f  a l t e r n a t i v e  e n e r g y  s o u r c e s .  However, w e  would 
u r g e  t h a t  s u c h  p r o p o s a l s  p r o v i d e  s u f f i c i e n t  f l e x i b i l i t y  t o  
e x p l o i t  w h i c h e v e r  t e c h n o l o g y  is most e f f e c t i v e  i n ' m e e t i n g  t h e  
o v e r a l l  e n e r g y  g o a l s  o f  t h e  c o u n t r y .  

F o r  example ,  w e  b e l i e v e  t h a t  e q u a l  c o n s i d e r a t i o n  s h o u l d  be g i v e n  
t o  t h e  u s e  o f  a l c o h o l ,  b e  it m e t h a n o l ,  e t h a n o l ,  or  o t h e r .  
Which a l c o h o l  s h o u l d  be f a v o r e d  is n o t  y e t  known. 

S i m i l a r l y ,  i f  a  g o v e r n m e n t a l  i n c e n t i v e  is found  d e s i r a b l e ,  it 
s h o u l d  a p p l y  e q u a l l y  t o  t h e  d i r e c t  us.e o f  a l c o h o l  and  t o  t h e  u s e  
o f  a l c o h o l  a f t e r  c o n v e r s i o n  t o  g a s o l i n e .  R e c e n t  r e p o r t s  i n d i c a t e  
t h a t  a l c o h o l  c a n  be c o n v e r t e d  t o  h i g h  q u a l i t y  g a s o l i n e  e f f i c i e n t l y  . 

.. a n d  a t  l o w  cos t .  

Any p r o p o s e d  i n c e n t i v e s  s h o u l d  a p p l y  e q u a l l y  t o  t h e  u s e  o f  
a l c o h o l  p r o d u c e d  f r o m  s o u r c e s ,  s u c h  as  g r a i n ,  s u g a r  c a n e ,  and  
b e e t s  a s  w e l l  a s  t o  l i q u i d  f u e l s  p r o d u c e d  f rom c e l l u l o s e  and  
o t h e r  m a t e r i a l s  p r e s e n t  i n  a g r i c u l t u r a l  and  f o r e s t r y  w a s t e s ,  
and  f r o m  a n y  o t h e r  c u r r e n t l y  u n e x p l o i t e d  s o u r c e .  

- 

F i n a l l y ,  t h e  i n c e n t i v e s  s h o u l d  a p p l y  e q u a l l y  t o  f u e l s  p roduced  
f r o m  s o l a r  ' e n e r g y ,  b o t h  by t h e  a g r i c u l t u r a l  p r o d u c t  r o u t e  a n d  by 
o t h e r  means s u c h  a s  n o n - b i o l o g i c . a l  p h o t o c h e m j c a l  r e a c t i o n s .  

T h i s  E l e x i b i l i t y  'is e s s e n t i a l  i n  v i ew o f  t h e  u n s o l v e d  p r o b l e m s  
a n d  o p e n  i s s u e s  c o n n e c t e d  w i t h  t h e  p r o s p e c t i v e  use '  o f  a l c o h o l s  
a n d  a l c o h o l - g a s o l i n e  b l e n d s  a s  a u t o m o t i v e  f u e l s ,  i n c l u d i n g ,  f o r  
i n s t a n c e :  - .  

b . 

-- p o t e n t i a l  a d v e r s e  impap t  on  a i r  q u a l i t y ;  

-- p o t e n t i a l  d r i v e a b i l i t y  p r o b l e m s ;  

-- p o f e n t i a l  c o r r o s i o n  and  o t h e r  m a t e r i a l  c o m p a t i b i l i t y  
p r o b l e m s .  

A s  P s t a t e d  i n  my o p e n i n g  r e m a r k s ,  a l t h o u g h  p r o b a b l y  n o t  insurmoun-  
t a b l e ,  t h e s e  p r o b l e m s  a r e  s u f f i c i e n t l y  s e r i o u s  t o ' d e m a n d  c a r e f u l  
c o n s  idera t i o n .  



1 

I n  closing,  I express my support fo r  the examination o f .poss ib le  
means t o  encourage the  production of l iqu id  fue l s  from sources 
oth:er than 'petroleum, but I urge you t o  broaden any l e g i s l a t i v e  
proposals so  a s  t o  apply not only t o  Gasohol,.but a l s o  t o  a l l  
o ther  l iqu id  f u e l s  which could be made. from abundant domestic 
resources. 

PREPARED STATEMENT OF DR. SERGE GRATCH 

Director,  Chemical Sciences Laboratory 
Ford Motor Company 



( Z s c e r p t  G e n e r a l  Isistors .Research  L s b o r a t o r i e s )  
J c s s p h  .?:. C o l u c c i  

. . 
S L .  - r f  a ; e n % o l  a s  f x e l  i n  a u t o n o b i l e s  i s  t e c h n i c a l l y  f e a s i b l e  

L';~:. .-L. -,.. t h e  r e s u l t  i n  t h e  c a s e  o f  a n  a l c o h c l  ? a s s l i n e  b l ~ n d  would 

T:?e:e a r e  two f o r ~ s  o i . a l c o h o l s  c u r r e n t l y  b e i n g  cons i .Ze red  
. . 

a s  s x b s t i t u t e s  f o r  g a s o l i n e :  e t h a n o l  a n 2  m e t h a n o l .  They a r e  

i 
! d i s t i n c t  c!- .ezical ly  b u t  a r e  b o t h  c l e a r  l i q u i d s  t h a t  l ook  and  . 

E t h a n o l ,  t h e  a l c o h o l  i n  b e v e r a g e s ,  i s  p r o z u c e d  by fermen-  

t a t i o n  o f  g r a i n s ,  w h i l e  meth3no1,  t h e  p o i s o n o u s  wood a l c o h o l ,  i s  

I c u r r e n t l y  p r o d u c e 2  by a  c a t a l y t i c  p r o c e s s  f r o n  n a t u r a l  g a s .  Both 

c a n  b e  p roduced  f rom o t h e r  f e e d s t o c k s ,  such  a s  c o a l ,  f i e l d  and  

f o r e s t  r e s i d u e s ,  e ' tc.  E t h a n o l  i s  more s o l u b l e  i n  g a s o l i n e  ' thar ,  

m e t h a n o l .  Both w i l . 1  f r e e z e  ( b u t  n o t  a t  p r a c t i c a l  t e m p e r a t u r e s )  

and  b ~ i l ,  b u t  i n  e a c h  c a s e  meth,anol  b e f o r e  e t h a n o l .  Both  r e a c t  

i n  a n  a u t o m o b i l e  i n  much t h e  same way, b u t  t h e  d i s a d v a n t a g e s  

when comgared t o  g a s o l i n e -  a r e  less w i t h  e t h a n o l  t h a n  w i t h  

m e t h a n o l ,  w h i l e  t h e  a d v a n t a g e s  a r e  g r e a t e r  w i t h  m e t h a n o l  t h a n  

w i t h  e t h a n o l .  (See  T a b l e  on page  3 . )  

I Development  o f  a p r o d u c t i o n  a n d  d i s t r i b u t i o n  s y s t e m  f o r  

a l c o h o l  f u e l s  would t a k e  a  l a r g e  i n v e s t m e n t  a n d  l o n g  l e a d  t i m e s .  

D u r i n g ' t h i s  l e a d  t i m e  p e r i o d ,  any  n e c e s s a r y  v e h i c l e  m o d i f i c a t i o n s  

c o u l d  be  a c c o m p l i s h e d .  



A u t o ~ . . ? t i v e  Vse o f  t h e  A l c o h o l  F u e l s  - - - . - -. - - .- - - - P . - .- - - . - - . - . - . - - 
C l e a r l y ,  a l c o h o l s  c o g l d  . .- - - b e . u s e d  a s  a n  a u t o r o t i v e  f u e l  a s  a  s t r a t -  
e g v  t o  reduce  p e t r o l e u r n  consui : . ip t ion  i n  t h e  U.S. B u t  q u e s t i o n s  
oE ---- a i : ~ i l a 5 i l i t y  a n 6  u s u a l  p r i o r i t i e s  a r e  of p a r a i n o u n t  i K ? o r t a r i k e .  

' G e n e r a l  ?Istors t e c  t i n g  o f  t h e s e  f u e l s ,  p r i m a r i l y  m e t h a n o l ,  h a s  
i n d i c a t e d  t h e  f o l l o w i n g  c h a r , j e s  i n  c a r s  t h a t  w o u l d  b e  n e c e s s a r y  
i f  n e t h s n o l  were t o  b e  u s e d  a s  a n  a u t o r . o t i v e  f u e l :  

1. . _  To o p e r a t e  o n  1 0 0 s  ~ n t h a n w l .  --- 
Cars c u r r e n t l y  o n  t h e  r o a d  c a n n o t  o p e g a t e  w i t h  1'00% metihi 

a n o l .  M e t h a n o l  i s  more c o r r o s i v e  t h a n  g a s o l i n e ,  a n d . s g e c i a l l y  
f o r m u l a t e d  . p l a s t i c ,  r u b b e r  and  m e t a l  l i n i r i g s  w o u l d  h a v e  t o  be 
d e v e l o ~ e d  f o r  u s e  i n  t h e  f u e l  - s y s t e m  t o  res i s t  c h e i n i c a l  a t t a c k  

- - ? , - l . ,  1 . f 5 .  F c r .  e x a ? . ? l e ,  t h e  t!-.ir, l c a i  a l l o y  c o a t i n g  t h a t  
l i n e s  a l l  m e t a l  g a s o l i n e  t a n k s  is r e a d i l y  c o r r o d e d , b y  methanoL.  
F o r  p r a c t i c a l  p u r p o s e s ,  t h i s  means  t h a t  r e t r o f i t  o f  u s e d ' c a r s  to  
o p e r a t e  on p u r e  m e t h a n o l  is  n o t  p r a c t i c a l .  

O b t a i n i n g  s a t i s f a c t o r y  d r i v e a b i l i t y  o n  1 0 0 %  m e t h a n o l  f o r  
new c a r s  w o u l d  r e q u i r e  s i g n i f i c a n t  e n g i n e  m o d i f i c a t i o n s ,  b u t  
t h e s e  p r o b l e m s  a p p e a r  s o l v a b l e  t h r o u g h  d e s i g n  c h a n g e s  o n  c a r s  t o  
be b u i l t  i n  t h e  f u t u r e ,  as i n d i c a t e d  be low:  



P e r f o r m a n c e  C h a r a c t e r i s t i c s  o f  M e t h a n o l  Use a s  a n  A u t o m o t i v e  F u e l  

A t a b l e  s h o w i n g  t h e  advantages/disadvantages o f  u s i n g  a 
b l e n d  o f  p u r e  m e t h a n o l  f o l l o w s .  The b a s i s  f o r  c o m p a r i s o n  is  
t o d a y ' s  commercial u n l e a d e d  g a s o l i n e .  

E m i s s i o n s  90 /10% G a s o l i n e  M e t h a n o l  P u r e  Me t h a n 0 1  
( n o  c h a n g e  t o  c a r b u r e t o r )  ( r e d e s i g n e d  c a r )  

1. MC a b o u t  t h e  same c o n s  i d e r a b l y  less 

2. CO d e c r e a s e  a b o u t  t h e  same 

3 .  M02 s l i g h t  d e c r e a s e  c o n s i d e r a b l y  less* 

4. a l d e h y d e s f *  s l i g h t  i n c r e a s e  g r e a t  i n c r e a s e  

5. unbu rned  
m e t h a n o l f *  

i n c r e a s e  g r e a t .  i n c r e a s e  

6. e v a p o r a t i v e  may i n c r e a s e  may d e c r e a s e  

B. F u e l  Economy 

1. Volume B a s i s  
(mi les  ' p e r  
g a l l o n )  

2. Ene rgy  Bas is  
( m i l e s  p e r  
B t u )  

C .  D r i v e a b i l i t y  

1. h e s i t a t i a n ,  , .  : 

s t u m b l e ,  . 
s u r g e  

s l i g h t  d e c r e a s e  

a b o u t  t h e '  same 

a b o u t  50% l e s s  

s l i g h t  i n c r e a s e  

worse a b o u t  t h e  same 

2. v a p o r  l o s s  p o t e n t i a l  p r o b l e m  no  p r o b l e m  

* C o u l d  meet . 4  g/m N ~ x  s t a n d a r d  w i t h o u t  c o n v e r t e r .  Much 
h i g h e r  a l d e h y d e  a n d  m e t h a n o l  e m i s s i o n s  c o u l d  b e  c o n t r o l l e d  
t h r o u g h  s i m p l e r  o x i d a t i o n  c a t a l y s t .  

* *  T h e s e  e m i s s i o n s  are n o t  now r e g u l a t e d .  T h i s  may b e  p a r t l y  
d u e  t o  t h e  f a c t  t h a t  t h e  volume o f  t h e s e  p o l l u t a n t s  p r e -  
s e n t l y  e m i t t e d  is  n e g l i g i b l e .  

- - 



3. c o l d  s t a r t  

D. C o r r o s i o n  

E, F u e l  S e ~ a r a t i o n  

n o  p r o b l e m  

A s  a  F u e l  f o r  A l t e r n a t e  Power P l a n t s  

p r o b l e m - p r o b a b l y  
t c a n  be e l i m i n a t e d  
! 

w i t h  h a r d w a r e  o r  
f u e l  m o d i f i c a t i o n s  

no  p r o b l e m  

no  p r o b l e m  

1. d i e s e l s :  i t  is n o t  a  good f u e l  f o r  d i e s e l s  

I 2. g a s  t u r b i n e :  it is  a n  e x c e l l e n t  f u e l  f o r  a u t o m o t i v e  and  
1 

I o t h e r  g a s  t u r b i n e s .  

3 .  To o p e r a t e  o n  1 0 0 %  e t h a n o l  

M o d i f i c a t i o n  of  f u e l  s y s t e m  n e e d e d  t o  p e r m i t  o p e r a t i o n  on 
1 0 0 %  e t h a n o l  would b e  a p p r o x i m a t e l y  t h e  same a s  t h o s e  g r a p h i - *  
c a l l y  p r e s e n t e d ' f o r  u s e  o f .  p u r e  m e t h a n o l .  The o p e r a t i n g  
c h a r a c t e r i s t i c s  o f  p u r e  e t h a n o l  when compared w i t h  u n l e a d e d  
g a s o l i n e  a r e  a l s o  a p p r o x i m a t e l y  t h e  same a s . t h o s e  r e p r e s e n t e d  
f o r  p u r e  m e t h a n o l  i n  t h e  t a b l e  a b o v e ;  however ,  t h e  m a g n i t u d e  o f  

I 
a d v a n t a g e s  and d i s a , d v a n t a g e s  i n  g e n e r a l  w i l l  b e  s l i g h t l y  less .  

4 .  To o p e r a t e  on  a  b l e n d  o f  90% g a s o l i n e ,  1 0 %  m e t h a n o l .  

Some o f  t h e  same t y p e  o f  new c a r  m o d i f i c a t i o n s  r e q u i r e d  f o r  
u s e  o f  100% m e t h a n o l  would  be d e s i r a b l e  f o r  u s e  of  t h e  9 0 % / 1 0 % .  
b l e n d .  However, v e r y  l i t t l e  r e t r o f i t  would  be  a b s o l u t e l y  
r e q u i r e d  i n  u s e d  c a r s  i f  owner s  would  be w i l l i n g  t o  o v e r l o o k  
t h e  g r a d u a l  c o r r o s i v e  a t t a c k  o n  t h e  f u e l  s y s t e m  p a r t s  and some 
d e g r a d a t i o n  i n  p e r f o r m a n c e .  To r e t a i n  a p p r o x i m a t e l y  t h e  same 
p e r f o r m a n c e ,  t h e  c a r b u r e t o r  je ts  would have  t o  be  c h a n g e d ,  
c o s t i n g  a b o u t  $25  t o  $75. 

..5. To o p e r a t e  on  a  b l e n d  o f  90% g a s o l i n e , ,  1 0 %  e t h a n o l .  

Use o f  e t h a n o l  a s  a  90%/10% b l e n d e d  f u e l  would  c r e a t e  t h e  
same d r i v e a b i l i t y  p r o b l e m s ,  i n c l u d i n g  v a p o r  l o c k ,  a s  a r e  t r u e  to  
m e t h a n o l  a s  a  b l e n d ,  b u t  a g a i n ,  t o  lesser  d e g r e e .  T h i s  is a l s o  
t r u e  w i t h  f u e l  s e p a r a t i o n  p r o b l e m s ,  where  ' t h e  u s e  of  e t h a n o l  
would  p r e s e n t  f e w e r  p r o b l e m s  t h a n  w i t h  m e t h a n o l .  



Methanol - Gasoline Blends 
GM researchers ran tests  wit^ a fleet of 14 EMISSIONS. Hydrocarbon (HC) emissions from the 

employe-owned cars ranging from 1966 to  1974 methanol blend varied in the cars from an increase of 
model years. All of the cars had been driven in 41% to a decrease of 26% in comparison with gasoline. 
normal service. The fuel was a blend of 10% methanol The average change was a 1% increase. Adding 
in unleaded gasoline. This proportion of methanol is methanol to  gasoline decreased carbon monoxide 
most practical-less doesn't save enough gasoline, (CO) emissions (in all but one car) an average of 38%. 
more involves driveability problems. Nitrogen oxide (NOx) emissions were scattered from 

DRIVEABILITY. Driveability was measured in a 20% .increase to a 36% decrease, averaging an 8% 
terms of total weighted demerits (TWD). To arrive at decrease. Although several factors affect this emission 
these numbers, trained test drivers subjectively rated picture, the primary one is methanol's leaning effect. 
various operating difficulties, such as hesitation, The simplified graph (see Graph I) of well- 
stumble, surge, on a scale of 1 (trace) to 4 (heavy) established trends of emissions vs air-fuel ratio helps 
demerits. Weighting fac-ioro were assigned to these explain the variation in emission results. Adding 
difficulties; higher numbe;. ? '- more serious prob- methanol to gasoline moves the air-fuel ratio to the 
lems. Then TWD were der~c+.. 3y multiplying the right (in the leaner direction) on the curves. So, 
demerits by their weighting fac~nrs  and totaling the whether emissions increase or  decrease depends 
results. Sq, the higher the TL."3, the worse the primarily on the initial carburetion of the car. 
driveabllity. FUEL ECONOMY. As you would predict £rom 

Ln studies of the test fleet, with 10% methanol methanol's lower energy content (see box), adding it 
added t o  the gasolin'e, demerits ranged from 427% to gasoline generally reduces fuel economy when you 
more to 12% less and averaged 104% more than with consider it in volume terms (km/fi. In energy terms 
pure gasoline. Reports Norman Brinkman, the (kmlmillion joules), however, methanol can increase 
associate senior research engineer who's been running fuel economy. 
GMR's car programs with methanol, "This poor In tests run in an unmodified passenger car, GM 
driveability is a direct result of methanol's leaning researchers observed that-constant speed, level road 
effect." I load, volume-based fuel economy was almost the 

By "leaning effect" Brinkman refers to the fact that, same for both gasoline and 10% methanol-gasoline - 
hecause oxygen accounts for about half the weight of blends at 48 km/h (30 mph) and lower speeds. At 
a molecule of methanol (CHBOH), adding methanol higher speeds, fuel economy with the methanol blend' 
to  gasoline essentially reduces the amount of fuel, ,was considerably less (see Graph 11). 
increases the amount of oxygen, and makes the 
engine run leaner. ' ~ 

Vapor lock developed in some tests with the blend 
at high ambient temperatures. This is one of 
methanol's peculiarities. By itself it has a lower vapor 
pressure and higher heat of vaporization than 
gasoline. So, when you add it to gasoline, you'd 
expect it to  lower the fuel's volatility. But the 
volatility'of the blend goes up. Why? To simplify a EMISSIONS 
complicated chemical story, methanol is polar, 
gasoline is nonpolar. Molecules of methanol, left 
alone,'cling to  each other with hydrogen bonds. This 
keeps them earthbound, reduces their volatility. n, . '*22** 

r 

'hc,?-.- 
Dilution in large volumes of gasoline spreads the RICH LEAN 

AIR-FUEL RATIO 
molecules about and breaks these bonds, freeing the 
methanol to vaporize more readly and, when Graph I. Typical relationship between exhaust emis- 
conditions are right, to cause vapor lock. sions and air-fuel ratio. 
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Graph II. Effect of adding 10 percent methanol to 
gasoline on level road load fuel economy (volume 
basis). 

Fuel economy with the test fleet was measured on 
a chassis dynamometer. Using the 1975 Federal Test 
Rocedure (FTP), the change in volume-based fuel 
economy from addition of methanol ranged from a 
6% increase to a 9% decrease, averaging a 3% 
decreke. At steady speeds of 48 and 64 krn/h, 
methanol addition to  gasoline decreased volume- 
based fuel economy by 5% and 4%, respectively. 

Pure Methanol Fuel 
Before it can be fueled with straight (neat) 

methanol, the car will have to be modified (see cover 
diagram). And materials that come into contact with 
neat methanol must be corrosion resistant (see photo- 
graph). "We aren't really sure whether the corrosion 
we see is caused by the methanol or by the water 
inevitably associated with it," says Brinkman. "But 
it really doesn't matter, since we can't keep them 
apart." 

Brinkman has recently completed tests using two 
cars fueled with pure methanol. One car was a carbu- 
reted 1974 Chevelle; the other, a 1975 Oldsmobile 
Cutlass with an electronic fuel injection (EFI) system. 
Since about twice as much methanol as gasoline must 
reach the combustion chamber to provide the same 
energy, both the carbureted system and the EFI 
system had to be redesigned to provide higher flow 
rates with methanol. 

DRIVEABILITY. "Driveability with the production 
Chevelle was totally unacceptable," reports Brinkman. 
"We had starting problems and poor warmiup 
performance; it stalled frequently and wouldn't 
respond when the throttle was depressed. Methanol's 
low vapor pressure and high heat of vaporization are 
part of the problem here," he explains. "It vaporizes 

very little and remains a liquid in the ordinary engine. 
So it is sluggish moving through the intake manifold 
and getting into the cylinders." 

The answer? In part, redesign the engine to heat 
the intake manifold and intake air enough to  give 
satisfactory vaporization. On an equal fuel energy 
basis, about nine times more heat is required to 
vaporize methanol than gasoline. These changes, plus 
use of a commercial aluminum intake manifold, 
improved warmed-up driveability of the Chevelle 
fueled with methanol to nearly equal that of a 
gasoline-fueled production car. Coldstart driveability, 
however, was still considerably worse than that of the 
gasoline-fueled car (see Graph 111). 

Driveability with the Cutlass was considerably 
better than with the Chevelle. The EFI system 
eliminates, in large part, the need to heat the fuel to 
vaporize it and move it through the manifolds. 

Warmed-up driveability of the Cutlass was equjva- 
lent to that obtained wth  gasoline. But it, too, had a 
cold start problem. Neither vehicle could be started 

CARBU 
CAR 

I 
ELECTRONIC ~ G A S Q L I N E  

FUEL INJECTION ~ M E T ~ A N O L  
(EFI) CAR @ I 

0 - GOOD 
50 100 150 206 250 

BAD - 
DEMERITS 

Graph I l l .  Driveability - C R C  Procedure. Includes 
cold start and warmed-up.maneuvers. 

below about 7°C (45" F). This problem might be 
solved by either adding more volatile fuel 
components to the methanol, or adding a preheat 
system to the engine. 

EhIISSIONS. In the EFI-equipped Cutlass, exhaust 
NOx and HC emissions from pure methanol were less 
than from (see Graph IV). But other organic 
emissions, mainly unburned methanol, were greatly 
increased. - 

Drs. Dave Hilden, senior research chemist, and 
Fred Parks, senior research engineer, ran emission 
tests with an unmodified singlecylinder CFR engine. 
They observed that unbqned fuel emissions were 
four times greater with neat methanol than with 



gasoline. Methanol's low volatility was the problem 
here. When they modified the engine's intake system 
by heating the fuel mixture to .improve vaporization, 
unburned fuel emissions were reduced 80 to  90% 
with methanol and 30 to 50% with straight gasoline. 
Aldehydes were significantly reduced, too, but were 
still three to four times greater with methanol. 
FUEL ECONOMY. Because methanol gives about 

half as much energy per 1itre.a~ gasoline, the volume of 
fuel burned per kilometre is approximately doubled. 
Using this doubled amount of methanol, though, the 
energy efficiency is about the same as gasoline (See 
Graph V). 
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Graph IV.  Emisiions - 1975 FTP-EFI  d a r . ( N o  
Catalytic Converter) 

MILES PER MlLl lONBTU , - 
0 40 80 120 166 
8 t 

b f 
0 0.06 0.12 0.18 0.24 0.30. 

KILOMETRES PER MILLION JOULES 
MILES PER GALLOR 

0 5 10 15 20 

BASIS . y -, METHANOL 
I I 

0 2 4 6 8 10 
KILOMETRES PER LITRE 

Graph V. Fuel Economy - EPA City Cycle - E F I  
Car. 
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Prac t ica l  Experience w i th  Pure-Ethanol Engines - Brazil - 

O ~ e r a t i n a  Behavior 

A i r a n d  water-cooled, pure-ethanol engines were developed under a cooperative 

ethanol research program. The.development of: the 1.6- l i ter ,  4-cyTinder, 

opposed-piston VWB engine took place i n  two steps: 

1. The gasol ine-operated engine was modif ied f o r  pure-ethanol operation, 

The compression r a t i o  was kept a t  7.2:'1. 

2. The compression r a t i o  was raised t o  11: 1  in order to increase the- 

e f f i c i e n c y  and perfomance and t o  improve emissions. 

Intense heating o f  the in take  systBRI by ho t  exhbwt gas was necessary i'n 

order t o  improve mixture d i k r i b u t i ~ h  and intrease the mixture temperature. 

Intake system modif icat ions were dso'nec^bssgi-y i n  order t o  provide f o r  
$ . .  

optimum d i s t r i b u t i o n  of the a icohol /a i r  m\xt&e t o  the ind iv idua l  cyl inders.  

The carburetor was t o  be modif ied t o  permit 69% higher alcohol flow-through' 

versus gasol ine operation because o f  the low c a l o r i f i c  value of alcohol 

compared w i th  gasoline (26,780 kJ/kg f o r  ethanol versus 43,950 kJ/kg f o r  

gasol ine) .  The a i r f l o w  had t o  be reduced by 38%. 

Experimental Results 

Mik'ure d i s t r i b u t i o n  posed most o f  the pt-oblems during the engine tes t -  

stand phase o f  the experimental program. Addit ional  problems were posed 

by the i g n i t i o n  system. Intense mixture heating, i g n i t i o n  retard, higher 

i g n i t i o n  voltage (26 KV) and longer sparks solved post  o f  the problems. 

Fuel and Energy Consulnption dur ing Normal D r i v ing  

Alcohol-powered engines had 4% l ~ s s  f u e l  consumption when the compression 

r a t i o  was raised from 7 . 2 r l  t o  11: l  (Figures 11 and 12)  (6). 



I t  i s  obvious t h a t  t h e  low c a l o r i f i c  va lue  o f  etha.no1 leads  t o  a h ighe r  

vo lumet r i c  f u e l  consumption i n  terms o f  l i t e r s  per  100 km i n  road t r a f f i c  

a t  a normal compression r a t i o  o f  7.2: l .  

F i g u r e  13 shows th.at general  energy savings o f  rough ly  20% i s  ob ta ined f o r  

a1 coho1 -powered engines versus ,gas01 i ne-powered engines ( 6 ) .  

Enaine Behavior  

i 

A comparison between gaso l i ne  and e thano l  o p e r a t i o n  revea led  t h a t  the  e thano l -  

operated engine produced o n l y  s l i g h t l y  h ighe r  engine ou tpu t  a t  h igh  speeds 

i n  f u l l - l o a d  d r i v i n g  when the  compression r a t i o  remained unchanged. However, 

an increase i n  t he  compression r a t i o  f rom 7 . 2 : l  t o  1.1.0:2 r e s u i t e d  i n  an 

increase o f  the  maximum ou tpu t  f rom 35.5 KW ( S S H P )  t o  41 .S  KW (57HP) ,  i . e .  

an 18.7% improvement. The use o f  ethanol  may a l s o  r e s u l t  i n  an i nc rease  

o f  the maximum torque from 101 b t o  122 Nm (20.5%) .  I t  i s  known t h a t  race  

d r i v e r s  make use o f  these very i m p o r t a n t  p r o p e r t i e s  o f  a l coho l  engines, i . e .  

t h e  capac i t y  f o r  h ighe r  ou tpu t  and to rques compared w i t h  gaso l i ne  engines. 

The p r imary  e f f e c t s  a re  a better i n t e r n a l  c o o l i n g  o f  t he  engine, h ighe r  

vo lumet r i c  e f f i c i e n c y  o f  t he  f u e l / a i r  m ix tu re ,  and improved combustion a t  

h i g h e r  compression r a  t i  0s. 

Energy savings of up t o  30% were ob ta ined w i t h  h i g h  compress ion- ra t io  

ethanol  engines. Improved energy u t i l i z a t i o n  was obta ined a t  h ighe r  

compression r a t i o s  d u r i n g  f u l l - l o a d  ope ra t i on .  

D r i veab i  1 i ty  

D r i v e a b i l i t y  t e s t s  were performed on v e h i c l e s  equipped w i t h  1 . 5 - l i t e r ,  a i r -  

cooled VW e thano l  engi r  .s. The r e s u l t s  showed t h a t  minor  h e s i t a t i o n  may 

occur d u r i n g  a c c e l e r a t i o n  from 1ow.speeds. D r i v e a b i l i t y  i s  good a t  h i g h  

engine speeds- and v e h i c l e  v e l o c i t i e s  and a t  ambient temperatures around 

15 '~.  H i g h e t  i g n i t i o n  vo l tages  and longer  sparks were found t o  r e s u l t  i n  

s u b s t a n t i a l l g  improved d r i v e a b i l  i t y .  Tes t  v e h i c l e  d r i v e a b i l  i t y  was 



s i g n i f i c a n t l y  improved when 5  o r  10 volume percent  o f  gasol i n e  was added 

t o  the  ethanol  (we c a l l  t h i s  b lend e t h y l f u e l ) .  

S ta r t -up  Behavior 

High performance i g n i t i o n  systems were used t o  improve the  c o l d - s t a r t  

behav ior  o f  ethanol  engines. Th is ,was demonstrated by the  increase i n  

i g n i t i o n  vo l tage  f rom 19.5 t o  26 KV d u r i n g  the  t e s t s .  An e x c e l l e n t  way 

t o  improve c o l d - s t a r t  behav ior  i s  t he  b lend ing  o f  5 o r  10 volume percent  

gasol  i n e  i n t o  the  e thano l .  Low ambient temperatures (below +S'C) r e q u i r e  

s t r a l g h t  gaso l i ne  t o r  c o l d  s t a r t ;  Therefore,  we developed a  s imp le  co7d- 

s t a r t  system c o n s i s t i n g  0 f . a  2 - l i t e r  gaso l i ne  tank,  an e l e c t r i c  pump, 

a so leno id  va lve ,  an i n j e c t i o n  nozz le ,  and .the necessary i f i j e c t i o n  l i n e s .  

Other Resu l ts  - 

Dur ing  the  e a r l y  stages o f  our  work, ethanol-powered engines always were 

des t royed when the  i n t a k e  a i r  was heated excess i ve l y  and engi  ne-knock 

occur red .  The problem was solved when p re -hea t i  ng was r e d u ~ e d ,  especi a1 l y  

under f u l l - l o a d  ope ra t i on ,  and when a s u f f i c i e n t l y  sa fe  margin from the  

k n o c k - l i m i t  was reached. The h ighes t  temperature o f  engine p a r t s  was 290' 

a t  t h e  c y l i n d e r  head d u r i n g  f u l l - l o a d  ope ra t i on .  Volkswagen do B r a z i l  and 

Volkswagen Research are  c a r r y i n g  o u t  endura.nce t e s t s  on th ree  t e s t  veh i c les  

w i t h  a i r - c o o l e d  engines ( i ,n  B r a z i l )  and on one t e s t  v e h i c l e  w i t h  water-  

cooled engine i n  Germany. Whi le the  present  r e s u l t s  a re  very  promis ing,  

work cont inues on some problems such as b e t t e r  m i x t u r e  d i s t r i b u t i o n ,  

avoidance o f  high-speed knocking, improved c o l d - s t a r t  behavior  and warm-up 

phase d r i v e a b i l i t y .  Never theless,  we a re  q u i t e  o p t i m i s t i c  and fee l  t h a t  

these remain ing problems can be solved by us ing  the  eng ineer ing  know-how 
, 

t h a t  VWB and the  Wolfsburg research  d i v i s i o n  have acqui red by now. 
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CHAPTER ll 
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Engines Technology 

HASIC E N G I K E  TYPES AND T H E I R  0PER.ATIOE 

In an external combustion engine, the products of combustion of air and fuel 
t:h~..;fcr heut to a second i i u i c  xhich then becomes the motive or working fluid 
for producing powr ;  i n  an internti1 comSustion engine,t thc 'products'of '  
combuktion are, directly, the m m l u i d .  Beckuse of this simplifying feature 
~ n d  A resulting high thermal effi'ciency, the combustion engine is 'onc 'of the 
lightcst ( in  weight) power-generating units known, and therefore its field of ' 

~rcrltc.<t r i~~ l ics t ion  is that of. transportation. Today the manufacture of com- 
l)t~?;tion cngines for automobiles, boats, airplanes, and trains, and for 'smoll powcr 
u n i t s ,  is one of the largest industries in the world. 

A 1  the turn, of the century, the automobile was powered by either a steam I 

enginc with boiler, or by an electric motor with storage bat.tery. Internal 
cornS~lstion engines even then had a long history from gunpowder engines:of thc , 
ASbc Jean de Hfiutefeuille ( 1678 )  and Chritien Huyghenc (1791), the g ~ s  turbinc 

0 1 '  JD!!;~ l3::rbcr ( 1  7 9 1 )  .(with wcjtcr injection:), and the piston engines of Strcct 
(1794)  and Ptlilippc Lebon (1799). The first practical gas engine, invented by Jetin ~ 
Joseph Lenoir in 1860, ignited the gas and air by electric spark on the intakc 
strolic, without compression. Because of this feature, fuel consumption Wac high, 
H I I ~  costs were not competitive with the steam engine. It remained for Otto in 
1876 to build thc four-stroke internal combustion engine that compressed the air 
and gas before ignition. 

With the discovery of oil in Pennsylvania in  1859, a petroleum industry was 
horn. Liquid fuels became a;qilable bgcause of the demand for lamp oil. This 
fr~ctor ~ n d  the Otto engine, plus the invention of the pneumatic tire by John 13. 
Durllol) in 1888, wcrc the ingredients that spawned thc automotive industrSy. 
Gcorgc. H. Sclden filed 11 putent in 1879 for a road vehicle driven "by e liquid- 
Iiydroc*rlrbon engine of the compression type." With the 'granting of thc patent i n  
IHY5, Scldcrl wus in 11 position to control competition, and R n  associntiorl 01 
lic.c*risc.d mtitiufticturcrs was formed. 

Iicnry Ford, owncr of one of' the fifty or more small automobile comp~nic..; 
of' tlirlt timc, W H S  sued undcr the Scldcn patent, and in 1909 the patent was 
upllcld. On nppet11, however, in 1911 the Court construed the patent to be vr~ l id  
or~ly for tin i-~utomobile powered by a Lenoir engine with the changes set forth by 
Scldc~~.  Since the engine was obsolete, the patent was worthless, and impetus wus 
givcri to many firms to enter the field. 

This bcginning chapter outlines the types, construction, and operrition of i 
combustion engincs; subsequent chapters will examine the processes and com- 
poncnts of. the various engines. 

1-1. Ihe Fwr-Strdte Spark-Ignition (SI) Bqim.t 
Most internal combustion engines have the reciprocating-piston principle 

shown i t 1  Fig. 1-1, wherein a piston, slides back and forth in a cylinder trrld 
trunsniits power through, usually, a s~mple connecting-rod and crank mechunisrn 
to thc drive shrift. For e reciprocating-piston engine, ~ e n u d e ~ o c h t l s  h t ~ d  
proposcd 61 1862 11 scqucncc of operations 'that is, even today, typicti1 of most 
slbr~rk-igr~i t'iot~ '(t~I)L)~.cvicl tcd SI) cngincs: 



1. An intake stroke to draw a combustible mixture into the cylinder of the 
engine, Fig. I-la(iiifXZ valve open). 

2. A com ression stroke ,to raise the temperature of the mixture, Fig. 1- 
I b (both velves +.- closed 

3. Ignition and consequent burning of a homogeneous mixture at the end of 
the compression stroke, with the l ibe~~t ion of energy raising the temperature and 
pressure of the gascs; the piston then descends downward on the expansion or 
power stroke, Fig. I-lc (both valves closed). 

4 .Xexhuus t  stroke to sweep the cylinder free of the burned gases, Fig. 
1-ld (exhaust v~lvc  o=ni 

In 1876 Nikolaus A. Otto, a German engineer, with the principles of Reau 
dc Rochas, built a four-stroke-cycle engine that became highly successful, and the 
name of the cycle of events gradually became known as the Otto c cle. -+ In discussion the reciprocating-piston engine, the terms dlsp acement, 
clearance volume, and compression or expansion ratio are convenient. The dis- 

7 placement D is the volume swept by the piston ~n one stroke (and n times this 
value for an engine with n cylinders); the clearance volume (C) is th; volume of 
the compressed gases, wh%h is also the volume of the combustion chamber; the 
compression or expansion ratio (rv and CR) equals 
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FIG. 1-1. The four-stroke spark-tgnir~on (S1) cycle. Four stroke of 180 degmes 

of crankshaft rotation each. or 720 d c p e s  of crankshaft totatton per cycle. 



In all reciprocating-piston engines, the pistoh necessarily comes to a 
complete standstill at two particular positions of the crankshaft before thc 
direction of its motion is reversed. In Fig. 1-ld the piston has just passed tile 
lowcr limit of thc stroke; this position is called the bottom dend center 
(rrbbrcviatcd IjDC). A similar "deadM or motionless stage of thc piston exists ~ l t  
the instsrll thc piston rotcl~cs the to dead center (abbreviated TDC). Ueceusc of 
this "dead" position, combustion ~8----- the mixture in the Otto engine occurs at, 
practically, constant volume. Since the power stroke exists for only a part of the 
totnl time of the cycle, a f l  wheel is able to smooth out the power pulses und + so obtuin, essentially, a wni orm rotation of the crankshaft. 

1-2. Speed and Load Control in the SI Engine.t 
Since a spark can ignite only a combustible mixture, a fairly definite (and 

homogeneous) mixture of fuel and air (approximately 15 parts of air to 1 part of 
fuel by mass) must be present in all parts of the combustion chamber, if a flame 
is to lk propagated throughout the mixture. A carburetor is the usual means for 
obtaining this air-fuel.ratio. Iil Fig. 1-2 are illustrated the basic parts of a simple 
up-draft carburetor: a venturi, a fuel nozzle with meterin orifice, a reservoir 
of fuel in the float cham= throttle and a choke. -??-=-- ~ r .  at about atmos~heric 

7 pressure, is drawn through the venturi when the piston dkscends on the intake 
stroke. Becausc of the smchler diameter at the t h r~a t  of the venturi. the vclocitv 
of thc nir incrcnscs trnd therefore its pressure decreases. But then thc prcssurc 
;it thc tip of thc ~lozzlc is less than the pressure (atmospheric) inside thc f'lo~ll 
clwmbor. 14cceusc of this prcssurc difference, fuel will be spruyed into the ttir 
strctlm, of umount determine by the size of the metering orifice. Note that il '  
the speed of the enginc increase< an increased amopnt of air is drawn througll 
the venturi and therefore u greater amount of fuel is sprayed into the air stream. 
A carburetor is thus able to maintain approximately a constant ratio between the - 

clir tlnd the fucl throughout the speed -range of the enginc. 

FIG. 1-2. Eicments of a simple updraft car- 
bumor. 



The trCrning effort a glled to the crankshaft depend;s upon the mass of 
mixture bwrned in each cyl p ndar per cycle end it is,control@d by restricting the 
uPniSijtdt of hJHaa:p8"Cbut nbt ~&%M~%%rlly the kSr-fds4 ra%%;~a ew6rkng the tryliader on 
the intake sttoke. This is accomplished by usiw a valve, called the throttle, on 
the carburetor to obstruct the passage way into the intake manifold--2). 
On the intake stroke of the erigine, if the thvstfle is M m ~ t  ctosed, pnly s sma31 
amount of mixture will enter the cylinder, and the ~MSSUF% in' the cyljnder will 
be far below atmospheric, wEth carresponding l ~ w  compr~&ion and cotnbusfion 
pressures. The resulting speed of the engine is !ow and, if the, c~gnkshaft is not 
connected to an cxternaj load, the engine is said to be idling. When the throtttc 
is gradually opcncd, the speed of the engine will increase to a value determined 
by the external load connected to the drive shaft. mhe lofid Is an opposing drag 
to thc rotation of the drive shaft end may be supplied,, for sxample, by the 
resistance of the driving wheels of a car an the r q d  or of a propeller turning in  
uir or in wa tcr,) Thus the speed of the engine Is controlled by tfie thrpttle position 
and, also,, by the amount of load. A definite speed can be maintained whilc 
v~ryirlg the throttle position in relation to the load; or the throttle position cur) 
be hctd constant, with the loed adjusted to maintain various desired speeds. 

1-3. The PoHt roke  Compression-Ignition (CI) Bngine.7 
In 1892 Rudolf Diesel planned a new type of engine that was to be capablc 

of burning coal dust. The diesel cycle was to be similar tb the Otto cycle erCrCcept 
thnt a high 'compression ratio was required'and air alone, instead of a combustiblc 
mixturc, was to be admitted to the engine on the intake stroke. It was,wcll 
known that rapid compression of air to a high pressure sould raise its tempera- 
turc to such a point that a fuel, if delivered into the combustion chamber, would 
spontaneously ignite without dependtng on a spark to initiate combustion, 6r u 
homogcncous mixture to propagate the flame, Best$-firs1 prowsed to time the 
injection of the fuel to give constant-temperature combustion, but this was found 
to be imprncticcll. Ete next attempted to time the injection of the fuel to achievc 
constant-pressure combustion and this arrangement was more successful. Diescl 
soon found thut coul dust was an unmtisfactory fuel and that liquid fuels werc 
IIccessury. 

Figure 1-1 cnn bc used to visualize the - diesel or comp~ession-ignition 
(ubbrcvialed Cl) cngine if the spark plug is replaced by a fuel-injection valve and 
thc compression ratio is increased to about 15. Thc succcssful~ diesel cnginc 
embodied ttic following cycle of events: 

1. An in t~kc stroke to induct air alone into the cylinder, Fig. 1-la (inttikc 
valve ooen). 

2. A compression stroke to raise the air to a high temperature-u tcm- 
perature higher than the ignition point of the fuel (compression ratios of 1 2  to 
18 arc used), Fig. 1-lb (both valves closed). 

3. Injection of the fuel during the first part of the ex ansion stroke at FI 

rute suctl that combustion maintains the pressure constant. -$on 
to ttlc initinl volumc of the cylinder, Fig. 1-le (both valves closed). 

4. An exhaust stroke to purge the burned gases from the cylinder, Fig. 1- 
Id (exhaust vnlvc open). 

An etlrly method of injecting the fuel was to use e blast of compressed air 
to ctirry it into thc combustion ahember, This mettrod gave good atomizatiom tlnd 
good eontrol of the combustion process. However, aifinje<?io~ is now obolctc. 
Iweuusc a Ittrgc t~ir compressor was a necessary anaexpenslve auxiliary. 



14. Speed and Laed Contml in the CI Engine.t 
The modern method of injection is to compress and spray the fuel alone into 

the cylinder and depend upon the high injection pressure (2,000-30,000 psirt) for 
atomizing the fucl. In Fig. 1-3 is a schematic drawing of a mechanical or solid 
injection system. When the injection plunger is at the bottom of its stroke 
shown), fuel will  be forced into the plunger chamber through the inlet port A. At 
the proper time in the cycle, the injection plunger will rise and seal the inlet 
port, with consequent compression of thc fuel. This fuel will open the check 
vulvo ttnd communicate its pressure to the residu~l fuel trapped in the dischurgc 
tubiry. The same uqtion is rcpated at the check valve near ttie outlet of the 
~~oxxlc, - with fuel king sprnyed from the orifice of the nozzle into the combustion 
chnmhr. Thc cnd of the itljection period will appear after the inlet port is uh- 
covcrcd by the helical groove on the pump plunger, because the high pressure 
above the plunger will be released through the slot B communicating with port A. 

The duration of the injection period is determined by the design of the cam 
on the injection-pump camshaft, which is driven by the engine, as well as by the 
positiorl of the helix. 

If a_ lesser load is to encountered, the rack C is moved to the left, thus 
rotuting the injection plunger with its helical groove. Now when the plunger is 
lifted. injection starts the same as before but the pressure relief occurs at an 
c~rl icr  stagc because the helical groove soon meets the port A, Thus the dur~tion 
of injection is reduced for part loads, along with the quantity of the fucl injoctcd. 

Whcn the rack C is moved to its limiting position, the slot B will be nligncd 
wit11 thc port A. In this s& position. fuel cannot be compressed or injected. 

FIG. 1-3. Mechanical or solid injection system on four- 
stroke CI engine. 



Since the control rack C governs the speed an'd loed-carrying ability of thc 
cnginc, it is called the throttle. Despite this name, note that the CI engine docs; 
not throttle the air intake as a. means of control. With a multicylinder engine, 
cclcli cyliridcr usunlly has an accompanying injection pump although one rack m r ~ y  
Lw c~nploycd for ull of the individual units. 

Hccull that in the SS engine a fairly definite relationship had to bc main- 
tuincd between thc amounts of air and fuel to ensure that a flame would be 
prop~gated throughout the mixture. In the CI engine, no fixed relationship of air 
and fuel is required, because the fuel is injected into extremely hot air and 
ignites at each location where a combustible mixture forms. A flame need not 
propagate in order to have combustion take place. Thus, at full load it is desired 
to injcct a quantity of fuel such that all of the air (oxygen). in the cylinder can 
bc burned. Practically, this limit cannot be reached because it is not possible for 
the localized fuel spray to find all of the air, rich and lean regions abound, and 
the engine exhaust gas may be colored in appearance and pungent in odor. At 
part load, only a fraction of the fullload fuel quantity is injected; in localized 
regions, combustion of the fuel occurs at ratios of air to fuel of about 15 to 1, 
nltliough the overall airfuel ratio is much higher than this (say 90 to 1). At full  
output of the engine, most of the a.ir undergoes reaction; at part load, only u 
fraction of the air need be combined with fuel, and because of the localized 
combustion the air-intake process need not be throttled at any time. 

An injection system, such as described above, is quite expensive becnusc of 
thc closc tolcrunccs t h ~ t  must be maintained and thc production costs thtlt 
ncconipcmy hardc~ied-steel material. 

1-5. The Wo-Strokc Cyc1e.t 
Thc four-stroke cycle requircS two revolutions of the crankshaft for crrct) 

power stroke. In order to get a higher output from the same size of engine und 
obtuin somc valve simplification, the twostroke cycle was developed by Dugt~ld 
Clerk in 1878. This cycle is applicable both to compression-ignition operatiorl fllid 
to spcirk-igni t ion operation, but has been primarily successful only wit ti t tic 
for mcr. 

Referring to Fig. 1-4, at TDC we have either the spraying of fuel into hot 
compressed air or the spark ignition of a vapor mixture starting the comb us ti or^ 
nnd liberating thc energy for the power stroke which follows. Near the end of' 
this stroke the piston uncovers a port or opening in the cylinder wall at R, and 
most of thc products of combustion escape into the exhaust manifold. Immcdi- 
cltcly afterward in the stroke, a second port at A is uncovered by the piston ~ n d  
cithcr air or the gusoline-air mixture is forced into the cylinder. This is c t r r  
example of cross-scaven in . Deflectors are constructed on the piston to prcvcnt + t l~c incoming charge rom passing straight across the cylinder to the cxtiuust 
mrirlifold as the remainder of the burned gases are being scavenged (exhausted) 
from the cylinder. The return stroke of the piston is the compression strokc of' 
Itlc\ cyclc. It should bc noted t h ~ t  the cntirc cycle is cornpletcd in one rcvolr~tior~ 
ol' tllc crnnksh~ft. 

If thc inlet ports are placed near, instead of across from the exhaust ports, 
the inlet air must pass through a complete 'loop" before reaching the exhaust 
passageway; this is called loo scaven in In Fig. 1-5,' the combinntiori of 

a%--= cxht~ust vnlves in thc hend an ~n et ports in the cylinder allow through or -----. uniflow 
wcuvcnging to be obtained. 
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F~G.  1-5. Twestro~e-cycle CI engine. (C4unesy d Genenl :.lot- Corporation.) 

If' thc two-stroke cycle engine is a carbureted gasoline engine. some of lllc 
Srcsl~ tilirturc will be carried away with the exhaust gases.t Efficient charging 
of ~ I I C  cylinder is hard to achieve without excessive fuel losses. Thereforc, two 
stroke-cyclc SI engines are not popular except for small gasoline engines where 
cconomy is not a vital factor, as in outboard motorboat engines. In the CI or 
dicscl cnginc, thc disadvantage of loss of fuel does not exist, for air ~ lonc  is 
wt~s t rd  iri- t tic sctivenging of the cylinder. (Sec Fig. 14-26.) 



Consider that an engine may be limited to slow speeds by .reason of its large 
size. For example, an engine with large and therefore heavy pistons could not . 

be operated ,a t  high speed because of the stresses set up by the inertia forces 
crcutcd in c~cceler~ting and decelerating the reciprocating parts. In such cascs, 
thc two-stroke cycle can be advantageously used to increase the power ou!put. 
On the other hand, the tendency of an engine to fail from thermal stresses is' 
directly related to the number of power strokes occurring in a definite interval 
of' time. From this standpoint, an engine with a four-stroke , cycle. can be 
operated at high speeds without experiencing excessive temperatures that might 
cuusc breakdown of lubrication and metals. Also, the two-stroke-cycle engine, 
with its relatively less efficient exhaust and scavenging process, cannot normally 
induct ns much air '  on the intak.e stroke as can the four-stroke-cycle engine, 
unless el supplementary air pump is employed. Newer-design two-stroke-cyclc CI 
cngincs do not heve the method of compressing the air charge in the crankcusc, 
shown in Fig. 1-4, but have compressors driven from the main engine shaft to put 
the ~ i r  under e prcssure of 2 to 5 psi for scavenging and delivery to the engine 
cylindcr (Fig. 1-5). However, power must be supplied by the engine to opcrcltc 
suclr blowers. 

'rtrc numes two-stroke diesel engine and two-stroke CI engine are uscd 
synonymously; similarly, the two-stroke SI engine is often referred to by the namc 
two-stroke Otto cycle (although Otto had nothing to do with this development). 

1-6. m s  of Errgines. 
Since ttic speed and therefore the power of an engine can be limited by the 

i~rcrtir~ l'orccs created when the-. parts are accelerated .or decelerated, i t  i s  
dcsir-rlble to subdivide the engine into a number of individual cylinders. By this 
motns the inertia force.per cylinder-is reduced; also, the forms in one cylindcr 
c - r ~ r ~  countcr~~cted or "balanced". by an opposirig arrangement of ttrc other 
.cylirldcrs. V~rious cylinder arrangements are shown in  Fig. 1-6. . Thc - in-lirlc 
engine offers the simplest solution for manufacture and maintenance. A n  engine 
with H shorter length than the in-line type for the same output is the V enginc, 
which .consists of two in-line banks of cylinders set at an angle (usually 90 
dcgrccs) to ench othcr to form, the letter V. Here two connecting rods Hrc 
I'rtstcncd to one crank of the crankshaft. Where space problems are prescnt, suctr 
,IS r~risc with rear-engine drives in automotive vehicles, a flat enginc w i t t i  
tjorizontul cylinders may bc preferable. In the horizontal-opposed engine slrown i n  
Fig. 1-6, the pistons are offset from one another with a separate crank for each 
cylirrdcr. 

A n  opposed-piston engine is also shown that consist of one cylinder con- 
tt~iriing two pistons. The upper piston controls the intake ports while the lower 
pistori controls the exhaust ports. In this manner, uniflow or 'straightthrough 
scr~vcngirig of a two-stroke engine is obtained.. The radial cylinder arrclngcmcrrt 
wit11 1111 cylir\dcrs in one plane and with equal ar:gular spacing between cylindcr 
r~xcs is populur for air-cooled aircraft engines. 
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FIG. 1-6. Classific3tion or engines by cylinder arrangement. 

The radial engine presents the problem'of fastening 3 ,  5, 7 ,  or 9 connect- 
.ng rods to a single crank. A master rod is guided by the crank and articulated' ' 

rods tire attached to the maste- .m). It should be noted that the mastcr 
rod executes the same motion as the connecting rod in more usual engines, wh i l e  
an ~rt iculated rod follows 'a slightly different path since the point of Rttachment ' 

is not tit tlie center of. the crankpin. When the crankshaft in Fig. 1-7 is rotated 
40 dcgrccs from TDC of the master cylinder, the Number 2 piston is not t i t  TDC 
but is nt 3 dcgrccs from TDC. This difference is taken into account by thc 
ignition timing. 

't'hc in-linc m!d 'V engines can be designed to operate with the crankshrrft 
r1l)ovc ttic cylinders; thc engine is thcn suid to be inverted. 

-. 
A l l  of thc ubove orrangemcnts can be either alr- or weter-cooled. Wutcr 

cooling is the more popular method, although wTerc simplicity is desired 
(niolorcyclc cngincs) or light weight is required (aircraft engines), air cooling is 
fourid. A l l  henvy-duty truck and bus engines in this country are, at present, 
l iquid-cooled. 

1-7. Classifications by Valve hation. t 
Another classification for the combustion engine is made by 'design~ting thc 

loccition of the vt~lvcs. Fig. 1-8. The most popular design is the overhead-valvc 
etigirlc, which is also cailcd an I-head and vulve-in-head engine; exemplcs'flrc 
stiown in Figs. 1-5, 1-10, c~nd 1-12. The underhead valvc or L-head is illustrntcd 
in Fig. 1-1 1. A combination of these two locations is occasionally made to givc 
en F-ticad. Here the intake valve is located in the head (overhead) while the 
cxhuust valve is located in the block (underhead). 

FIG. 1-8. Classificarion of cngincs by valve location. 



1-8. Superchargmg. t 
In the SI engine, the maximum load can be carried when the restriction of 

the throttle is removed from the intake passage of the engine. At wide-open 
throttle the cylindcr is fillcd with. a mixture under approximately atmospheric 
pressure end the output of the engine is proportional to the energy released .by , 

burning thut particulnr mass of fuel and air. To increase the output, a grcutcr. 
mrlss of mixture must. be forced into the cvlinder. When this is done by either 
14 blower or some form of' compressor, t h b  process is called su erchar in ( ~ i g :  w 1-91. Theoreticallv, the power could be indefinitely increased by orcing more 
and more of the mixture into the engine with an auxiliary air (mixture) but 
ovcrlletlting of the engine limits the amount of supercharging. It should be noted 
that an unsupercharged engine at  part throttle has a pressure in the manifold less 
than atmospheric pressure i f  the throttle is not fully opened. The supercharged 
cnginc can h ~ v e  -either positive or negative pressures in the manifold, the pressure 
dcpcnding on thc position of the throttle and the capacity of the air pump. 

Thc CI engine inducts a,.constant amount of air, and maximum load is 
r e~chcd  when the quantity of fuel injected is too large to be effectively handled 
by the amount of oxygen in the chamber. This is evidenced by smoke (unburned 
fuel) appearing in the exhaust gas. An overloaded engine exhibits a black smoke, 
with the color fading to gray as the load is relieved. To supercharge a CI engine, 
A g r c ~ t e r  amount of air must be. forced into the 'cylinder and a correspondingly 
grcotcr timount of fuel must be injected into the air. An unsupercharged C1 
enginc has ~pproximately the samc manifold .pressure (atmospheric) at  all timcs. 
wliilc r l  supcrchorged engine will have -increasingly greater positive pressures cis 
t hc ~niount  of' supercharging increases. 

M H I ~ Y  01' our Itirger crigines havs turbochargers such ns that illustrutcd i r i  

l:ig. l-9b. .\]ere t hc "blowdown" energy, tirising from .the exhaust gtises 'cscupirlg 
I'rolrl ttic cylindcr tit high velocity, drives u gas turbine which is couplcd to r r  
ccnl r i rug111 compressor. 

1-9. Engine Parts and Details. 
Thc pnrts und components of the internal combustion engine are made of 

vr~rious lnatcrinls tind' perform certain functions that wil l  bc briefly reviewed i r l  

1l1i.c .section (the identifying letters are shown in Figs. 1-10 and 1-11). 

1-1 1. Rotary Ihgmes.7 
.Literally hundreds of combustion engines have been proposed t h ~ t  substitutc 

11 rotury member for the reciprocating 
+ ,  . . 

\ 
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F I G .  1-10. Cross section of overhead-valve lour-stroke-cycle S1 engine. 

FIG. 1-12. V-8 automotive engine showing usual operating tempcratures. (Counesv 
of American Oil Company and Thompson Products, inc.) 



1-1 8. Rands in CombustiowGrrgine Development. 
Figure 1-16 illustrates the trends in autom,otive engine design i n  the Unitcd 

Stutcs. Thc ndvertiscd horsepower rose sharply to 1958 and then levcled to;somc 
degree bccausc of physical and practi&l limitations imposed by the size o'f thc 
engine. In 1955 the smallest engine-. available in an American car .was 4 2  'hp, and , . 

thc largest, 275 hp; in 1965, the smallest' was 90, hp,' and the largest, 4'25 hp 
(udvertised). The increase in horsepower was primarily obtained b y  increasing the 
"peuking" speed of the engine from about 3,700 rpm to about 4,700 rpm. Notc 
thtlt thc rivcregc horsepower and displacement dropped in  the period 1959-63 w i l t )  
the ndvent of "compact" cars. 

The use of the V-8 engine keeps the length of the engine small and allows 
the low hood lines now favored; about 70 percent of.American cars are of this 
tY Pe. 

A number of U.S. manufacturers.supply two- and four-stroke diesel engines 
for trucks, boats, trains, and power generation. Several companies offer engines 
developing about 5,000 hp on the four-stroke-cycle; and about 20,000 hp on the 
two-stroke cyclc. All  of the large engines have speeds of 500 rpm or less and, 
rlrC s u p ~ r c h ~ r g c d  (Chapter 15). 



TL:- ca?t):;reto?, or thc i~j?c!ior, s?s:en;, of the s?erk-igni!ior: en;-i?e meters 
fuel into t h ~  8 i r  stcetim of arnou?: dictated by the speed and by, the 1004. Proper 
p~??i)rt i :::*.: in~ of the fuel and a i r  mast be w i t h i n  definite. limits as prescribed by 
c. . . - :T . jc  , .  .,.:. d .-,-.. ,-I,::,  Fi&.  10-1. 

11-1. The Engine Requirements. 
Th? rtitioc G; air hi13 fuel required for various conditions of speed and load 

Hrc illustrated i n  Fig. 11-2. 
.4U ldiing and low-load range (throttle almost closed) - 
PC Economy (cruise) or medium-loed range (throttle partially open) -- 
DE Power or full-load range (throttle wide open) - 

Id* - and Low Load. The engine is said to idle when it is disconnected from 
C x .  -,.- . l  1 -  - 2 - 

;,.:, H';::. t!-,i. : 5 : 0 1 ! : ~  5-zing essen:iall;i c:oaec!. Ar, ic?:ir;g engine d c ~ e n d s  
1 1  ric.:'~ c ! \ h r g c ,  s ~ c h  as .< i i ~  Fib .  I i-2. ~ o i t u ~ s t e l ~ ,  as the throttle is opened thc 
A F  rutio requirement increases ( A B ,  Fig. 11-2) and the charge can be leaner. 

To understand this behavior, note that the pressure of thc exhaust gas at thc 
c . r ~ r l  01 '  the C X ~ F I U P ~  stroke does not vary much with changes in load, while the 
tcrr~ ycrcl t ure, i f  anything, decreases w i t h  either load or speed decreasc (becnusc 
of' hct~t los5es). Sincc the volume of the combustion chbmber is constant, thc 
rntiss of cxhuust gas remaining as residual tends to be constant (m = pV/RT). On 

otl~cr hand, the mass of fresh charge inducted on each intake stroke dcpcnds 
upoil the mnnifold pressure and therefore on the throttle opening-reaching a 
manimum, for eech speed, a t  WOT. It follows that the percentage of residual 
diluting -- the fresh charge increases as the throttle is closed (Increases w i t h  
manifold vacuum). . The dilution is not serious at most loads and speeds but 
becomes tt problem when decelerating and when idling. Consider the pressures i n  
thc engine at idling, Fig. 11-1. Since the pressure in the inlet manifold is much 
Icss than thnt of the residual, exhaust gas will  flow from the combustion chamber 
into the inlet manifold when the inlet valve opens. . Then, as the piston descends 
on thc iritakc stroke, the exhaust gas is drawn back into the cylinder along with 
rr portion 01' fresh charge, and the overall mixture contains a high pcrccnt of 
cxlruust gas. To offset the increasing percentage dilution of fresh charge by 
rcsidunl RS the throttle is closed, the carburetor must furnish an increasingly 
richcr charge, R to A ,  Fig. 11-2, else the engine may misfire. 

FIG. 11-1. (a)  Closed-throttle pressure conditions in SI engine 
manifold. (b) Airflow versus inlet vacuum and throttle position 

a (Kopa, Ref. 14). 



FIG. 1 1-2. kir-fuel and Curl-air ratios required by the engine 111 
various throttle politions. 
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pm~wcienr, Sees. 10.1014 and I I + L )  (Hasea and WdidPy, Rb. 9, Ghp. t0.J 



Economy or Cruise Range. When the engine is operating at part-throttle, 
maximum economy is the objective, and therefore the AF ratio for best ef- 
ficiency (minimum lb fuellbhp hr) should be selected (and this same ratio is 
usually that for minimum HC emissions). Examination of Fig. 10-1 indicates that 
a ratio of about 16 is the best compromise for the various possible part loads of 
a modern SI engine (and a value of about 18 is a practical maximum in the 
laboratory with well-mixed gaseous fuel and air). 

With lean mixtures the flame speed is relatively slow, and even slower when 
the mixture is diluted with exhaust gas. Hence the spark is advanced as the 
manifold vacuum increases, Figs. 14-40 and ll-3c. 

Power Range. When the throttle is fully opened, the charge must be 
enriched since maximum torque (for a given speed) is being demanded (and 
maximum toque requires a rich mixture, Fig. 10-1). 

Moreover, the rich mixture serves as an internal coolant to prevent valve 
failure (and therefore the charge should be enriched before the throttle is wide 
open-CD in Fig. 11-21. TOO, rich mixtures inhibit 

Performance tests (airbox) of commercial carburetors at part- and full- 
throttle urc shown in Figs. 11-38 and ll-3b; Fig ll-3c shows the probable AF 
ratios corresponding to manifold pressures measured in an engine at 1,500 rpm. 
Note that maximum air flow oceurs at wide-open throttle and a selected high 
speed. When the speed is reduced at WOT by increasing the load, the AF 
requirement passes from D to E in Fig. 11-2, ideally, at constant charge ratio. 
In the performance tests of teal carburetors, variations are apparent; some are 
explainable while others arise from experimental errors. 

11-2. The Air Plow. 
The elements of a simple carburetor were illustrated in Fig. 1-2 and 

described in Sec, 1-2. To find an equation for the mass flow rate of air through 
the venturi or choke tube of Fig. 11-4 the procedures of -- 

A d V r r u t  
- 

FIG. 1 1 4 .  Venturi, and internal pressures. 

Scc. 3-14 will be followed: Substitute the stead -flow equation, Eq. 3-3b, into the 
continuity equation, Eq. 3-36. and obtain -&k%- q. This equation is for ideal 
gnscs w~th reversible (frictionless) and adiabatic flow, but is modified to hold for 
the rcal flow process by multiplying by a coefficiant of discharge, Ca (Prob. 11- 
7): 



mair = P ~ ' 7 ,  - ( I ~ . )  - sec ( 1 . 1 - 1 )  

p ,  = inlet pressure, psia d = ven~uri diameter, in. 
pz - throat pressure, psia TI = inlet temperature, 'R 

Since the mass-flow rate has the same value at  each cross section of the 
venturi, it follows that the velocity of the air increases in the convergent portion 
with corresponding decrease in pressure (and the velocity decreases in the 
divergent portion with corresponding increase in pressure). The changcs .in 
prcssure with changes 'in mass-flow rate (or with changes in throat area) arc 
illustrated ' in  Fig. 11-4: A s  the mass-flow rate increases, the pressure at the 
throrit decrcascs; this is the basis of the metering principle of the venturi. 

7'hc different pressure histories in  Fig. 11-4 could also' be obtained ti't 

corlstrant mass-flow rate by decreasing the throat area. If  the venturi has a small 
throut, u large prcssurc drop is obtained, b-b"', which would enablc the fucl 
noz~,lc to deliver a nicely atomized spray of fuel into the air stream. On the debit' 
sidc, 11 l ~ r g c  prcssurc drop is acc~n;~an ied  by a large pressure loss, c-c"', and 
tllcrcl'ore the mess-flow rete of air is reduced from a maximum value (and the 
indicated power of the engine is controlled by its air consumption). Hence, i f  
power is the objective, the venturi throat should be large to avoid pressure losses 
thrrt limit the power output; i f  economy is the objective, the venturi throat should' 
bc small to promote cltomization with consequent better mixing of air and fucl 
rind better distribution (scc Sec. 11-10). 

The discharge coefficient hus valuc between 0.94 (low flow rate) and 0.99 
(high flow. rate) for a plain venturi such as that in Fig. 11-4. In the uctuc~l 
carburetor, ,the choke, throttle, nozzle, and carburetor body all combinc to 
obstruct the venturi passageway-and-an overall loss of 2 in. Hg is encountered 
(Iiigh uir flow) (about 1.3 in. Hg for two-barrel, 0.8 in. Hg for four-barrel, ~ n d  0.3 
in. tlg for largc four-b~rrel carburetor). 

The problem is complicated further by noting thet the derivations assumcd 
t h ~ ~ l  stccrdy flow cxistcd i l l  the venturi. This condition is approached,. for H four- 
strokc-cvclc cnginc, wllcn four. or more cylinders are conncctcd to t h ~  vc;lluri, 
bcccjusc .cticl~ cylinder begins its intakc process near tllc end of the iniskc pro- 
ccs,s for rr preceding cylindcr. Howevcr, with less than four cylinders, thc flow 
through thc venturi is intermittent; the nbruptness of changes in velocity being 
r~f'fcctcd by thc volumc of intake munifold between venturi and cylinder and the 
positiorl of thc tllrot'tlc. Unstcsdy flow is R maximum when. only one cylindcr is 
cor~nccted to the carburetor, for flow exists, theoretically, only for about 11t11f u 
rcvoiution in cvery two revolutions of the crankshaft (four-stroke cyclc). Thc 
intqrruption of flow through the carburetor of the single-cylinder engine csuscs 
ci 'rbbound of thc tlir with conscquent "blowbuck" of' fucl (and air) from thc 
curburetor cntrancc. 

' In culculating thc'vcnturi size for four or more cylindcrs (and a four-strokc 
cyclc): the flow is considered steady and equal to 

D rpm 
m = nvp 1728 2 x 60 (lblsec) 

n v  = volumetric cfficicncy 
D = displriccrncnt of n cylindcrs (in.3) 
p = dcr~si t y  of rltmosphcric air (unsupercharged engine) (lb/ft3) 



If the four-stroke-cycle engine has only one cylinder, the flow is unsteady 
with, theoretically, the same maximum flow - rate as if four cylinders were present 
.(although this rate would occur only for 112 revolution' in every 2 revolutions of 
t hc crankshaft). Thus the single-cylinder engine should theore tically require the 
same venturi size 8s i f  three more cylinders were present. Commercial practice 
is to decrease the single-cylinder venturi by about 10 percent from the size 
required by the four-cylinder engine (displacement of each cylinder equal to that 
of the single cylinder). 

11-3. T h e  Fuel Flow. For simplicity of analysis, suppose that the 
tip of the nozzle is capped with an'orifice and placed in the throat of the 
venturi, Fig. 11-5. T h e  steady-flow energy equation 

P?" - PlUl v: - v: 
q - w (uz - - u , )  + 

3 
+ 

ZS'J 

' FIG. 11-5. Simple updraft carbu- - 
rrtor w i ~ h  metering orifice at tip 

of main nozzle. 

relates the properties of the liquid fuel at sections 1 and 2. For ideal (fric- 
tionless) and  adiabatic ( q  = 0)  flow of an  incompressible fluid ( u !  = u, 
and  u ,  = v2), Eq. 3-36 reduces to 

T h e  actual mass-flow rate is formed by substituting Eq. a into the con- 
tinuity equation, Eq. 3-30, with the departures from ideality contained 
within a discharge coefficient, C,: 

T h e  pressure difference, p ,  - PI,  might be measured with a manometer 
(in. H z O )  and the area A 2  is invariably circular; therefore Eq. 6 reduces to 
(Prob. 1 1 -a),, 

rite,, = 0.79 ~ , d j -  (Ib,/sec) ( 1  1-3) 

C = fuel, spccfic gravity . d, - orifice diameter, in. 
Sp - i n : H 2 0  C, I discharse coeficient 



For a "sharp-edged" orifice, the coefficient of discharge is, closely, 0.60. 
However, the approach edge of the orifice is made slightly rounded so that a 
coefficient of about 0.75 is appropriate (rounding the approach edge makes the 
coefficient more reproducible for mass production). 

11-4. The E l e m e n t q  Carburet0r.t 
Thut the flow of a liquid (gasoline) does not follow the same law as the flow 

of a g r ~ s  (air) is apptlrent upon comparing Eqs. 11-1 and 11-3. Therefore, it cannot 
be cxpectcd thut the simple system of Fig 11-5 will  deliver a constant air-fuel 
rutio for the various loads and speeds of the engine. To determine the air fuel 

I characteristic, consider that 

11-4. T h e  Elementary Carburet0r.t . T h a t  the flow of a liquid 
(gasoline) does not follow the same law as the flow of a gas (air)  is ap- 
parent upon comparing Eqs. 1 1 - 1  and 11-3. Therefore,, i t  cannot  be ex- 
pected that the simple system of Fig. 11-5 will deliver a constant .air-fuel 
ratio for the various loads and speeds of the engine. T o  determine the air- 
fuel characteristic, consider that 

mass flow'of air ma,, A F  = air-to-fuel ratio = = - 
mass flow of fuel m ~ , , ~ j  

and substitute Eqs. 11-1 and 11-3: 

T o  make the appearance of Eq. 11-4 lgss rormidab.l'e, let 

with values listed in Table 11-1. T h e  following average conditions will be 
substituted for simplicity: 

C. = 0.8 pl  = 14.7 psia C = 0.71 

with the result (ignoring humidity which decreases the dry ;\F ratio) 

d = diamc~cr of venturi 
di - diamc~er  of fuel orifice ( j e t )  



Examp le  11-1. Determine. as a first approximation, the size of the orifice to give a 
12 - t u l  A F  ratio. ' i f  the venturi is I '/, in. i n  diameter and the vacuum i n  the venturi is 
34 in. of water referred to atmospheric pressure. 

' 

Solution: For Ap P 34'in.. i t  is found l rom Table 11-1 that 4 = 0.0250. By Eq. 11-5, 

dl - 0.073 in. - diameter o l  orifice. AN. 

TABLE 11 -1  
AIR-FUEL RATIO. CONSTASTS 

( F o r p ,  = 14.7 psia = 407 in. H 2 0 )  

~ x a c b ~ l c  11-2. ~ a l c u l a t c  the changer i n  air-fuel ratio wi th air flow lor the data of 
Example 11-1 if  the maximum venturi depression is 60 in. H:O. 

Solur~on: Substituting d - 1.25 and di = 0.073 i n  Eq. 11-5. 

I I I 

d P  
In o l r a ~ r r  

5 
10 

. 15 
20 
25 
30. 
3 5 
40 
45 
50 
60 
70 
80 

. 90 ' 

100 

Substituting values of 4 l rom Table 11-1 and solving. the results lollow: ' 

Ap in.-of water 5 10 20 30 34 40 50 60 
.-\F Ratio 11.50 12.42 11.25 12.08 12.00 11.91 11.73 11.55 
Change i n  .4F Ratio +n.50 +0.41 +0.25 i 0 . 0 8  0.00 -0.09 -0.17 -0.4; 

I ? )  

'5 
2.236 
3.162 
3.873 
4.472 
5.M)O 
5.477 
5.916 
6.325 
6.708 
7.07 1 
7.746 
8.367 
8.944 
9.487 

10.000 

Note that over the entire range, the air-fuel ratio decreases bv 0.95. A simple carburetor 
(such as this is) would deliver a progressively richer mixture as the throttle is opened. 

( 3 1  

' 
0.05825 
0.08183 
0.09954 
0.1 1413 . 
0.12673 
0.13785 
0.14783 
0. I5689 
0.16518 
0.1728 1 
0.18642 
0.19820 
0.20845 
0.21739 
0.22518 

141 

d l  
+ .  - 

!?' 

0.02605 
0.02568 
0.02570 
0.02552 
0.02334 
0.025 17 
0.024')9 
0.0248 l 
0.02462 
0.02444 
0.02407 
0.02369 
0.01330 
0.02192 
0.02232 



The results of Example 11-2, superimposed upon the engine requirements of 
Fig. 11-2, are i1lustrated"in Fig. 11-6a for several sizes of. the fuel-metering 
orifice: 

1. The airfuel characteristic curve can be raised or lowered by changing the 
area of the orifice. 

(a) If adjusted for satisfactory idling, EF, the charge is too rich at WOT. 
(b) If adjusted for satisfactory economy, E"F1', (or max power, E'F'), the 

charge is too lean for idling. ' . 

These conclusions suggest that a variable-area orifice might serve the entire 
operating range (and such designs can be found). Most frequently, a tapered rod 
is inserted into the orifice and actuated either mechanically by the throttle (Fig. 
11-8) or else by vacuum (Fig. 11-14). With this meterin rod or economizer, the 
flow area is made small for the economy range, a d e r ~ o r  the power range. 
Thus the problem of "jumping" from C to D in Fig 11-2 is easily solved. However, 
means must be found to 

A. Hold constant the AF ratio from B to C and D to E, Fig. '11-2 (Sec. 11- 
5). 

I B. Enrichen? the charge at idling, B to A, ,Fig. 11-2 (Sec. 11-61. 

. . 
Leer t 

Lee. -- 
A M  ; ~ - ~ ~ m o t , ~ -  A,, Consvmptoon 

(a) (b) 

FIG. 11-6. (a)  Effect of meterins-orifice size on the deliven characteristic of 
an ideal plain jet. (b j  Effects of viscosiry. surface tension. and Roar height on the 

delivey characrerist~c of a plain jet. 

The carburetor of the single-cylinder engine, when operating at wide-open 
throttle, can be adjusted to deliver the required mixture ratio. But when the 
throttle is not wide open, the pulsating flow is'smoothed out over a greater time 
period by the throttling action, and therefore the mixture becomes leaner This 
tendency will be emphasized by the volume of the manifold. It is difficult to 
design the carburetor to operate equally well under all conditions of speed and 
load. Moreover, the speed of the engine, the volume of the manifold, and the 
presence of resonant pressure surges* further complicate the problem:, 



- 5  Main Jet Design. 
In modern carburetors the meterin orifice (called the main metering g) is +- - 

placed at the base of the nozzle called the main discharge tube and also the main - - 
jet) where entry is made into the f l o ~ t  chamber. With this location, the flow at 
low suctions is controlled by the size of h e  discharge tube and by the viscosity 
of the fluid (by Re). Before (and when) flow begins, the effect of surface tension 
of the liquid can be observed visually§: The liquid w'ill cling to the nozzle-a drop 
will "grow" until it is torn away by either gravity or suction-and flow appears 
as a succession of large drops. Consider Fig. 11-6b. The initial flow of liquid 
G does not coincide wi th  the initial flow of air because the liquid must be lifted 
to thc top of the nozzle (the liquid level, controlled by the float, is below the 
tip of the nozzle to avoid spillage), and also, surface tension must be overcome. 
Viscous flow then occurs through the discharge tube until the velocity increases 
to a pdlnr where Ll~e effects of viscosity are minima? H;  from here Qn the flow 
csscntially follows the relationship of Eq. 11-4. 

114. The Idling System. 
When the throttle is near its closed position, a rich charge is.demanded ( A B  

, 
1 

in Fig. 11-2). B u t  in  this region, the main jet is ineffective (Fig. 11-6b) and I 
therefore an auxiliary metering system is required. A modern idling system is 
illustrated in Fig. 11-7a and consists of 

1. An idle tube F with metering orifice. or entrace K (for the fuel). -- 
2. A primary -- air bleed L (to emulsify the fuel, and toserve as an-anti- 

S V D ~ O ~ ) .  . . 
3. An idle-channel meterin restriction M (for the emulsion). -ad-. 

I 
4. A secondar air blee to prevent too rich a charge at closed throttle 

[air pollutiond E t  z n  off-idle port). 
5. Off-idle ports 0 (to increase the flow from the idlingsystem when the 

throttle is slightly open). . . 

6. An idle-mixture control needle P and discharge port Q. 
7. An  idling speed adjusting screw (a throttle stop; not shown in Fig. 11- 

rt \ 

FIG. 11-7 (a )  Idling system. Rochester Quadraiet Carburetor. !Counts\ of 
Gtnrral .\lororr Enginetnng;oumal.)  (b) ldline .-\F characteristics 



11-12. Camline-lnjectiar@tems. 
The carburetor is a simple device with a mlnimu'm of moving or bearing 

surfaces, thus little maintenance is required; too, mass production dictates 
inexpensive* diecast and stampe.d parts. Consequently, fuel injection is 
relatively rare,t being found on sports cars, where maximum performance is the 
objective, and on airplane engines, where carburetor icing is a danger. 

Fuel injection systems can be classified as 
A. Direct cylinder injection (following diesel practice, Fig. 12-11. 
B. Port injection 

(a) Timed (b) Continuous 
C. Manifold injection (pressure carburetion). 
An SI engine with fuel injection, compared with a carbureted engine, should 

show (Prob. 11-36): 
1. Increased power and torque, because of increase in volumetric ef- 

ficiency from 
(a) large intake manifolds with small pressure losses, 
(b) elimination of carburetor pressure loss (Fig. 11-41, 
(c) elimination of manifold heating (Sec. 11-13). 

2. Faster acceleration, since the fuel is injected into, or close to, the 
cylinder and need not flow through the manifold. 

3. Elimination of throttle-plate icing, since fuel is not vaporized before , , 
the throttle. 

4. Easier starting, since atomization of fuel does not depend on cranking 
speed. (Less pollution on federal tests, Table VIII, Appendix.) 

5 .  Less knock, since heat need not be supplied to assist distribution (and 
therefore either lower-octane fuels or higher compression ratios-or less TEL are 
feasible). (See Gasoline Standards, Table 10-6.) 

6. Less tendency to backfire, since a combustible mixture is not in the 
manifold. 

7. . Less HC emissions. On deceleration, by cutting off fuel injection; on 
acceleration, by eliminating the accelerating pump (since manifold wetting is 
minimized, and fuel response is practically instantaneous with increase in air 
flow). No after-run, Sec. 10-lOA(3). 

8. Less need for volatile fuels, since distribution is independent of 
vaporization, and less evaporation controls, Sec. 10-10B. 

9. Less FA variations arising from changes in position or motion, since 
float level is unimportant, or temperature, Sec. 10-lOA(4). 

10. Less height of engine (and hood), since position of injection unit is not 
critical. 

This list, although impressive, must be carefully evaluated. A n  excellent 
carburetor and manifold system is more desirable than a poorly designed injection 
system (and vice versa Fig. ll-16b and a). Consider Fig. ll-16a which shows the 
comparative performance of well-adjusted injection and carburetion systems at 
constant speed-there is little difference. Although excess power is on the side 
of injection, it may be offset by other disadvantages. For example, a 1963 racing 
car (with methanol) was 8.1 mph faster (154.8 mph) with injection than with 
carburetion, but the fuel consumption was 2.22 mpg versus 6.41 mpg with 
carburetort. (However, in the following year this gas-eating tendency was greatly 
improved.) Other advantages for injection, although real, may be minor, and not 
worth the added cost and maintenance. 



FIG. 11-16. (a)  Comparison of performance with a timed gasoline injec~ion system 
versus a well-designed carburetion system ( 6  cylinder in line, 4 %  by 4'%, in. ,  
400 cu in., CR - 8) .  (b) Performance maps with gasoline injection and with in- 
different carburetion (V-8. 3'/, by 3 in.. 283 cu in., CR - 9.25. 2-barrel carbu- 

rector. 3.08 rear-axle ratio, manual transmission.) (Freeman. Rel. 13. )  

The objectives of the injection system (or of the carburetor and manifold) 
nre to atomize and distribute the fuel throughout the air in the cylinder while 
trluintr~ining prescribed fuel-air ratios (Fig. 11-2). To accomplish these tasks, FI 

tlumbcr of functional elements might be required within the system: 
A. Pumping elements to move the fuel from fuel tank to cylinder (plus 

piping, passageways, etc.) 
13. Metering elements* to measure and supply the fuel at the rate de- 

manded by the speed and load. 
(1. Metering controls to adjust the rate of the metering elements for 

changes in load and speed of the engine. 
D. Mixture controls to adjust the ratio of fuel rate to air rate as demanded 

by the lo= speed. 



Distributin elements to divide the metered fuel equally among the d 
F .  ~ j m i n g  controls to f i x  the start and the stop of the fuel-air mixing 

process. 
G .  Ambient controls to  compensate for changes in temperature and pres- 

m e i t h e r  air or fuel or engine that affect the elements of the 
system. 

H. Mixing elements to atomize the fuel and'  mix with air to form a 
homogeneous mixture. 

Several. injection systems will be illustrated to show various solutions to the 
design problem. . For example, the carburetor is a remarkable device since it 
combines several functional elements into one design element: It .needs no 
mechanical pump (other than an inexpensive transfer pump to fill the float 
chamber) since it adapts atmospheric pressure (and venturi depression) to "pump" 
thc fuel into the air stream with somc degree of atomization. Also, the venturi 

, is the meter for the air, and also (indirectly) for the fuel, thus pumping, metering, 
speed-metering control, mixture control, ambient control, and mixing are 
combined in one design element with a m i n i m u m  of moving (or bearing-rubbing) 
l)lllmts. 

Direct -- Cylinder Injection. Injection of gasoline directly into the cylinder is 
rrirctyT cncountcred beceusc of (1) the. difficulty of finding space in thc t w ~ d  for 
clrl i~ijcction nozzle, (2 )  the added cooling and .casting complications, ( 3 )  thc nddcd 
cost ,- and (4)  the small* advantage that- is gained over port injection. 

The primary design elements are illustrated in Fig. 11-178 and consist of R 

trunsfcr Dump ~ , a  filter F ,  a metering, distributing, and time pump P w i t h  speed- 

. -. 
FIG. 11-17 (a)  Fuel injection system on 2.5-liar racing engine. (b) Comparison 

of performance with car4unor  and fuel injection on 300 SL engine. 



It should also be remarked that the system described is an adaption of the 
expensive diesel pump to gasoline injection. For that matter, any of the systems 
in Fig. 12-1 .could have been so adapted (and all have been advocated at .one time 
or tinother). The' primary advantages are precise, timed, high-pressure injection; 
'thc primary disadvantages are cost, and the problem of exact metering at light 
loads from cylinder to cylinder because of the individual plungers. 

Port Injection-Continuous. The GM (General Motors Corp.) fuel-injection 
system t , illustrated in Fig. 11-18, supplies fuel continuously to eight nozzles B, 
cach located in an inlet port C and aimed at an inlet valve. In operation, a 
conventional throttle D controls .the flow of air entering through a large radial- 
entry, annular venturi E. A' very .small -vacuum is created at the throat of the 
venturi M and increases with increase in air flow*. .This air-metering signal is 
scnt to the fuel meter and ,the fuel pressure is increased with increase in air flow, - 
to maintain essentially a constant fuel-air ratio. . . 

v 
FIG. 11-18. Schemalic of the General .\lotors Gasoline Injection System. 

FIG. 1 1 - 19. Gasoline injeclion pres- 
sures at road and full load. 
(Counesy or General Lloton 



Port ~njection-timid, The design elements if. the ~ u e s s t ,  ihjecticin system. 
i l lustr~ted in pig. 11-~0;are a high-prcssure (100 psi) gcar'pume A,  a metering 
~ n d  t inl in distributor B-(geared to the engine), a load control C,,:a mixture -9 . . . , . ., .. 
cotitrol air throttle), and atomizing nozzles E (50 p s r  . . *.. :*\:..,.:;;,.. . ' . 

FIG. 11-20, Schematic diagram ol  the Lucas fuel- 
-.injection system. 



FUEL METERING-CI ENGINES 

A means+f.or injecting fuel into the. cylinder at the proper time in the cycle 
is a necessary. component for operation of a CI engine since the injection system 
is called upon to start and to control the combustion process. 

12-1. Objectives. 
The injection system of the CI engine should fulfil the following objectives 

consistent1 and precisely: 
d e t e r  the quantlty of fuel demanded by the poeed of, and the load on. 
the engine. 

2. Distribute the metered fuel equally among the cylinders. 
3. Inject the fuel at  the correct - time.in the cycle. ' 

4. Inject the fuel at  the correct rate. - 
5. Inject the fuel with the spray pattern and atomization demanded by the 

design of the' combustion chamber. 
6. Begin and end the injection sharply without dribbling or after-injections. 
To accomplish these objectives, a number of functional elements? are 

required: 
A. Pumping elements to move the fuel from fuel tank to cylinder (plus 

piping, etc.). 
~ - 

tl. Metering elements to measure and supply the fuel at the rate 
demanded b y s p e e d '  and load. 

(1, Meterin controls to adjust, the rate of the metering elements for 
d i n m n d  speed of the engine. 

I ) .  ~ i s t s b u t i n  elements to divide the metered fuel equally among thc 
q x d  

controls to adjust the start and the stop of injection., 
elements to atomize and distribute the fuel within the com- 

ust ion chamber. 
Scveral injection systems will be .illustrated to show various solutions to the 
design problem. 

1-1 2. Fuel41  Injection. 
Methods-There exist two. basic methods-air injection and mechanical 

injection. The latter is known under different names, as solid, hydraulic, or 
airless injection. 

Mechanical-injection engines can be subdivided again into two groups- 
engines with .an open combustion space and engines with a precombustion 
chamber. 

Al l  .larger mechanical-injection oil engines are built with an open combus- 
tion space and use one of the two injection systems-the constant-pressure system 
or individual pumps. 

- It is obvious that i n  addition to the four enumerated main types there exist 
e rc11t number of intermediate types having some characteristic of one and some 
of unot llcr ... system. 

Air i Ajectlon was first successfully developed by Rudolf Diesel. It requires 
H c o i n ~ e s ~ b o u t  500 to 525 lb/sq in. and injection air of about 1,000 lblsq 
in. Its advantages are very good atomization and distribution of the fuel resulting 
in high mean effective pressures; its disadvantages are complication of the engine 
by a multistage air compressor which often is a source of trouble and in any event 
rcqr~ircs expert attention and at the same time lowers the mechanical efficiency 



of the engine. The latest achievements in mechanical-injection engines seem to 
spell doom for the air-injection engines and the number of manufacturers of this 
typc decreases with every year. 

Constant-pressure inject ion, also called Vickers, or monorail, or accumulo- 
tor system, was developed by the Vickers Company and was the first satisfactory 
mechanical-injection system. It consists of a system of pipes'which connect thc 
high-pressure oil pump or pumps with the fuel or spray nozzle in each cylinder. 
A sufficient accumulator action maintaining a more or less constant pressure in 
thc system is obtained by the compressibility of the fuel and elasticity of the 
pipes and other'parts such as strainer and pressurerelief-valve body. The fuel is 
~dmit ted into the cylinders by lifting the fuel valve, called also fuel needle on 
c~ccount of its shape, by a cam mechanism driven from the engine crankshaft. 

The compression pressure of the air charge is lower than in air-injection 
Diesel engines, usu~lly between 370 and 420 lb/sq in. The ignition pressure goes 
up to 550 to 600 lb/sq in., partially because it is difficult to obtain real constant- 
pressure combustion with mechanical injection of the fuel, partially because the 
increase of maximum pressure gives an increase of thermal efficiency. In the 
c ~ r l y  Vickers engines the fuel pressure was about 10,000 lb/ sq in.. Improvements 
in fuel spray tips and in the shape of the combustion space have permitted the 
lowering of the fuel pressure to about 4,500 and even 3,000 lb/sq in. without 
affecting the fuel economy. 

A peculiarity of mechanical injection is the time lag of ignition, already 
discussed in Chap. 6 ,  Fig. 8-6. Regardless of the shape and construction of the 
sprrly nozzle and of the fuel pressure, mechanical injection generally gives u 
coclrscr ~tomization than air injection and requires a considerably earlier 'injection 
timing-from 12O to 20° before dead center, depending upon the fuel charac- 
ter ist ics. 

The main advantage of constant-pressure injection is simplicity; its drew- 
blicks urc difficulty of obtaining uniform fuel distribution among the cylinders. 
whicli is noticeable at low loads and particularly at higher speeds and in smaller 
cylirldcr sixcs. It  gives good results in sizes from 20 hp per cylinder and up  and 
wilt) speeds up to 700 rpm. 

Iridividutil-pump injection differs from the constant-pressure injection 
cllici'~.E in design. With each cylinder having a separate pump the fuel injector 
bccorncs a spring-loaded and hydraulically operated automatic valve and the cam 
mcclinnism is not required. 

This system lends itself particularly well for large cylinders requiring 
sevcral nozzles for each combustion space. 

I'recombustion Chamber-The compression space is subdivided into two 
purts, one formed by the space between the piston top and the cylinder heed and 
thc ott~cr formed by a special recess in  the cylinder Read and connected with thc 
niuin  chamber by a more or less restricted passage. The fuel is injected into the 
precombustion chamber sometimes during the compression stroke, the earlier the 
smaller the passage to the precombustion chamber. Thus the fuel is given time 
to cvnporatc before it ignites in the precombustion chamber. On. account of tlw 
insufficient amount of air, only partial combustion occurs but sufficient to raisc 
ttlc pressure and to throw out the rest of the fuel into the main chamber wherc 
combustion is completed. 

The oil-injection pressure may be considerably lower, 1,000 to 1,500 lbl  sq. 
in. 



Solid Injection Engines. 
Development of the solid injection engine in recent years has been directed 

toward increasing reliability in operation; securing greater economy in both initial 
cost and during operation, and augmenting the variety of duties to which i t  can 
be applied. Attainment of these objectives presented & three-fold problem in 
design, metallurgy, and improvement of the working cycle. 

Design improvements have determined the shape, dimensions, and arrange- 
ment of parts which are best able to resist without failure, the mechanical 
stresses and temperatures to which the parts are subjected, and by which high 
mechanical efficiency is obtained. 

Metallurgical research has evolved materials of greater strength, lighter 
wcight and better. heat-resisting properties. Improvements of the working cycle 
have been made in such a way that high mean effective pressures are obtained 
with low peak pressure and temperature, and with high thermal efficiency. 

These desiderata regarding the working cycle are largely oonflioting, and in 
order to arrive at the best all-around results, a certain compromise is 
unavoidable. The approach to these ideal characteristics is chiefly by suitably 
controlling the combustion, which in turn depends on the proper regulation of the 
state of the air and fuel. 

This includes density. temperature, turbulence of the air, and the properties 
of thc oil spray. Three factors are involved, as follows: 

1. Introduction of the fuel at such a rate that too high peak pressures are 
avoided. 

2. Distribution of the fuel uniformity in the combustion chamber, in order 
that complete combustion may be attained with the'least waste of fucl 
and air. 

3. Thorough atomization of the fuel in order that complete and rapid 
combustion of the charge b6 attained with as little time lag as possible. 

Nomenclature of Fuel Injection. 
In view of the paramount importance of the characteristics of the fuel sprav 

for securing proper power output and high efficiency of the solid injection oil 
engine, these have formed the subject of thorough-going investigations by 
numerous individu~ls and research bodies. 

Although an extensive literature deals with this subject, it appears that the 
tcrms defining the properties of the oil spray are not always consistently used, 
and are in need of sharper definition, according to K.J. DeJuhasz, Assistant 
Professor of Engineering Research, Pennsylvania State College. 

For this reason, Mr. DeJuhasz presented a list of oil spray properties in an 
A.S.M.E. paper that are important from the combustion point of view together 
with their accurate definition. Some of these properties have an analogy w i t h  
quantities used in electricity and also photometry, and in formulating some of 
tllcsc terms and defintions, use has been made of the well developed terminology 
of thcse branches of science. Mr. DeJuhasz offers the following terms ~ n d  
definitions: 

Time Rate of Discharge is the weight of the fuel issuing from the orif ice 
in uni t  time. 

Angle Rate of Discharge is the weight issuing from the orifice during onc 
degrec of crankshaft travel. It can be expressed by the fraction 60q/360° equals 
q/6n. where n equals rpm of crankshaft. 

Dischtir e is the wcight of liquid injected from the beginning to the end of 
onc comp + ete ~njection period. 



Vclocity of the S p r g  is measured with reference to thc orifice. Symbol V, 
.mi t. m e r c n t  kinds o f  velocity have to be distinguished, such as: Issue Velocity, 
wl~ich is the velocity tncasured at the orifice; 'Q Velocity, which is the velocity 
of the foremost   article of the spray. - - 

Mean velocity of the Discharge: This is the ratio of the momentum of the 
sprAy to the discharge. It can be expressed by Vm equals M/Q. 

Momentum of the Spray: This is the sum of the momentum components in  
the direction of the spray axes of the individual particles constituting the oil 
SDl'LIV. . w 

Intensity of the Spray in a given direction is the weight of fuel issuing in 
unit time through a cone enclosing a unit size of spherical surface at uni t  
distance from the orifice, the cone having its axes in a given direction. 

Fuel Distribution is the air/fuel mixture ratio in the combustion space. 
Atomization: Though this word seems to be not particularly well chosen, i t  

is, for lack of a better term, used to denote the size of the drops into which the 
fuel is broken ' up. 

Pcnctrntion is the distance fr0.m the orifice which an oil drop attains at H 

givcn phasc of the injection 'period. 
Total Penetration is the distance from the orifice at which an oil particle 

comes to rest; that is, at which distance its velocity becomes zero. For a por- 
tion of the spray which issues in an infinitesimal time element the penetration 
can be represented by a curved surface. 

There are, therefore, certain factors of fuel injection (Fig. 19) and the fuel 
spray which must be studied i f  a correct knowledge of the operation of this type 
of engine is to be obtained. These may be enumerated as follows:. 

1. Physical properties such as viscosity, specific gravity, elasticity and 
surface tension of the fuel oil. 

2. Nozzle length, shape and orjfice area. 
3. Oil injection pressure. 
4. Pressure of the air into which the oil is injected. 
5. Effect of pipe-line cross-sectional area and length. 
6. Duration of ttie spray. 

Fig. 19.-ERect~ of Air Pressure, Counter Air Flow and Air Temperature on Fnel 
Spays  (N.A.C.A.). A-Effects of Counter Air Flow. &Effects of Ak Tempeatruc 

on Penetration. C-Relatlve Spray Pmctrations. 



12-2. CI Injection Systems. 
Dr. Diesel introduced air injection as the means for atomizing and 

distributing the fuel throughoutThe combustion chamber. Here fuel was metered 
und pumped to the nozzle, (a mechanically actuated valve) which was also 
connected to a .source of high-pressure air. When the nozzle was opened, the air 
would sweep the fuel into the engine and deliver a well-atomized spray even 
though heavy, viscous fuels were being injected. The size and cost of the air 
compressor, along with the power required foi operation, has made air-injection 
obsolete. 

Modern systems,. with solid or mechanical injection of the fuel, are called - 
1. Individual pump systems, Fig. 12-la (a separate metering and compres- 

sion pump for each cylinder). 
2. Distributor systems, .Fig. 12-lb (a single pump for compressing the fuel 

[which may also meter], plus a dividing device for distributing the fuel to the 
cylinders [which may also meter]). 

3. Common rail systems, Fig. 12-lc (a single pump for compressing the 
fuel, plus a metering elements for each cylinder). 

All systems will be illustrated in following sections. 

- FIG. 12-1. Basic solid-injection. systems. Fourkvlinder, lour-stroke, ensincs. 
( a )  Individual-pump system; (b)  distributor system; ( c j  common-rail system. . . 

A t  least one low-pressure (40 psi) transfer pump (gear or vane type) is 
nccddd to l i f t  the fuel from the tank, to overcome the pressure drop i n  .the 
filters, and to charge the meteririg or pressurizing unit. Since ,the. injection 
system invariably has close-fitting parts, several filters are necessary. Most fuel 
oils 'contain slight amounts of water, and a large amount of fine abrasive particles 
held 'in suspension. Bosch (Ref. 8) recommends three' filters: (1) a rimar sta e 
(a metal-edge filter to remove coarse particles, larger than O.?W~ & 
sccondar sta e (a replaceable cloth, paper, or felt element to remove fine d+ purt~cles, rom about 4 microns to 0.001 in.); and (3) final sta e (a sealed- 
nonrcplaceable elemeni to remove fine particles that e e e & e  secondary 
stage). The primary and secondary filters are placed between the storage. tank 
and the transfer pump, with the final stage guarding the high-pressure or 
mctcring unit. (Most filters have water drains which should be opened frequently, 
wllilc the supply tanks should be kept filled to avoid humidity condensation.) 



EYGIT<Z C O Y i 7 E R S I O X  332 ALCOHOL E'UELS 

A y y  c ~ , c ? l i n e  enz ino  can  be m~3ified t o  run  on n e a t  a l c ~ h o l  by 
el'.. .:r::tir,= 2 l s s t i c  p i i r k s ,  cl-.s:-!.;ir,; .th.z carb: - l re tor ,  a-,4 s u p p l y i n g  
a l o t  cf ? n a t  t o  t h e  c 3 r b x - e t i o n  an.? i n t a k e  systern,  b:.!t t o  b e r e -  
f i t  '~11~- f r a y ,  t h e  a d v a n t a q e s  of  a l c o h o l  a s  a  motor f u e l  t h e  

-. -,. - - 1 - .- ... ;:.,at be a : ~  :i. f i r =  1 1 7 . -  ?.:;:.i. r;nr:3 f o r  t h a t  pu rpose .  

The a l c o 5 o l  e n g i n e  g i v e s  ezual f u e l  consumption o f  t h a t  w i t h  
a  5 a s o i i n e  e n g i n e  w i t h  a  s u 5 s t a n t i a l  bonus o f  g r e a t e r  power 
f r o 3  t h e  s a n e  s i z e  o f  e n g i n e .  Advantages a r e  a v a i l a b 1 e . b ~  
u s i n g  a s i n a l l e r  e n g i n e .  T h i s  h a s  p a r t i c u l a r  a p p l i c a t i o n  i n  
a i r c r a f t s  a s  w e l l  a s  g i v i n g  f u e l  econony t o  a u t o m o b i l e s .  

Neat  a l c o h o l  bcl-r,s v e r y  c o o l .  S i n c e  n i t r o g e n  o x i d e s  e m i t t e d  
by i n t e r n a l  combust ion e n g i n e s  o r i g i n a t e - f r o m  a i r  b e i n g  
1- - fG.- ., !.. L!-:= ,.r>r..' F,,, , . - 
,s.=.-,L: 1.. L . . c  b L . . ! - d ~ k l ~ n  c?.f?.;;e,r=, a  lc,:;:~r t e ~ p r a t u r e  of  

c o r i b c s i i o n  w i i l  r e s u l t  i n  r;,,uch lower  l e v e l s  of p o l l u t i o n  
w i t h o u t  t h e  n e c e s s i t y  sf any s p e c i a l  d e v i c e s .  Alcoho l  
e n g i n e s  a r e  good for o u r  envi ronment .  

The c o o l  b u r n i n g  p r o p e r t y  of a l c o h o l  e l i m i n a t e s  t h e  
p o s s i b i l i t y  of  b u r n i n g  valves, and opens  up t h e  p o s s i b i l i t y  
of  d e s i g n i n g  l a r g e  two s t r o k e  c y c l e , e n g i n e s .  

Alcohol  b u r n s  w e l l  w i t h  a s  much a s  20 p e r c e n t  w a t e r  added. 
The w a t e r  adds  b u l k  and c o o l i n g  t o  o p e r a t e  g a s  t u r b i n e  t y p e  
e n g i n e s  v e r y  e f f i c i e n t l y .  

The c o o l i n g  p r o p e r t i e s  o f  a l c o h o l  a l s o  make it a t t r a c t i v e  
t o  u s e  f o r  s u p e r c h a r g i n g  p i s t o n  t y p e  e n g i n e s .  Alcoho l  
d o e s  n o t  e v a p o r a t e  a s  e a s i l y  a s  g a s o l i n e .  T h i s  becomes 
a n  advan tage  i n  t r o p i c a l  c o u n t r i e s  t o  a v o i d  vapour  l o c k  
o f  t h e  f u e l  sys tem.  Unl ike  g a s o l i n e ,  a l c o h o l  i s  a  p u r e  
chemica l  and does  n o t  degrade  i n  s t o r a g e .  

Smal l  a l c o h o l  f i r e s  c a n  b e  e x t i n g u i s h e d  u s i n g  w a t e r ,  and 
a l c o h o l  f i r e s  d o n ' t  s ta r t  a s  e a s i l y  a s  g a s o l i n e  f i r e s .  
Alcoho l  combust ion  i s  s lower  t h a n  g a s o l i n e  and less n o i s y .  
Combustion o f  a l c o h o l  i s  more l i k e l y  t o  b e  comple te  due t o  a  
w i d e r  r ange  o f  f u e l - a i r  r a t i o s  which r e s u l t  i n  a n  e x p l o s i o n ;  
t h e  e x h a u s t  i s  p r a c t i c a l l y  o d o r l e s s  c o n s i s t i n g  m o s t l y  of 
w a t e r  vapour  and  c a r b o n  d i o x i d e .  

The b u r n i n g  o f  a l c o h o l  forms no s o o t  o r  ca rbon .  Carbon bu i ld -up  
i n  a n  e n g i n e  i s  e l i m i n a t e d .  Pure  a l c o h o l  burned i n  a l e a n  m i x t u r e  
c a u s e s  no undue c o r r o s i o n  i n  t h e  i n t e r i o r  o f  t h e  e n g i n e .  



Tile c o o l  e x 3 a u s t  t s z : ~ e r a t u r e  o f  ari a l c o h o l  e n g i n e  r e s u l t s  i n  less 
ten3snc>? t o  b u r n  1 . u b r i c a t i n g  o i l .  Less  c o o l i n g  w a t e r  and a s m a l l e r  . . coc; l iny  si,sterr; a r e  ncz-sa t o  o i z r a t e  t h e  a l c o h o l  e n g i n e .  

I" 

There  is ?no 51zck sm~!ce ~ro, i :ced fror?, an a l c ~ h o l  e n g i n e  0 2 e r a t i n g  
un5er hs3..ry 1052s.  

~t seerrs r e a s c n a b l e  t o  e x p e c t  t h a t  t h e  p r i c e  o f  2 e n a t u r e d  a l c o h o l  
w i l l  e \ -entxzl l : .  I:?cc?me a s  low o r  lower t?.an t h e  p r ' i c e  of g a s o l i n e .  

A CHAZJSEOVER F?.Oi.l G A S O L I N E  S I  ENGINES TO ALCOHOL OPERATION 

V e h i c l e s  which a r e  t o  b e  o p e r a t e d  w i t h  a l c o h o l s  o r  mixed f u e l s  
c o n t a i n i n g  a l c o h o l  must i n  e v e r y  c a s e  by equ ippe?  w i t h  a l c o h o l -  
r e s i s t a n t  m a t e r i a l s .  The r e s u l t s  s o  f a r  a v a i l a b l e  a t  Volkswagen 
s u g g e s t  t h a t  i t  i s  s u f f i c i e n t  f o r  t h e  use  o f  M15 t o  s e l e c t  
o t h e r  m a t e r i a l s  f o r  a  number o f  p l a s t i c  p a r t s .  S u i t a b l e  m a t e r i a l s  

7 r; , a r e  a - z . i l ~ 5 l o .  ,..,rr x s e  i~ neb: v e h i c l e s  d c e s  n o t  i n v o l v e  an:? 
s d z i t i o n a l  c e s i g n  e x p e n d i t u r e  and i s  p o s s i b l e  w i t h  o n l y  a  s l i g h t  
a d d i t i o n a l  c o s t .  On t h e  o t h e r  hand,  i n  t h e  c a s e  o f  t h e  u s e  o f  
p u r e  methanol  and p u r e  e t h a n o l ,  e s p e c i a l l y  w i t h  i n c r e a s e d  w a t e r  
c o ~ t e n t ,  c o r r c s i v e  a t t a c k s  have a l s o  been obse rved  on z i n c  
i n j e c t i o n  molding and l i g h t  m e t a l  m a t e r i a l s  a s  w e l l  a s  m a t e r i a l  
c o n n e c t i o n s .  P a r t s  o f  which a r e  a v a i l a b l e  today  mad€ of  t h e s e  
m a t e r i a l s  must ,  i n  c e r t a i n  c i r c u m s t a n c e s ,  b e  p r o t e c t e d  by a n  
a d d i t i o n a l  s u r f a c e  t r e a t m e n t .  A d d i t i o n a l  c o s t s  w i l l  o c c u r  f o r  
t h i s  c o n v e r s i o n  'which a r e  i n  a d d i t i o n  t o  t h e  c o r r e s p o n d i n g  c o s t s  
f o r  c o n v e r s i o n  t o  M15. F u r t h e r  c o s t s  r e s u l t  owing t o  t h e  
i n c r e a s e  i n  s i z e  o f  t h e  v e h i c l e  t a n k  which i s  r e q u i r e d  owing 
t o  t h e  low a l c o h o l  c a l o r i f i c  v a l u e  a s  w e l l  a s  i n  c e r t a i n  circum- 
s t a n c e s  owtng t o  a n  a d a p t a t i o n  o f  t h e  c h a s i s  t o  t h e  l a r g e r  t a n k  
mass. A c o a r s e  c o s t  e s t i m a t e  r e s u l t e d  f o r  t h e  a d d i t i o n a l  c o s t s  
which t h e  p u r c h a s e r  o f  a p u r e  a l c o h o l  v e h i c l e  would have  t o  make 
a s  opposed t o  t h e  p u r c h a s e r  o f  a  g a s o l i n e  v e h i c l e  which amounted 
t o  200 d o l l a r s .  A p a r t  o f  t h i s  amount would b e  r e q u i r e d  f o r  t h e  
i n s t a l l a t i o n  o f  a  c o l d  s t a r t i n g  d e v i c e . w h e n  t h e  v e h i c l e  would b e  
o p e r a t e d  e x c l u s i v e l y  w i t h  p u r e  a l c o h o l  and w i t h o u t  t h e  a s s i s t a n c e  
o f  a  s t a r t i n g  f u e l .  I n  t h e  meantime, t e s t s  a l s o  r e v e a l e d  t h a t ,  
i n  t h e  c a s e  o f  admixing lesser q u a n t i t i e s  ( 10 Vol.  % ) ,  a d d i -  
t i v e s  t o  a l c o h o l  (pe t ro leum e t h e r ,  d i m e t h y l  e t h e r ,  i s o p e n t a n e l  
r e p r e s e n t  a n  e x c e e d i n g l y  e f f e c t i v e  means f o r  overcoming d i f f i c u l -  
t ies  w i t h  c o l d  s t a r t i n g  and warm runn ing .  I t  i s  p r e s e n t l y  b e i n g  
i n v e s t i g a t e d  t o  f i n d  o u t  whether  , th rough  t h i s  admix tu re ,  o t h e r  
o p e r a t i o n s - o r i e n t e d  problems ( f o r  example,  w i t h  t h e  h o t  s t a r t )  
wo.:~ld a r i s e .  I f  i t  s h o u l d  become p o s s i b l e  t o  s u c c e s s f u l l y  
f o z m l ~ l a t e  a "methyl  o r  e t h y l  f u e l "  which s a t i s f i e s  a l l  r e q u i r e m e n t s ,  
i.il i s  t h e n - p o s s i b l e  t o  do w i t h o u t  a c o l d  s tar t  i n s t a l l a t i o n .  



THE MANAGEMENT OF FUEL APPROACH 

Excerpt fPom "Brown's Alcohol Fbtor Fuel Cookbook" 
. .. 

The fir& modification required to run an engine on 
alcohol consiste of changing a tiny piece of brma called a jet. 
All carburetors designed to  use liquid fuel haye a jet, in the 
case of carburetors designed to  work -on V-8 engines there 
will normally 'be  jeta in multiples of even numbem. For 
example, a "two-barrel" carburetor will normally have two 
jets and two venturi tubes, a "four-barrel" carburetor will 
normally have four jeta and four venturi tubes, and so on. 

The venturi tube is a restricted passage in the body of 
the carburetor which causes the air to speed up, lose eome of 
its pressure, and creates a partial vacuum. Since gasoline muat 
be vaporized before it can be ignited and liquid cannot exht 
in a vacuum the partial vacuum .created in the venturi tube 
helps vaporize the gasoline. It is possible to .build a carburetor 
without a venturi tube. In the early 1900's some manufadur- 
ers did. 

.OAT VALVE 

CHAMBER 



IP a l l  you want  t o  do i s  b e  a b l e  t o  g e t  from p o i n t  A 
t o  p o i n t  B on a l c o h o l  a l l  t h a t  i s  r e q u i r e d  i s  a  40% en-  
l a r g e m e n t  o v e r  s t o c k  s i z e  o f  t h e  main je t .  Tha t  i s ,  
j u s t  make a 40% l a r g e r  h o l e  i n  it. The h o l e  i n  t h e  main 
jet t h a t  t h e  g a s o l i n e  f l o w s  t h rough  i s  normal ly  i n  t h e  
.050 t o  .060 r ange .  J u s t  m u l t i p l y  t h e  s i z e  o f  t h e  main 
j e t  by 40% and add t h e  p r o d u c t  o f  t h e  m u l t i p l i c a t i o n  t o  
t h e  s i z e  o f  t h e  main j e t .  Then f i n d  a  d r i l l  b i t  t o  
c o r r e s p o n d  t o  t h a t  d imens ion .  

A t  t h i s  p o i n t  t h e  p u r i s t  w i l l  be  s e t t i n g  up h i s  , 

d r i l l  p r e s s  b u t  a  handhe ld  d r i l l  w i l l  work a l m o s t  a s  w e l l .  

You can  u s u a l l y  g e t  t h e  e x a c t  s i z e  j e t  your  c a r b u r e t o r  
r e q u i r e s  from t h e  s p e c i f i c a t i o n  c h a r t s  i n  most au tomo t ive  
r e p a i r  manuals .  O the rwi se  you had b e t t e r  t a k e  your  j e t  
( o r  j e t s )  t o  a  m a c h i n i s t  and have him measure i t  ( o r  them) 
f o r  you. 

There  a r e  s e v e r a l  d i f f e r e n t  s c h o o l s  o f  though a s  t o  
why t h e  j e t  ( s )  must  be bo red  o u t  t o  accomodate a n  a l c o h o l -  
powered e n g i n e .  

The f i r s t  i s  t h a t  a l c o h o l  r e q u e i r e s  a  f u e l / a i r  o r  a i r /  
f u e l  r a t i o  o f  9 t o  1 t o  i g n i t e  i n  t h e  e n g i n e .  Tha t  i s ,  
n i n e  pounds o f  a i r  f o r  e v e r y  one  pound o f  a l c o h o l .  
G a s o l i n e  r e q u i r e s  a 15  t o  1 r a t i o  o f  a i r  t o  f u e l .  The 
d i f f e r e n c e  between a l c o h o l  and g a s o l i n e  i s  rough ly  405. 
The a l c o h o l  c a r r i e s  oxygen i n  t h e  f l u i d  where g a s o l i n e  
d o e s  n o t , w h i c h  may e x p l a i n  why a l c o h o l  r e q u i r e s  less 
a i r  t o  d e t o n a t e  o r  i g n i t e .  A f t e r  . t h e  new j e t  i s  i n s t a l l e d  
o r  t h e  e n l a r g e d  h o l e  i s  done,  t h e  No. 4 4  would c a u s e  t h e  
e n g i n e  t o  consume more f u e l ,  th rough .  

I t  i s  t i m e  f o r  you,  m e ,  o r  u s  t o  r e a s semb le  t h e  
c a r b u r e t o r ,  s t i c k  i t  back on t h e  v e h i c l e ,  and r u n  o u r  
f i r s t  r o a d  t e s t . .  

B e  p r e p a r e d  f o r  a c o u p l e  o f  d i s a p p o i n t m e n t s .  

The f i r s t  i s  t h a t  o u r  c a r  w o n ' t  i d l e .  

W e  d i d n ' t  s e t  t h e  s c r ews  on t h e  bo t tom o f  t h e  c a r b u r e -  
t o r  which c o n t r o l  what  mechanics  c a l l  t h e  i d e l  c i r c u i t ,  f o r  
a l c o h o l .  t h e y  have t o  be  opened up. A t  t h i s  p a i n t ,  i f  
w e  c a n  f e a t h e r  t h e  a c c e l e r z t o r  p e d a l ' a n d  keep  i t  r u n n i n g ;  
l e t ' s .  j u s t  do t h a t .  W e ' l l  c o v e r  n e e d l e  v a l v e s  and  such  a  
l i t t l e  f u r t h e r  on.  



The n e x t  t h i n g  w e  n o t i c e  i s  t h a t  o u r  c a r  d o e s n ' t  
seem t o  have any oomph a t  low speed ( o r  rpm's) ' .  .Most 
r a c e  c a r  d r i v e r s  never  n o t i c e  t h i s  s i n c e  a lmos t  a l l  
t h e i r  d r i v i n g  i s  done w i t h  t h e i r  r i g h t  f o o t  a l l  t h e  
way t o  t h e  f l o o r .  Alcohol burns  s lower  t han  g a s o l i n e  
and t h i s  i s  where we f i n d  o u t  abou t  it. I t  i s  
e s p e c i a l l y  n o t i c e a b l e  on low-compression eng ines .  
On my o l d  1948 74 Harley-Davidson w i t h  6 . 6  t o  1 com- 
p r e s s i o n  r a t i o  i t  w a s  a l l  I could  do t o  g e t  i t  going 
more t h a n  20 mph up a  s t e e p  h i l l  i n  t h e  neighborhood.  
I n  most c a s e s  an  o l d  Harley-Davidson w i l l  l i t e r a l l y  
walk up t h e  s i d e  of  a  b u i l d i n g .  I could  modify t h e  
machine t o  run  on a l c o h o l  where i t  would ou t -c l imb 
and ou t - run  any o t h e r  comparable Harley i n  Kentucky 
i f  I was w i l l i n g  t o  f o r f e i t  g a s o l i n e  complete a s  a  
motor f u e l .  

On the '  p l u s  s i d e ,  t h e .  "s team engine"  e f f e c t  of  a l -  
cohol  i n  a gas  engine  makes f o r  an  i n c r e d i b l y  smooth 
r i d e  down t h e  road.  The s lower  burn ing  a l c o h o l  appea r s  
t o  l e s s e n  eng ine  v i b r a t i o n  c o n s i d e r a b l y .  

The l a s t  t h i n g  w e  n o t i c e  a s  w e  r e f i l l  t h e  f u e l  
t ank  f o r  a n o t h e r  road  t e s t  i s  t h a t  we used a- l o t  more 
f u e l  t han .we  d i d  w i t h - g a s o l i n e .  I f  we g o t  18 mpg w i t h  
g a s o l i n e  a l l  w e  g o t  w i t h  a l c o h o l  was 10 mpg. T h i s  i s ,  
of c o u r s e ,  i f  a l l  we d i d  was d r i l l  o u t  t h e  m a i n ' j e t  o r  . 
j e t s .  

Fue l  economy and power have , ,been  measured by a  
number of - research  depar tments  u s ing  what a r e  known a s  
"bench t e s t s . "  A s t a t i o n a r y  eng ine  i s  hooked up t o  a  
dynamometer, emis s ion  c o n t r o l  equipment,  and s o  .on. I 
d i d  t h e  same t h i n g  a t  Berea Co l l ege .  Such t e s t s  l e a v e  
much t o  be  d e s i r e d  s i n c e  you c a n ' t  c l imb a  h i l l  w i t h  an 
eng ine  b o l t e d  t o  a  ,shop f l o o r  and t h e  a i r  f low '  i n t o  t h e  
c a r b u r e t o r  a i r  horn s imply i s n ' t  t h e  same. There a r e  
t o o  many v a r i a b l e s .  Not t o  mention most bench t e s t s  a r e  
a lmos t  always conducted a t  f u l l  l oad  t h r o t t l e .  

I f  you d r i l l  your j e t s  t o o  l a r g e  o r  t o o  s m a l l  a  
number of  u n d e s i r a b l e  consequences occu r .  

I f  your  d r i l l  i s  t o o  l a r g e  t h e  r e s u l t i n g  h o l e  causes  
enormous f u e l  consumption. Alcohol  w i l l  keep burning i n  
an  eng ine  long  a f t e r  t h e  same pe rcen tage  ( p r o p o r t i o n a t e l y )  
of  g a s o l i n e  would have s imply f l ooded  and s t a l l e d  t h e  
eng ine .  I n  one c a s e  I heard  of  a  r ace -ca r  d r i v e r  who had 



h i s  main jets removed by h i s  mechanic w i t h o u t  h i s  
knowledge and drove  o f f  anyway: s h o o t i n g  30 f o o t  
f l ames  o u t - o f  , h i s  t a i l p i p e s .  S ince  a l c o h o l  has  a 
g e n e r o u s ' s u p p l y  of oxygen i n  t h e  compo,und i t s  propen- 
s i t y  t o  keep . r u n n i n g  might be e x p l a i n e d .  

If your  j e t  s i z e  i s  t o o  s m a l l  you a r e  - k u b j e c t  t o  
bu rn  your v a l v e s .  A g a s o l i n e - f u e l e d  eng ine  when . the  
j e t s  are t o o  s m a l l  w i l l  s p u t t e r  and m i s f i r e .  An 
a l c o h o l - f u e l e d  eng ine  w i t h  s l i g h t l y  unde r s i zed  jets 
w i l l  s imply bu rn  a  l o t h o t t e r ,  which i n  t u r n  bu rns  
v a l v e s .  Most American c a r s  are designed t o  use un- 
burned f u e l  and t e t r a e t h y l  l e a d  t o  l u b r i c a t e  t h e  
e x h a u s t  v a l v e s .  T h i s  might n o t  be  'a problem w i t h  
e n g i n e s  des igned  - to  u se  unleaded g a s  s i n c e  they ,come 
from th,e f a c t o r y  w i t h  hardened v a l v e  s e a t s .  Of c o u r s e ,  
f u e l  use  o r  'consumption goes  down w i t h  s m a l l  j e t s .  

Valve bu rn ing  can  be  p reven ted  s e v e r a l  ways. One 
i s  t o  s imply chuck a ha l f - cup  o f  v e g e t a b l e  o i l  i n t o  t h e  
f u e l  t ank  w i t h  t h e  a l c o h o l .  Diesel f u e l  ( a  ha l f - cup )  
c o u l d  be used i n  a ' p i n c h  b u t  i s  n o t  recommended s i n c e  
a l c o h o l  and pe t ro leum p r o d u c t s  w i l l  n o t  mix i f  t h e r e  
i s  any water i n  t h e  a l c o h o l  ( t h e r e  u s u a l l y  i s ) .  

If t h e  eng ine  runs  c o o l  enough, wa te r  i n  t h e  
a l c o h o l  w i l l  sometimes a c t  a s  a v a l v e  l u b r i c a n t .  Some- 
t imes .  

The. b e s t  p rocedure  t o  f o l l o w  i f  you a r e  r e a l l y  
s e r i o u s  i s  t o  i n s t a l l  s t e l l i t e  o r  s t a i n l e s s  s t e e l  r a c i n g  
v a l v e s  w i t h  hardened s e a t s .  A l o t  o f  propane-powered 
v e h i c l e s  a r e  modif ied i n  t h i s  f a s h i o n  . s i n c e  t h e  propane 
bu rns  comple te ly  d r y  i n  an  engine .  

Xf a l l  Lou i n t e n d , ' t o  do i s  go o u t  and buy a  s p a r e  
c a r b u r e t o r  f o r  t h e  day t h e  -gas pumps s h u t  down t h e r e  
a r e  a few p i e c e s  o f  i n f o r m a t i o n  you might  want t o  d i g e s t  
f i r s t .  

You can  normally.  p u t  a Ford c a r b u r e t o r  on a Chevro le t  
and v i c e  v e r s a  w i t h  t h e  a i d  o f  a d a p t o r  p l a t e s ,  you might 
want t o  consider-  i t  i.f push comes t o  shove s i n c e  some 
c a r b u r e t o r s  a r e  a  whole l o t  . e a s i e r  t o  work on than  o t h e r s .  
A two-bar re l  Roches te r  has  t o  be comple te ly  t aken  a p a r t  
t o  g e t  at' t h e  jets: You d o n ' t  have t o  t a k e  t h e  g u t s  o u t  o f  
i t  b u t  you do have toq d i s c o n n e c t  a l l  t h e  l i n k a g e  and 
s e p a r a t e  t h e  t o p  and bottpm h a l v e s .  A Hol ley h a s  t h e  j e t s  



behind t h e  f l o a t  and a l l  t h a t  i s  r e q u i r e d  i s  f o r  t h e  
' f l o a t  cove r  t o  be  unbo l t ed  and t h e  j e t s  screwed.  i n  
o r  o u t .  Ho l l eys  have h o r i z o n t a l  j e t s .  Tha t  i s ,  t h e  
h o l e s  i n  them are p a r e l l e l  t o  t h e  h o r i z o n  when t h e  
c a r b u r e t o r  i s  mounted on t h e  v e h i c l e .  Amost a l l  
o t h e r s  have v e r t i c a l  jets. 

I f  you are w i l l i n g  t o  go t o  t h e  e x t r a  t r o u b l e  
and expense you d o n ' t  have t o  g e t  o u t  t h e  t oo lbox  
ve ry  t i m e  you want t o  s w i t c h  from g a s o l i n e  t o  a l c o h o l .  
O r  back.  There  i s  o n l y  one t h i n g  r e q u i r e d .  

I t '  s c a l l e d  a need le  v a l v e  and a t  one t i m e  a lmos t  
a l l  c a r b u r e t o r s  came equipped w i t h  them. A t a p e r e d  
s h a f t  was i n s e r t e d  i n t o  t h e  main je t  by means o f  a 
screw t h r e a d  ad jus tmen t .  The s c r e w  t h r e a d  ad jus tmen t  
a l lowed t h e  t a p e r e d  s h a f t  t o  be  moved i n  and o u t  of  
t h e  h o l e  i n  t h e  j e t .  The f . u r t h e r  t h e  s h a f t  was i n s e r t e d  
i n t o  t h e  h o l e  t h e '  s m a l l e r  t h e  opening  ( ' the  ho le )  became. I; 

A s  i t  was unscrewed or -wi thdrawn t h e  opening  became 
l a r g e r ,  w h i c h  meant t h a t . i f  t h e  h o l e  a r e a  was .059 a l l  
it t a k e  i s  a  f l i c k  o f  t h e  w r i s t  t o  b r i n g  it up t o  .082.  

Since  such p r e c i s e  measurements a r e  a lmos t  impossi-  
b l e  w i t h  t h e  w r i s t ,  e i t h e r  t h e  s e t t i n g  had t o  be  done 
by e a r  o r  an  rpm gauge had t o  be used ;  o r  a  vacuum gauge. 
Ecology f a n s  sometimes use  emis s ion  c o n t r o l  gauges ( l i k e .  
on a Sun T e s t e r )  t o  se t  t h e  opening ,  which i s  n o t  a bad 
i d e a  s i n c e  less unburned hydrocarbons means t h a t  more f u e l  
i s  be ing  u t i l i z e d  by t h e  eng ine  which i n  t u r n  means b e t t e r  
mileage.  

Most American c a r  b u i l d e r s  went t o  t h e  f i x e d - j e t  
p r i n c i p l e  w i t h  t h e  adven t  o f  t h e  down-draft  c a r b u r e t o r .  
Most o f  t h e  o l d  u p d r a f t s  ( t h e  a i r  was sucked from t h e  
bottom up i n s t e a d  of  t h e  t o p  down) had a d j u s t a b l e  need le  
v a l v e s .  Main j e t  ad jus tmen t s  come i n  q u i t e  handy f o r  
a l t i t u d e  ad jus tmen t s  as anyone who had e v e r  d r i v e n  from 
L.A.  t o  Denver w i l l  t e l l  you. 

I f  you d o n ' t  want t o  m e s s  w i t h  a l l  t h e  rpm and 
vacuum gauges ,  you d o n ' t  r e a l l y  have t o .  I t ' s  n o t  
mandatory. A l l  t h a t  i s  r e q u i r e d  i s  a  good " e a r "  t o  
l i s t e n  t o  t h e  engine  wi th .  S t a r t  unscrewing t h e  need le  
v a l v e '  outward when you a r e  going from g a s o l i n e  t o ,  a l c o h o l .  
O n . t e o  l e a n  a mix ture  of  a l c o h o l  t h e  eng ine  w i l l  h e s t i t a t e  
and s p u t t e r .  Simply l i s t e n  f o r  t h e  eng lne  "smoothing 
o u t "  and t h a t ' s  t h e  s e t t i n g  you r u n  i t  on. I t  might 
t a k e  a  l i t t l e  p r a c t i c e .  I f  you .have  e v e r  used a  power 
lawnnower t h a t  ha'd a  c a r b u r e t o r  ad jus tmen t  t h e n  you 
h a v e ' a l r e a d y  had t h e  p r a c t i c e .  



There  are a few e n g i n e s  and a  c a r b u r e t o r  o r  two 
s t i l l  on t h e 2  market  t h a t  come f a c t o r y  equipped w i t h  a 
main j e t  ad jus tmen t .  Fauce t  c a r b u r e t o r  c o r p o r a t i o n  
marke ts  a number o f  c a r b u r e t o r s  w i t h  main j e t  a d j u s t -  
ments f o r  s t a t i o n a r y  power p l a n t s .  T h e i r  p r imary  
drawback f o r  au tomot ive  u se  is  t h a t  such c a r b u r e t o r s  
have no a c c e l e r a t o r  pump, meaning you might  be  a b l e  
t o  g e t  from p o i n t  A t o  p o i n t  B i f  you d o n ' t  mind 
c r e e p i n g  th rough  e v e r y  i n t e r s e c t i o n ,  never  p a s s i n g  
a n o t h e r  car, and having your c a r  d i e  on you e v e r y  
t i m e  you push t h e  g a s  p e d a l  down a  l i t t l e  t o o  f a r .  

Many s m a l l  a i r - c o o l e d  e n g i n e s  have main j e t  
. ,  ad jus tmen t s .  Normally l a b e l e d  a s  need le  v a l v e s  i n  

t h e  p a r t s  manuals. I have 3 hp Br iggs  & S t r a t t o n  w i t h  
a F l o - j e t  c a r b u r e t o r  t h a t  h a s  one t h a t  I u s e  f o r  demon- 
s t r a t i o n s  - j u s t  t w i s t  t h e  need le  v a l v e  ad jus tmen t  
o u t  one and a  h a l f  t u r n s ,  pour i n  a  p i n t  of  l i q u o r  
s t o r e  whiskey,  and f i r e  i t  up. 

1 
My t e n  y e a r  o l d  son  u s e s  rubbing  a l c o h o l  i n  two 

. . o f  h i s  Tecumseh engined  min i -b ikes .  Same ad jus tmen t .  
H e  d o e s n ' t  have t o  impress  anybody w i t h  o r  by b r e a k i n g  
a  government s e a l  and ' the rubbing  a l c o h o l  i s  a  whole l o t  
cheaper .  Obviously  rubbing  a l c o h o l  i s  a  l o t  more expen- 
s i v e  t h a n  g a s o l i n e ,  b u t  it s t i l l  b e a t s  walking.  

The o n l y  f u l l - s i z e d  v e h i c l e  s t i l l  equipped w i t h  a  
main j e t  ad jus tmen t  when i t  comes from t h e  f a c t o r y  i s  
probably  t h e  Harley-Davidson. A t  l e a s t ,  t h a t ' s  what t h e  
c a t a l o g s  and around a t ' 4 0  mph w i t h  your f o o t  a l l  t h e  way 
t o  t h e  . f l o o r - b o a r d )  you shou ld  be a b l e  t o  r u n  e i t h e r  
g a s o l i n e  o r  a l c o h o l  depending on how f a r  up o r  down t h e  
r o d s  a r e  i n  t h e  j e t s .  

I s a y  shou ld ,  because  i f  you a r e n ' t  an  expe r i enced  
mechanic o r  m a c h i n i s t  d o n ' t  even t h i n k  a b o u t  i t .  

Another method i s  t o  s imply buy two Q u a d r a - j e t s ,  
c u t  o f f  t h e  back two b a r r e l s  w i t h  t h e  me te r ing  r o d s  i n  
them on b o t h  of  them, set  them a s i d e  o r  throw them away, 

, t u r n  one "Quad around - backwards and weld them t o g e t h e r .  
Welding p o t  me ta l  i s n ' t  e a s y  b u t  t h e r e  are f o l k s  who can  

. . do i t -  I n s t a l l  a  g a s o l i n e  f u e l  l i n e  t o  e i t h e r  t h e  f r o n t  
o r  bask h a l f  o f  t h e  c a r b u r e t o r .  Enla rge  t h e  j e t s  and 
i n s t a l l  a n  a l c o h o l  f u e l  l i n e  t o  t h e  o t h e r  h a l f  o f  t h e  
c a r b u r e t o r .  Run t h e  a l c o h o l  and g a s o l i n e  f u e l  l i n e s  t o  
t h e i r  r e s p e c t i v e  f u e l  t a n k s  w i t h  s h u t  o f f  v a l v e s .  You 
now have a due l -£ue l  ca rb ' u re to r .  Obviously ,  you a r e  
go ing  t o  have t o  f a b r i c a t e  an  a d a p t o r  p l a t e  f o r  t h e  
i n t a k e  manifold .  



There i s  one o t h e r  c a r b u r e t o r  a d ~ u s t m e n t  p o s s i b l e  
i f  what you a r e  a f t e r  i s  maximum economy. A s  anyone 
who has  worked on c a r b u r e t o r s  knows, f l o a t  ad jus tmen t  
can  a l t e r  f u e l  economy. Ra the r  t h a n  go th rough  a 
l o t  of  t r i a l  and e r r o r  ad jus tmen t s  t h e  e a s i e s t  t h i n g  
t o  do i s  s imply weigh t h e  f l o a t  on a  gram scale , .  
f i g u r e  o u t  what 10% o f t h e  t o t a l  weigh t  o f  t h e  f l o a t  i s ,  
and b r a z e  ( o r  g l u e  i f  you can  g e t  any t o  h o l d )  t h a t  
amount o f  weigh t  t o  t h e  t o p  middle  of  t h e  f l o a t .  
Remember, a l c o h o l  as a  f l u i d  i s  10% h e a v i e r  t h a n  
g a s o l i n e .  

THE 100 MILES PER GALLON ALCOHOL CARBURETOR 

You have probably  hea rd  a l l  t h e  s t o r i e s  o f  someone's 
u n c l e  who bought a new car, drove it around f o r  awh i l e ,  
and found he  was g e t t i n g  50 m i l e s  t o  the g a l l o n  of 
g a s o l i n e .  You may have pooh-poohed t h e  s t o r i e s .  

I Don' t. 

There have been numerous i n v e n t o r s  who t r i e d  t o  
b u i l d  such c a r b u r e t o r s  and succeeded.  Every s i n g l e  one 
of  them was designed and b u i l t  on e a s i l y  v e r i f i a b l e  
p h y s i c a l  laws. S t a r t i n g  w i t h  t h e  f i r s t  one i n  1912, 
i n c l u d i n g  s e v e r a l  b u i l t  by C h a r l e s  Pogue o f  Winnipeg, 
Canada i n  t h e  1 9 3 0 ' s  t h a t  c o n s i s t e n t l y  reappeared  i n  a 
100 mi l e  p e r  g a l l o n  d e v i c e  b u i l t  by a  mechanic named 
Tom Ogle from Texas. 

The s t a n d a r d  c a r b u r e t o r  i s  a  r a t h e r  c rude  d e v i c e  
compared t o  what it could  be.  Fue l  i n j e c t i o n  i s n ' t  much 
b e t t e r .  What happens when t h e  f u e l  i s  sucked i n t o  t h e  
engine  e x p l a i n s  why t o d a y ' s  c a r b u r e t o r s  a r e  s o  c rude .  

A s  t h e  g a s o l i n e  p a s s e s  from t h e  v e n t u r i  t ube  o f  
t h e  c a r b u r e t o r  i n t o  t h e  i n t a k e  man i fo ld .  and t h e n  i n t o  
t h e  c y l i n d e r  it i s  supposed t o  be  t u rned  i n t o  a vapor .  
Only a  vapor w i l l  i g n i t e  under t h e  spa rk  p l u g ,  s m a l l  

l i q u i d  d r o p l e t s  e i t h e r  burn  o r  are *simply h e a t e d  up 
enough t o  l e a v e  i n  t h e  e x h a u s t  manifold  i n  a  vapor  s t a t e  

d ( t o o  l a t e  t o  g e t  t h e  job done) . A s t a n d a r d  c a r b u r e t o r  
and i n t a k e  manifold  v a p o r i z e  p a r t  o f  t h e  f u e l  and a l l ow 
p a r t  of  i t  i n  t h e  form of  sma l l  l i q u i d  d r o p l e t s  i n t o  t h e  
combustion chamber. I f  i t  g e t s  t o o  bad i n  t h e  i n t a k e  
manifold  it i s  known as "pudding" o r  f l o o d i n g .  The 
compression s t r o k e  raises t h e  i n t e r n a l  t empera tu re  o f  
t h e  c 2 l i n d e r  h igh  enough t o  v a p o r i z e  more f u e l  b u t  s t i l l  



l e a v e s  i t  f a r  s h o r t  of t h e  complete vapor s t a t e  which 
i s  how and why t h e  50 m i l e  p e r  g a l l o n  c a r b u r e t o r s  work. 
The g a s o l i n e  i s  s imply t u r n e d  i n t o  a  complete vapor  
b e f o r e  i t  i s  al lowed t o  e n t e r  t h e  combustion chamber 
o r  c y l i n d e r  which i s  t u r n  means a  l o t  more energy i s  
e x t r a c t e d  from it. You can v e r i f y  t h i s  i n  a  h igh  schoo l  
chemis t ry  book. The a u t o  manuals t e l l s  us  t h e  c o r r e c t  
mix ture  f o r  a  s t a n d a r d  c a r b u r e t o r  i s  15  pounds of  a i r  
t o  1 pound o f  f u e l .  Y e t  a  h igh  schoo l  chemis t ry  book 
t e l l s  us  t h a t  t h e  c o r r e c t  e x p l o s i v e  mix ture  f o r  a  vapor  - 
any vapor i s  50 pounds o f  a i r  t o  1 pound of e x p l o s i v e  
l i q u i d .  Apparen t ly  two- th i rds  of  o u r  f u e l  i s  be ing  
wasted and we a r e  o n l y  coun t ing  t h e  power i n  t h e  carbon 
of  an e x p l o s i v e  hydro-carbon. 

Another way you can v e r i f y  t h i s  tremendous f u e l  
l o s s  ( o r  i n e f f i c i e n c y )  i n  o u r  .nodern e n g i n e s  i s  t o  simply 
hook a  s p a r k  p lug  i n t o  your t a i l p i p e  and w i r e  i t  up t o  
your  e l e c t r i c a l  system. Make s u r e  you have a  swi t ch  o r  
o t h e r  method o f  d i s c o n n e c t i n g  it. Drive down t h e  road a t  
n i g h t  and f l i p  i t  on. The unburned f u e l  coming o u t  o f  
t h e  t a i l p i p e  w i l l  cause  30 t o  4 0  f o o t  f l ames .  

The high-mileage c a r b u r e t o r s  d i d  have a  number of 
problems.  The f i r s t  o b s t a c l e  t h a t  had t o  be overcome was 
t h e  complete v a p o r i z a t i o n  tempera ture  of  g a s o l i n e :  w e l l  
o v e r  400 deg rees  F. Some p a r t s  of  t h e  g a s o l i n e ,  o r d i n a r y  
g a s o l i n e  i f  a c t u a l l y  a  s e r i e s  of compounds vapor i ze  a s  low 
a s  90 deg rees  I?., b u t  on ly  some, and 4 0 0  deg rees  h e a t  
causes  o t h e r  problems. Like warning t h e  incoming a i r  s o  
much t h a t  t h e  eng ine  l o s s e s ,  c o n s i d e r a b l e  power. 

The main o b s t a c l e  t o  any type  o f  p roduc t ion  was 
t h e  amount of  plumbing o r  gadge t ry  r e q u i r e d  t o  make a  
vapor-phase c a r b u r e t o r  work. The ones  b u i l t  by Cha r l e s  
Nelson Pogue was a lmos t  t h e  s i z e  of  t h e  engine  i t s e l f ,  
a n d - a  l o t  more compl ica ted .  

I t  i s  t h e  o p i n i o n  o f  t h i s  w r i t e r  t h a t  t h e  Pogues, 
t h e  Ogles ,  and a l l  t h e  o t h e r s  had t h e  r i g h t  i d e a ,  they  
j u s t  used t h e  wrong f u e l .  

b 

Had they  used .  a l c o h o l ,  t h e  a t t empted  (and sometimes.' 
s u c c e s s f u l )  a t t a i n m e n t  o f  400 p l u s  d e g r e e s  tempera ture  
would have been t o t a l l y  unnecessary.  Alcohol i s  a  s i n g l e  
compound t h a t  v a p o r i z e s  a t  a  t empera tu re  o f  less than  
180 deg rees  F. Over 30 deg rees  F .  less than  t h e  b o i l i n g  
p o i n t  o f  wa te r .  P l u s  a l l  t h e  p a r t s  f o r  such a  c a r b u r e t o r  



a r e  a l r e a d y  p roduc t ion  i t e m s  a v a i l a b l e  a lmos t  everywhere 
i n  t h e  Uni ted S t a t e s .  

Propane p a r t s  w i l l  do f o r  a l c o h o l  what $100,000 worth 
of t o o l i n g  and  r e s e a r c h  has  done f o r  g a s o l i n e .  The reason-  
i n g  and a r i t h m e t i c  i s  a s t o u n d i n g l y  s imple .  

Propane and g a s o l i n e  w i l l  g i v e  a lmos t  t h e  same 
mi leage  i n  t h e  same v e h i c l e .  I n  many c a s e s  a  car 
g e t t i n g  20 m i l e s  p e r  g a l l o n  w i l l  d e l i v e r  18 . m i l e s  p e r  
g a l l o n  on propane.  Yet t h e  energy  a v a i l a b l e  i n  a g a l l o n  
of g a s  i s  E I G H T  TIMES t h a t  a v a i l a b l e  i n  a  g a l l o n  of pro.- 
pane. L o g i c a l l y  and p r o p o r t i o n a t e l y  t h e  g a s o l i n e  should  
move t h e  v e h i c l e  e i g h t  t i m e s  t h e  d i s t a n c e  of t h e  propane.  
I n  t h e  c a s e s  of  Cha r l e s  Nelson Pogue, it d i d .  

Propane v a p o r i z e s  a t  30 deg rees  F. below zero .  By 
t h e  t i m e  i t  g e t s  t o  t h e  eng ine  b lock  it i s  a  complete  vapor .  
The way g a s o l i n e  should  be  t h e  low v a p o r i z i n g  p o i n t  of  . 
propane i s  t h e  reason  f o r  keeping i t  i n  p r e s s u r i z e d  t a n k s .  
I n  some c a s e s  propane i s  pas sed  through a  p r e s s u r e  r e g u l a t o r  . 
f i l l e d  w i t h  h o t  wate r  t o  v a p o r i z e  t h e  f u e l .  Such h o t  w a t e r ,  
i f  above 180 deg rees  F. and t h e  passage  f u e l  goes through . 
i s  long  enough t o  r a i s e - - i t  t o  t h e  same t empera tu re ,  w i l l  
a l s o  comple te ly  vapor i ze  a l c o h o l .  A propane c a r b u r e t o r  
must be used s i n c e  a vapof w i l l  n o t  work i n  a normal 
c a r b u r e t o r  w i t h  j e t s  a-nd f l o a t  bowl. 

T h i s  g i v e s  us t h e  fo l lowing  mi leage  f i g u r e s :  i f  
g a s o l i n e  has  e i g h t  t i m e s  t h e  eTiergy of  propane and a l c o h o l  
has  roughly f i v e  and one-half  t i m e s  t h e  energy  o f  propane.  
I f  o u r  v e h i c l e  run  18 m i l e s  p e r  g a l l o n  on propane and we 
m u l t i p l y  t h a t  performance by f i v e  and one-half  w e  a r r i v e  
a t  a  f i g u r e  of 99 m i l e s , p e r  g a l l o n .  I f ,  of  c o u r s e ,  t h e  
c o o l i n g  wa te r  on a  condensor on an  a l c o h o l  s t i l l  i s  
al lowed t o  g e t  t o o  h o t .  The same p r i n c i p l e  a p p l i e s  t o  a  
motor v e h i c l e  engine .  

A t  t h i s  p o i n t  I r e a l i z e  t h e r e  a r e  a  l o t  o f  s k e p t i c s .  
Don ' t  knock it u n t i l  you have t r i e d  it. Char l e s  K e t t e r i n g ,  
i n v e n t o r  of  t h e  e l e c t r i c  s t a r t e r  and one o f  t h e  " b i g  guns" 
of  t h e  automotive  world ,  s a i d ,  " I f  t h e  compression r a t i o n  
o f  an  eng ine  of  6 . 5  t o  1 were r a i s e d  t o  10 o r  1 2  t o  1, 
l i t t l e  g a i n  i n  power and e f f i c i e n c y  shou ld  be expec ted  due 
t o  t h e  i n t e r n a l  f r i c t i o n  which i s  brought  abou t  by t h e i r  
l a c k  df  r ag idy .  Roughness, i n c r e a s e d  f r i c t i o n  and o t h e r  
mechahical  problems t e n d  t o  c o u n t e r a c t  any g a i n s  from 
h i g h  compression r a t i o s . "  H e  s a i d  t h i s  i n  1947, o v e r  . 
t h i r t y  y e a r s  a f t e r  he had inven ted  t h e  e l e c t r i c a l  s t a r t e r .  
Pub l i shed  i n  MORE E F F I C I E N T  UTILIZATION OF FUELS f o r  t h e  



S o c i e t y  of  Automotive Engineers  summer meeting o f  June 1- 
6 ,  1947. T h i r t y  y e a r s  a f t e r  h i s  remarks; D e t r o i t  was spew- 
i n g  o u t  e n g i n e s  w i t h  10.5  t o  1 compression r a t i o s  by t h e  
t r a i n l o a d  and some eng ine  b u i l d e r s ,  such a s  C h r y s l e r ,  s e l l  
o f f - t h e  s h e l f  p a r t s  o f  e n a b l e  a car owner t o  r a i s e  h i s  
compress ion r a t i o  t o  1 2  t o  1. J u s t  because someone s a y s  
something,  i n c l u d i n g  an  e x p e r t ,  does  n o t  make it s o .  I f  
C h a r l e s  K e t t e r i n g  can  be s o  wrong s o  can t h e  s k e p t i c  down 
t h e  s t r e e t .  

COMPRESSION 

How much t h e  p i s t o n  compresses t h e  f u e l  i n  t h e  com- 
b u s t i o n  chamber de t e rmines  t o  a l a r g e  e x t e n t  how much energy  
i s  e x t r a c t e d .  Back i n  1906 f o l k s  a t  t h e  Department o f  
A g r i c u l t u r e  thought  t hey  had r e a l l y  done something when they  
r a n  a l c o h o l - f u e l e d  e n g i n e s  on compression p r e s s u r e s  o f  1 8 0  
l b s  p e r  squa re  i nch .  T e t r a e t h y l  l e a d  h a d n ' t  been d i scove red  
and g a s  a t  t h a t  p r e s s u r e  would s imply blow t h e  eng ine  a p a r t .  
Today most g a s o l i n e  powered eng ines  o p e r a t e  i n  t h a t  p r e s s u r e  
range .  

The compress ion r a t i o  of  most f u l l - s i z e  a u t o  eng ines  
manufactured i n  t h e  la-st f i f t e e n  t o  twenty y e a r s  i s  u s u a l l y  
8.5 t o  1 o r  b e t t e r .  I f  you run  a l c o h o l  i n  your  eng ine  you 
won ' t  have anywhere n e a r  t h e  power l o s s  problems I had i n  
my o l d  Harley-Davidson. However, . t o  e x t r a c t  maximum.power 
and economy from a l c o h o l ,  t h e  compression r a t i o  can be r a i s e d  
t o  15 t o  1 on most eng ines .  I f  you i n t e n d  t o  use  g a s o l i n e  
a l s o  you w i l l  have t o  compromise s i n c e  a t  15 t o  1 g a s o l i n e  
w i l l  s imply blow t h e  eng ine  a p a r t .  12 .5  t o  1 w i l l  work i f  
you s t i c k  s t r i c t l y , t o  premium g a s o l i n e .  There a r e  a  number 
of  ways t o  modify t h e  eng ine  i n  t h i s  r ega rd .  

The m h s t  expens ive  ways appear  t o  be  t'he most w e l l -  
known. I n s t a l l  h i g h  compression p i s t o n s .  P u l l  t h e  c y l i n d e r  
heads  o f f ,  s t r a p  them t o  a  m i l l i n g  machine, and remove some 
o f  t h e  me ta l ,  c a l l e d  " m i l l i n g  t h e  heads .  "Take t h e  main 
body of  t h e  eng ine  and shave more me ta l  from i t ,  c a l l e d  
"decking t h e  b lock . "  Expensive,  compl ica ted ,  and t i m e  con- 
suming. 

The e a s i e s t  way t o  r a i s e  a  compression r a t i o  on a  l a r g e  
eng ine  i s  t o  s imply p u l l  o f f  t h e  s t o c k  c y l i n d e r  heads  and 
r e p l a c e  them w i t h  ones  .from a s m a l l e r  eng ine .  For  example, 
i f  you have a . 3 5 0  engine  j u s t  go t o  a  junkyard and p i c k  u p  
a s e t - o f  255 heads .  B e  s u r e  your junkman looks  i n  h i s  
p a r t s  books and v e r i f i e s  t h a t  t h e  255 heads  from t h a t  make 
and model have t h e  same b e l t  p a t t e r n  a s  yours  and w i l l  b e l t  



r i g h t  on. Normally t h i s  w i l l  r a i s e  your  compress ion 
r a t i o  t o  t h e  11.5  t o  1 range.  I f  you have a  l a rge -b lock  
eng ine ,  you may have a  problem. . 

. . 
I t  i s  n o t  even neces sa ry  t o  c l e a n  t h e  c i r b d n  o f f  

t h e  heads  i f  you a r e  go ing  t o  run  a l c o h o l  f i r s t .  J u s t .  
b o l t  t h e  n a s t y  t h ings .  on., The al .coho1 w i l l  c l e a n  th'em 

' 

up a s  you d r i v e .  Before  World War I1 many Europeans' 
would run  a  t ank  o f  a l c o h o l  through t h e i r  c a r s  e v e r y  now 
and then  because of  t h e  n a t u r a l  b i o l o g i c a l  s o l v e n t  p roper -  
t ies  of  a l c o h o l .  The a l c o h o l  would p i c k  up a l l  t h e  gum 
and v a r n i s h  o u t  of  t h e  f u e l  t a n k ,  f u e l  l i n e s ,  and carbu-  
r e t o r  (sometimes p lugging  up t h e  j e t s ) ,  and c l e a n  a l l  t h e  
carbon  o f f  t h e  c y l i n d e r  heads .  I f  you have carbon  depo- 
s i t s  on your  p r e s e n t  c y l i n d e r  heads  i t s  e a s y  t o  t e l l .  
Your c a r  w i l l  keep running  a f t e r .  t h e  i g n i t i o n '  h a s  been . , , ,  

s h u t  o f f  s ince .  t h e  carbon  d e p o s i t s  become h o t  enoughl . to  
, . . .  

i g n i t e  t h e  f u e l  on t h e i r  own., c a l l e d  " d i e s e l i n g . "  . . 

How f a s t  t h e  a l c o h o l  c l e a n s  t h e  carbon  o f f  i s  
amazing and has  t o  be  s een  to  be  b e l i e v e d .  The head 
chemis t  of t h e  Alcohol  F u e l s  Corpora t ion  of  Ger ing ,  
Nebraska and I w e r e  running  a l c o h o l  th rough  a  v a r i a b l e -  
compression eng ine  one day t o  see how h igh  a compress ion 
r a t i o  and t h e  eng ine  would s t a r t  knockinq.  Tn a few 
seconds a l a y e r  of  ca rbon  would be  c l eaned  o f f  and he 
would r a i s e  t h e  compress ion aga in .  The eng ine  would s t a r t  
knocking a g a i n ,  t h e  n e x t  l a y e r  o f  ca rbon  would be  c l eaned  
o f f ,  he would r a i s e  t h e  compression a g a i n ,  and s o  on.  

. . 3 '  

I G N I T I O N  , 

Alcohol  i s  a c o o l e r  and lower bu rn ing  f u e l  t h a n  
g a s o l i n e .  The s lower  bu rn ing  r e q u i r e s  an  advanced i g n i t i o n  
t iming .  Tha t  i s ,  t h e  s p a r k  p lug  must f i r e  a  p o i n t  o r  t i m e  
b e f o r e  what it would r e q u i r e  f o r  g a s o l i n e .  Timing f o r  
a l c o h o l  i s  n o t  a  mandatory procedure  b u t  i t  does  h e l p  t o  
g i v e  b e t t e r  f u e l  economy and power. 

Timing f o r  g a s o l i n e  i s  u s u a l l y ' s e t  by a t iming  mark 
on a f lywhee l  p u l l e y  i n  f r o n t  o f  t h e  eng ine  and a  s t r o b e  
l i g h t .  The t iming  mark i s  p u t  on a t  t h e  f a c t o r y  and it 
i s  n o t  always a c c u r a t e .  I f  it i s ,  t h e n  f o r  a l c o h o l  you - 
must se t  t h e  t iming  somewhere ahead o f  it. The accep ted  
procedure  i s  t o  s imply t i m e  it on g a s o l i n e ,  s t a r t  i t  up on 
a l c o h o l ,  and then  t u r n  t h e  d i s t r i b u t o r  u n t i l  t h e  eng ine  
s t a r t s  knockinq,  a  few deg rees  i n  f r o n t  o f  t h e  p o s i t i o n  
i t  beg ins  t o  knock i s  your  s e t t i n g .  I f  you want t o  be  
r e a l l y  s c i e n t i f i c  abou t  i t  use  a s t e t h o s c o p e  t o  p i ck  up 
a l l  t h e  engine  n o i s e s  and knocks. 





The a b s o l u t e  b e s t  way t o  go back and f o r t h  from 
g a s o l i n e  t o  a l c o h o l  i s  t o  i n s t a l l  a  spa rk  advance on 
t h e  columnn l i k e  t h e  o l d  model A Fords  had. Once.. 
i n s t a l l e d  you can  change t iming  i n  an  i n s t a n t .  

I f  you a r e  go ing  t o  run  a l c o h o l  on ly  i n  your  en- 
g i n e ,  you may want t o  run  h o t t e r  s p a r k  p l u g s  i n  your  
eng ine .  You w i l l  have t o  exper iment .  

COLD WEATHER STARTING 

A f t e r  s e v e r a l  weeks of  running  bench t e s t s  a t  
Berea Co l l ege  w i t h  my a l c o h o l - f u e l e d  Br iggs  & S t r a t t o n ,  
I though t1  had t h e  energy  c runch  so lved .  Alcohol  P o l l u t e d  
less. I t  gave more power a t  h i g h  rpm. I t  cou ld  be  
produced from renewable s t a r c h  and s u g a r  c r o p s .  I t  
s t a r t e d  on t h e  f i r s t  c rank  e v e r y  morning, b e t t e r  t h a n  
yasoline. 

I O r  s o  I thought .  

On a  c o l d  morning i n  November I walked i n t o  t h e  shop,  
se t  t h e  choke on t h e  c a r b u r e t o r  a s  i t s  u ~ u a ~ s e t t i n g ,  and 
yanked on t h e  r e c o i l  s t a r t e r .  I t  should  have s t a r t e d .  

I 
But i t  d i d n ' t .  

Half an  hour l a t e r  I was s t i l l  yanking on t h e  s t a r t e r  
co rd  and no th ing  w a s  happening.  I t  f i n a l l y  dawned on me 
t h a t  something was wrong. E i t h e r  something w i t h  t h e  eng ine  
o r  t h e  f u e l .  S ince  t h e  f u e 1 , w a s  t h e  e a s i e s t ' t o  check I 
d r a i n e d  t h e  tanlc and r e f i l l e d  i t  w i t h  g a s o l i n e .  I t  
s t a r t e d  r i g h t  up. T h e r e f o r e ,  i t  had t o  be  t h e  f u e l ,  
which l e d  m e  t o  t h e  c o n c l u s i o n  t h a t  a l c o h o l  would n o t  
i g n i t e  r e a d i l y  i n  f r e e z i n g  wea ther .  

I I was on ly  p a r t i a l l y  c o r r e c t .  

A few minutes a f t e r  I g o t  t h e  c o l e  eng ine  running on 
g a s o l i n e  I swi tched  back t o  a l c o h o l  j u s t  t o  see what 
would happen. I t  worked p e r f e c t l y .  My n e x t  conc lus ion  
was obv ious ly  t h a t  i n  c o l d  wea ther  an  eng ine  had t o  be  
s t a r t e d  on g a s o l i n e  f i r s t .  A l l  I had t o  do was g e t  t h e  
eng ine  warm. 



A two-way d i r e c t i o n a l  v a l v e  would s o l v e  r u n n i n g  
t h e  d i f f e r e n t  f u e l s  i n t o  t h e  same c a r b u r e t o r  b u t  t h e n  
t h e r e  would be t h e  problem o f  d i f f e r e n t  je t  s i z e s .  A 
d u e l - f u e l  Q u a d r a - j e t  o r  a c a r b u r e t o r  w i t h  a n  a d j u s t a b l e  
n e e d l e  v a l v e  would work. The o t h e r  a l t e r n a t i v e s  s imply  
c o n s i s t  of a  s p r a y  m i s t  o f  g a s o l i n e  i n t r o d u c e d  i n t o  t h e  
e n g i n e  v i a  a  n a s a l  s p r a y  b o t t l e  ( j u s t  h o l d  it o v e r  t h e  
c a r b u r e t o r  a i r  h o r n  and s q u e e z e ,  hook up a  w i n d s h i e l d  
s p r a y  d e v i c e  b u t  l o a d  i t  w i t h  g a s o l i n e ,  o r  u s e  a  d i e s e l  
s t a r t e r  f l u i d  t u b e .  Don ' t  u s e  a  b o t t l e  o f  e t h e r  u n l e s s  
you know e x a c t l y  what  you a r e  do ing .  The s t u f f  h a s  a  
tendency t o  blow head g a s k e t s .  

C h r y s l e r  s o l v e d  t h e  problem i n  1 9 3 6  i n  c a r s  expor-  
t e d  t o  N e w  Zealand t h a t  were se t  up t o  r u n  a l c o h o l  from 
t h e  f a c t o r y  (New Zealand had no d q m e s t i c  o i l  s u p p l i e s )  
by p u t t i n g  h e a t  on  t h e i n t a k e  mani fo ld  under  t h e  f l o a t  
blow. Once a n  e n g i n e  i s  s t a r t e d  i t  w i l l  r u n  on  a l c o h o l  
a t  20 d e g r e e s  F. below zero w i t h  no problem. 

' - B A T T C I V  i A COLD WEATHER STARTING DEViCE FOR ALCOHOL 

A method used e a r l y  i n  t h e  20 th  c e n t u r y  was t o  s imply  
add b e n z i n e  (from pe t ro leum)  or  benzene (from c o a t  t a r )  
t o  t h e  a l c o h o l  t o  r a i s e  t h e  vapor  p r e s s u r e .  Messy. 

The b e s t  method I .havecome a c r o s s  .is t o  s i 3 p l y  ' 

i n s t a l l  a  s m a l l  s e a l e d  f u e l  t ank  o f f  t o  one s i d e  o f  t h e  
e n g i n e  w i t h  a h e a t e r  e l e x e a t  immersed i n  t h e .  f u e l .  A t u b e  
l e a d s  from. t h e  s m a l l  f u e l  t ank  t o  t h e  a i r  c l e a n e r .  When 
t h e  h e a t e r - e l e m e n t  i s  a c t i v i a t e d  t h e  a l c o h o l  h e a t s  up p a s t  
180 d e g r e e s  i n  a  m a t t e r  o f  a  minute  o r  two, . the  v a p o r s  r i se  
i n t o  the  a i r  c l e a n e r ,  and t h e  v a p o r i z e d  f u e l  . i c jn i t e s  
i n s t a n t l y  when t h e  e n g i n e  is  c ranked  o v e r  and t h e  f u e l  
makes c o n t a c t  w i t h  t h e  s p a r k  p l u g  f lame.  



DEVELOPMENT OF METHANOL AND PETROL CARBURAT.ION SYSTEMS I N  THE 
NETHERLANDS 

J o u k e  v a n  d e r  Weide ,  Head D e p a r t m e n t  o f  I n t e r n a l  
Combus t i on  E n g i n e s  

M a t h i e  W.A.  Ramackers ,  P r o j e c t l e a d e r  i n  t h e  D e p a r t m e n t  
o f  I n t e r n a l  Combus t i on  E n g i n e s  

TNO R e s e a r c h  I n s t i t u t e  f o r  R o a d v e h i c l e s ,  P.O. Box 237,  
D e l f t ,  H o l l a n d  

I C a r b u r e t i o n  s y s t e m s  f o r  m e t h a n o l  t e n d  t o  become r a t h e r  complex  
d u e  t o  t h e  f a c t  t h a t  a h i g h e r  amount  o f  t h e  f u e l  h a s  t o  b e  
c a r b u r a t e d  t o g e t h e r  w i t h  t h e  f a c t ,  t h a t  t h e  h e a t  o f  e v a p o r a t i o n  
is v e r y  h i g h .  The p r o b l e m s  a r i s e  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  
t h e  d r i v e a b i l i t y  a n d  t h e  c o l d  s t a r t .  A l s o  t h e  s h o r t a g e  o f  a 
m e t h a n o l / p e t r o l  m i x t u r e  a b o a r d  o f  t h e  v e h i c l e  is  d i f f i c u l t  when 
t h e  m e t h a n o l  c o n t e n t  e x c e e d s  1 5 % .  The r e s e a r c h  and  d e v e l o p m e n t  
work i n  t h e  N e t h e r l a n d s  r e g a r d i n g  h a r d w a r e  d e v e l o p m e n t  t o  meet 
t h e s e  p r o b l e m s  w i l l  b e  p r e s e n t e d .  

1. M o d i f i c a t i o n  o f  a c o n s t a n t  v e n t u r i  c a r b u r e t o r .  

The s c o p e  o f  t h i s  p a r t  o f  t h e  work was t o  c o n v e r t ' a  c o n s t a n t  
v e n t u r i  c a r b u r e t o r  t o  e n a b l e  t h e  ca.r t o  r u n  on  p e t r o l  o r  m e t h a n o l  
by means o f  e l e c t r i c a l  s w i t c h i n g  f r o m  t h e  d a s h b o a r d .  The d a t a  o f  
t h e  c a r  and  t h e  c a r b u r e t o r  a r e . a s  f o l l o w s :  

I 
BMW 2000,  1968 .  S o l e x  c a r b u r e t o r  36-40PDSit .  
I n  f i g u r e  1 t h e  l a y o u t  o f  t h i s  s y s t e m  is  g i v e n .  

I t  w i l l  b e  n o t i c e d  t h a t  t h e  s y s t e m  o p e r a t e s  r e l a t i v e l y  s i m p l y .  
The  ma in  j e t  and  t h e  i d l e  j e t  ' a r e  d r i l l e d  or se t  f o r  p u r e  a l c o h o l  
f u e l s  o p e r a t i o n .  By a c t u a t i o n  o f  s o l e n o i d s  s e p a r a t e  f o r .  t h e  ma in  
j e t ,  and  t h e  i d l e  j e t ,  t h e  c r o s s  a rea  o f  t h e  j e t s  is' r e d u c e d  b y  
a b o u t  h a l f .  Thus  t h e  s e t t i n g  f o r  p e t r o l .  

The  t e s t  r e s u l t s  o f  t h i s  s y s t e m  a re  e x p r e s s e d  i n  g e n e r a l  terms 
a s  f o l l o w s :  

P e t r o l  c a r b u r e t i o n :  n e a r l y . t h e  same as t h e  o r i g i n a l  s i t u a t i o n .  
M e t h a n o l  c a r b u r e t i o n :  a i r  f u e l  r a t i o  c o n t r o l ' r e a s o n a b l e  
Homogene i ty  o f  t h e  m i x t u r e :  p o o r  
Co ld  - s t a r t  c o n d i t i o n :  n o t  l o w e r  t h a n  + 50°C ( w i t h o u t  a d d i t i v e  

i n  t h e  m e t h a n o l )  
D r i v e a b i l i t x . :  p o o r  ( d u e  t o  t h e  m a l d i s t r i b u t i o n  and  some r i c h e r  

s e t t i n g  t o  i n c r e a s e  d r i v e a b i l i t y )  

A f u r t h e r  d i s a d v a n t a g e  o f  t h e  s y s t e m  i s  t h a t  f o r  r e t r o f i t t i n g  o f  
modern two or  more b a r r e l  C a r b u r e t o r s  t h e  amount  o f  p a r t s  t o  b e  
f i t t e d  is r a t h e r  h i g h ,  w h i l e  o f  t e n  t h e  a c c e s s i b i l i t y  t o  t h e  je ts  
is i n s u f f i c i e n t .  

I 
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F i g u r e  1. A c o n s t a n t  v e n t u r i  c a r b u r e t o r  
modif ied f o r  p e t r o l  o p e r a t i o n .  
I n  methanol o p e r a t i o n ,  t h e  
s o l e n o i d s  c l e a r  t h e  j e t s .  

2. M o d i f i c a t i o n  of a  c o n s t a n t  vacuum c a r b u r e t o r .  

The scope  o f  t h i s  p a r t  of t h e  work w a s  t o  c o n v e r t  a consta-n, t  vacuum 
c a r b u r e t o r  t o - e n a b l e  t h e  c a r  t o  run  on p e t r o l  o r  methanol by means 
of e l e c t r i c a l  s w i t c h i n g  from t h e  dashboard.  T h e  d a t a  of t h e  c a r  and 
t h e  c a r b u r e t o r  a ' re  a s  fo l lows :  

Mercedes 2 2 0 ,  1969, 4 c y l i n d e r ,  Stromberg c a r b u r e t o r  175CD. 

I n  f i g u r e  2 ,  , t he  l a y o u t  of  t h i s  sys tem i s  g iven .  

I t  w i l l  b e  n o t i c e d  t h a t  t h e  system o p e r a t e s  r e l a t i v e l y  s imply.  

The t e s t  r e s u l t s  of  t h i s  sys tem a r e  expressed  i n  g e n e r a l  terms 
a s  fo l lows :  



Petrol carburetion : nearly the same as the original situation. 
Methanol carburetion: air fuel ratio control reasonable. 
Homogeneity of the mixture: poor 
Cold starting condition: not. lower than + 50°C (without 
additive in the methanol) 
Driveability: poor 

solenoid f o r  

the  second nee 

Figure 2. A constant vacuun carburator 
modified f o r  pet ro l  and methanol 
o p r a t l o n .  I n  methanol operation 
the solenoid allows fue l  t o  the  
second needle. 
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N o r m a l l y  t h i s  t y p e  o f  S t r o m b e r g  c a r b u r e t o r  h a s  o n e  n e e d l e ,  w h i c h  
c o n t r o l s  t h e  a m o u n t  o f  f u e l  i n  a n  o r i f i c e .  I n  t h i s  c a s e  t h e  
c o n s t r u c t i o n  h a s  b e e n  made so t h a t  two n e e d l e s  o p e r a t e  i n  two 
o r i f i c e s  b u t  t h e  a d m i t t a n c e  o f  f u e l  t o  o n e  o r i f i c e  c a n  b e  s h u t  
o f f  o r  o p e n e d  e l e c t r o - m e c h a n i c a l l y .  T h u s  w i t h  p e t r o l  c a r b u r e t i o n  
o n e  n e e d l e  is c o n t r o l l i n g  t h e  a m o u n t  o f  f u e l  s i m i l a r  a s  i n  t h e  
o r i g i n a l  c o n d i t i o n s ,  w h i l e  a t  m e t h a n o l  c a r b u r a t i o n  t h e  s e c o n d  
o r i f i c e  is  a l so  o p e n e d ,  h e r e b y  d o u b l i n g  t h e  amount  o f  f u e l .  

An i m p o r t a n t  a d v a n t a g e  o f  t h i s  s y s t e m  i s  t h a t  f o r  r e t r o f i t  t h e  
n u m b e r  of p a r t s  is  l o w  a n d  t h e  f i t m e n t  work  t o  b e  d o n e  is  r a t h e r  
s i m p l e .  

3. R o t o r c a r b u r a t o r .  

The  company A u t o e l e k t r o n i k  AG C h u r  a t  Z u r i c h ,  S w i t z e r l a n d  i s  
d e v e l o p i n g  a l r e a d y  d u r ' i n g  some y e a r s  a new t y p e  o f  p e t r o l  c a r b u r e -  
t o r  w h i c h  w o r k s  o n  t h e  f o l l o w i n g  p r i n c i p l e .  I n  t h e  a i r - d u c t  
a b o v e  t h e  b u t t e r f l y  a r o t o r  is  f i t t e d  w h i c h  is  f o r c e d  t o  h i g h  
s p e e d  r o t a t i o n  by  t h e  p a s s i n g  - a i r .  The  f u e l  i s  s u c k e d  c e n t r a l l y  
a n d  i s  e n f o r c e d  c e n t r i f u g a l l y  t h r o u g h  small  o r i f i c e s  w i t h  a 
r e l a t i v e  h i g h  p r e s s u r e  o f  many a t m o s p h e r e s .  When t h e  a i r  s p e e d  
i n c r e a s e s  t h e  s p e e d  o f  t h e  ro tor  i n c r e a s e s  l i n e a r  w i t h  it. 
P r e s s u r e  o n  t h e  f u e l  i s  s q u a r e ,  w h i l e  t h e  f u e l  s p e e d  t h r o u g h  a n  
o r i f  ice  i n c r e a s e  by  s q u a r e  root .  T h u s  p r i n c i p a l l y  a  c o n s t a n t  a i r  
f u e l  r a t i o  i s  o b t a i n e d  o v e r  t h e  w h o l e  . r a n g e .  

W i t h i n  t h e  s c o p e  o f  t h i s  p a r t  o f  t h e  w o r k  o n l y  a  m e t h a n o l  
c a r b u r e t o r  w i t h  t h i s  s y s t e m  w a s -  c r e a t e d ,  t h u s  n o t  s u i t a b l e  f o r  
p e t r o l .  

I n  c o o p e r a t i o n  w i t h  t h e  m e n t i o n e d  company s u c h  a c a r b u r e t o r  
was a d a p t e d  f o r  m e t h a n o l  o p e r a t i o n .  B e c a u s e  p a r t  o f  t h e  f u e l  i s  
t h r o w n  a g a i n s t  t h e  w a l l s  o f  t h e  d u c t ,  a n  e x t e r n a l  , h e a t i n g  o f  
t h i s  d u c t  was c r e a t e d  by  c o p p e r  p i p i n g . '  I n  f i g b r e  3 t h e  l a y o u t  
o f  t h e  s y s t e m  is g i v e n .  On p h o t o  3 a  p r o t o t y p e  is shown.  F o r  
. t e s t  p u r p o s e s  t h i s  c a r b u r e t o r  w a s  f i t t e d  i n  a  P e u g e o t '  Van J 7 ,  
1 9 7 1 .  I n  g e n e r a l  terms t h e  r e s u l t s  c a n  be d e s c r i b e d  a s  f o l l o w s :  



small. o r i f i c e s  f o r  fue l  passage 

\ 

suct ion l i n e  o f  the  fue l  

P e t r o l  c a r b u r e t i o n :  h a s  n o t  been .  ' t e s t e d  w i t h  ' t h i s  v e h i c l e ,  b u t  
f r o m  o t h e r  e x p e r i m e n t s  i t  is known t h a t  t h e  s y s t e m  c a n  work 
p r o p e r l y  a n d  create  e x p e c i a l l y  a g o o d . m i x t u r e  homogene i ty , .  so a 
qood  d i s t r i b u t i o n .  
M e t h a n o l  c a r b u r e t i o n :  a i r  f u e l  r a t i o  c o n t r o l  p o o r ,  e s p e c i a l l y  
a t  e n g i n e  f u l l  l o a d .  
Homogene i ty  o f  t h e  m i x t u r e :  r e a s o n a b l e .  
Co ld  s t a r t i n g  c o n d i t i o n :  + 1 0 ° C  ( m e t h a n o l  w i t h o u t  add i t i ve ; ) . .  
T h i s  c a n  b e  improved  by c r e a t i n g  a b e t t e r  c o l d  : s t a r t i n g  d e v i c e .  - - - - 
D r i v e a b i l i t y :  p o o r  
E x h a u s t  e m i s s i o n :  woor, d u e  t o  i n c o m w l e t e  a i r  f u e l  r a t i o  c o n t r o l .  

I t  s h o u l d  b e  n o t e d  t h a t . t h e o r e t i c a l l y  t 'he c a r b u r e t o r  c a n  b e  
e n l a r g e d  w i t h  a d e v i c e  wh ich  e n a b l e s  i t  t o  r u n  o n  a p e t r o l  a s  
w e l l .  Then.  i n t e r n a l l y  a v a r i a b l e  r e s t r i c t i o n  h a s  t o  b e  f i t t e d  
w h i l e  t h e  r o t a t i n g  o r i f  ices have  t o  b e  e n l a r g e d .  Bu t  i t  c a n  b e  
e x p e c t e d  t h a t  t h e  c h a r a c t e r i s t i c s  w i l l  b e  i n f l u e n c e d  by t h a t .  



4. F u e l  i n j e c t i o n  s y s t e m .  

W i t h i n  t h e  s c o p e  o f  t h i s  . p a r t  o f  t h e  work a f u e l  i n j e c t i o n  
s y s t e m  f o r  m e t h a n o l  .wh ich  c a n  be  r e t r o f i t t e d  was d e v e l o p e d .  
T h i s  i s  m a i n l y  d o n e  b e c a u s e  o f  t h e  p o o r  p e r f o r m a n c e  o f  t h e  
s y s t e m  e a r l i e r  d e s c r i b e d .  T h i s  sys ' t em e n a b l e s  t h e  ca r  t o  r u n  on 
p e t r o l  on i t s  o r i g i n a l  c a r b u r e t o r  and  t o  r u n  o n  m e t h a n o l  o n  a n  
a d d i t i o n a l  i n j e c t i o n  s y s t e m .  Wi th  m e t h a n o l  o p e r a t i o n  t he '  f u e l  
s u p p l y  t o  t h e  c a r b u r e t o r  is s h u t  o f f .  A l a y o u t  o f  t h i s  s y s t , e m *  
is g i v e n  i n  f i g u r e  4 .  An i m p o r t a n t  g o a l  o f  t h i s  s y s t e m  i s  t o  
e n a b l e  d i f f e r e n t  makes  and  t y p e s  o f  c a r s  t o  r u n  o n  m e t h a n o l  and  
p e t r o l  w i t h  s t a n d a r d  c o m p o n e n t s  a n d  w i t h  m i n i m a l  s p e c i a l  .adap- 
t i o n s  f o r  t h e  d i f f e r e n t  cars .  The p r i n c i p l e  o f  o p e r a t i o n  o f  t h e  
s y s t e m  is  a s  f o l l o w s .  -In t h e  a i r  i n l e t  a  r o t o r  ( r a t h e r '  s imi l a r  
t o  t h e  o n e  d e s c r i b e d  u n d e r  c h a p t e r  4 )  is f i t t e d ,  w i t h  a p h o t o  
e l e c t r o n i c  s e n s i n g  o f  t h e  s p e e d .  Thus  t h e  amount  o f  a i r ,  is 
s e n s e d  e l e c t r o n i c a l l y .  Th rough  a d o u b l e  g a s k e t  of t h e  i n t a k e  
m a n i f o l d  s m a l l  i n j e c t o r s  a r e  f i t t e d  w h i c h  i n j e c t  t h e  f u e l  t o  t h e  
i n t a k e  v a l v e .  The i n j e c t o r s  t h . e m s e l v e s  a r e  v e r y  s m a l l ,  w h i l e  
t h e  o p e n i n g  a n d  c l o s i n g  i s  p e r f o r m e d  b y . m o d i f i e d  Bosch  i n j e c t o r s .  

By t h e  e l e c t r o n i c  s y s t e m  t h e  a i r  s p e e d  is ,  i n  r e l a t i o n  t o  t h e  
e n g i n e  s p e e d ,  c o n v e r t e d  t o  t h e  o p e n i n g  time o f  t h e  i n j e c t o r s .  

T h e  f u e l  i s  k e p t  u n d e r  a c o n s t a n t  p r e s s u r e  o f  1 . 5  b a r .  T h e ,  
t i m i n g  o f  i n i e c t i o n  is d i r e c t e d , b y  a s i g n a l  f r o m  t h e  d i s t r i b u t o r .  

f u e l  tank e l e c t r i c a l  f u e l  pump 

fuel  f i l t e r  

va lve  f o r  i n j e c t o r  

a i r  speed sensor 
small i n j e c t o r  

p e t r o l  carburator  

d i s t r i b u t o r  modif ie  
for  s igna l ing  the  
. t iming a f t e r  in-  
j e c t i o n  

1 
e l e c t r o n i c  cont ro ls  f o r  opening periods 
e f  the i n j e c t o r  valves 

Flguic 4 .  Fuel i n j e i t i o n  system for  methanol based m v a r i a b l e  o ~ e n i n a  t i n r s  nf i n j e c t o r s  



P h o t o  4 shows  t h e  m o u n t i n g  - o f  t h e  i n j e c t o r 5  i n  a  d o u b l e  g a s k e t  
o f  t h e  i n l e t  m a n i f o l d .  

P h o t o  5 shows  a c o m p l e t e  i n j e c t o r  w i t h  s o l e n o i d  v a l v e .  

The t e s t  r e s u l t s  o f  t h i s  s y s t e m  a r e  e x p r e s s e d  i n  g e n e r a l  terms 
a s  f o l l o w s :  

P e t r o l  c a r b u r e t i o n :  r e m a i n s  o r i g i n a l .  ' T h e  small i n j e c t o r s  
i n  t h e  i n t a k e  m a n i f o l d  d o  n o t  c r e a t e  a n  i n f l u e n c e  
M e t h a n o l  c a r b u r e t i o n :  a i r  f u e l  r a t i o  c o n t r o l  good 
Homogenei ty  o f  t h e  m i x t u r e :  good  
Co ld  s t a r t i n g  c o n d i t i o n :  O°C 
D r i v e a b i l i t y :  g o o d ,  when e n g i n e  is  warm, p o o r  when e n g i n e  
i s  n o t  warmed u p  y e t  . . 

E x h a u s t  e m i s s i o n :  f a i r  

S o  f a r  t h i s  s y s t e m  g i v e s  t h e  b e s t  r e s u l t s .  A p o i n t  o f  c o n c e r n  
however  is t h e  cos t . . o f  s u c h  a  m o d i f i c a t i o n  k i t .  T h i s  o f  c o u r s e  
d e p e n d s  a l s o  on  t h e  f u t u r e  f u e l  p r i c e  and  t a x  p o l i c y  o f  g o v e r n -  
m e n t s .  S a i d  o t h e r w i s e ,  when t h e  f u e l  is  c h e a p  enough ,  r e l a t i v e l y  
h i g h  cos t s  of  a  c o n v e r s i o n  u n i t  a r e  no  p rob lem.  

The  costs of  s u c h  a  m o d i f i c a t i o n  k i t  i n  , l a r g e  s c a l e  p r o d u c t i o n  
a r e  n o t  y e t  c a l c u l a t e d .  

5. T r a n s d u c e r  f o r  t h e  ae tect i o n  of  m e  t h a n o l / p e t r o l  r a t i o .  

I n  t h i s  p a r t  t h e  work is d e s c r i b e d  o f  t h e  r e s e a r c h  and  
d e v e l o p m e n t  o f  a  t r a n s d u c e r  wh ich  c o u l d  e n a b l e  c a r s  to  r u n  o n  
a l l  m i x t u r e s  v a r y i n g  f r o m  100% m e t h a n o l  t o  1 0 0 %  p e t r o l  e v e n  when 
s u c h  a  m i x t u r e  is homogeneous,  o r  e v e n  w i t h  a  n e a r l y  c o m p l e t e  
s e p a r a t i o n  o f  t h e  t w o  f u e l s  i n  o n e  t a n k .  I t  is c l e a r l y  m e n t i o n e d  
t h a t  t h i s  work is n o t  y e t  c o m p l e t e d ,  a l s o  i t  is q u e s t i o n a b l e  i f  
i t  e n d s  p o s i t i v e l y .  Of c o u r s e  i t  would  b e  h i g h l y  a t t r a c t i v e  t o  
h a v e  a s y s t e m  which  c a n  be  r e t r o f i t t e d  and wh ich  c a n  h a n d l e  b o t h  
f u e l s  o u t  o f  t h e  same t a n k .  T h i s  would  h i g h l y  overcome t h e  
p r o b l e m s  o f  a  slow g r o w i n g  i n f r a s t r u c t u r e  f o r  m e t h a n o l  f u e l i n g  
s t a t i o n s  a s  m e n t i o n e d  i n  t h e  i n t r o d u c t i o n .  Then a l s o  t h e  p rob -  
l e m '  f o r  c a r  m a n u f a c t u r e r s  t o  s t a r t  p r o d u c t i o n  o f  t h e  v e h i c l e s  
c a p a b l e  o f  r u n n i n g  o n  me.thano1 would  be  overcome.  



Due t o  t h e  s t r o n g  c h e m i c a l  and  p h y s i c a l  d i f f e r e n c e s  i n  elec- 
t r i c a l  c h a r a c t e r i s t i c s  c o u l d  b e  m e a s u r e d  i n  a r e l a t i v e l y  s i m p l e  
way a n d  be u s e d  i n  t h e  s y s t e m  d e s c r i b e d  i n  c h a p t e r  -5. 

Also t h e  s y s t e m  d e s c r i b e d  i n  t h e  c h a p t e r s  2 ,  3 and  4 c o u l d  
i n  p r i n c i p l e  b e  a d a p t e d  w i t h  s u c h  a t r a n s d u c e r  b u t  t h a n  t h e  y e s -  
n o  c o n t r o l s  wh ich  a re  d e s c r i b e d  t h e r e  h a v e  t o  b e  r e p l a c e d  by  
p r o p o r t i o n a l  c o n t r o l s  l i k e  e . g . ,  a n a l o g u e  e l e c t r i c a l - m e c h a n i c a l  
v a l v e s .  A t r a n s d u c e r  was b u i l t  e x i s t i n g  o f  two c o n c e n t r i c a l  
i s o l a t e d  t u b e s .  A c r o s s - s e c t i o n  o f  t h i s  t r a n s d u c e r  is g i v e n .  i n  
f i g u r e  5. P h o t o  7 shows  a p r o t o t y p e  t r a n s d u c e r .  

T h i s  t r a n s d u c e r  c a n  be mounted  i n  t h e  f e e d l i n e  o f  t h e  f u e l  
i n j e c t o r s  o r  j u s t  b e f o r e  t h e  c a r b u r e t o r  f o r  m e t e r i n g .  The 
d i f f e r e n c e  i n  e l ec t r i ca l  c o n d u c t i v i t y  o f  t h e  m i x t u r e .  

fue l  passage 
I 

, I . . 
concentri cal  ' tubes e lec t r ica l  

Figure 5 .  Transducer for -detect ion o f  the petro l1  
methanol r a t i o  based on measurement of  
conductivity , capac.i t y  or tangens-$ 
measurement. 



6. F u e l  i n j e c t i o n  s y s t e m  w i t h  m e t h a n o l / p e t r o l  

T h i s  s y s t e m  wh ich  w e  h a v e  i n  mind i s  n o t  y e t  i n  o p e r a t i o n  
d u e  t o  t h e  f a c t  t h a t  t h e  work , o n  t h e  m e t h a n o l / p e t r o l  r a t i o  is 
n o t  y e t  c o m p l e t e d  a s  d e s c r i b e d  i n  c h a p t e r  6 .  

P r o b a b l y  a t  t h e  m e e t i n g  i n  November some more i n f o r m a t i o n  . ..I 

c o n c e r n i n g  t h i s  s y s t e m  w i l l  b e  a v a i l a b l e .  . I n  f a c t  t h i s  s y s t e m  b 
is c o m p l e t e l y  s imi la r  t o  t h e  s y s t e m  d e s c r i b e d  i n  c h a p t e r  5 b u t  
w i t h  t h e  s e n s o r .  

When t h e  s e n s o r  c a n  work p r o p e r l y  w i t h  l i m , i t e d  a m o u n t s  o f  
e l e c t r o n i c s  b e h i n d ;  t h e  p e r i o d  o f  i n j e c t i o n  w i l l  d epend  o n  t h e  
r a t i o  o f  p e t r o l / m e t h a n o l .  Thus  as  1 0 0 %  m e t h a n o l  t h e  p e r i o d  o f  
i n j e c t i o n  w i l l  b e  a b o u t  d o u b l e  compared  t o  p e t r o l ,  w h i l e  f o r  t h e  
r a t i o s  b e t w e e n  t h e  p e r i o d  o f  i n j e c t i o n  i s  ' a d a p t e d  l i n e a r  t o  t h a t  
r a t i o .  . - 

electronic controls for opehing peribds of 
the injector valves, aho influencing the 
opening periods independence of the 
methanol /petrol ratio 

Figure. 8. Fuel injection system for methanol based dn 
opening times of injectors (similar to fig. 4 ) 'with 
methanol /petrol mtio transducer 



. . THE .DUAL FUEL APPROACH 
. . . ,  

The Overton Corpora t ion  

DESCRIPTION OF THE INVENTION 

The 0verto.n , d u a l  f u e l  s y s t e m  i s  a  two c a r b u r e t o r  
s e t - u p  w i t h  t w o  d i f f e r e n t  f u e l s  f e e d i n g  two c a r b u r e t o r s  
from sepa. ra te  f u e l  t anks .  Gaso l ine  i s  one f u e l .  Methanol 
i s  t h e  o t h e r . .  The f u e l s  a r e  blended as a  vapor  i n  va ry ing  
amounts a t ,  . the  moment o f  e n t r y  i n t o  t h e  eng ine .  i t s e l f  . 

The i n v e n t i o n  a l l ows  f o r  d i f f e r i n g  amounts of  each  
f u e l  t o  b e  f e d  i n t o  t h e  eng ine  under d i f f e r e n t  c i r cums tances .  
A s i n g l e  vacuum system i s u s e d  f o r  bo th  c a r b u r e t o r s  and t h e  
p r e s s u r e  a t  each  f u e l  e n t r y  p o i n t  d i c t a t e s  how much f u e l  
o f  each  k i n d  i s  admi t t ed .  Gaso l ine  explodes  a t  a  lower 
t empera tu re  t h a n  methanol and t h e r e f o r e  c r e a t e s  q u i c k e r  
power. When power is  needed f o r  s t a r t i n g  o r  p a s s i n g ,  
s t ron$  t h r o t t l e  p r e s s u r e  p e r m i t s  more g a s o l i n e  t han  rnkthanol 
t o  e v e r  t h e  eng ine ,  g i v i n g  t h e  needed qu ick  power. When 



the eng ine  i s  a t  i d l e  o r  a t  t h e  l o w e r  r .p .m. ' s  used i n  
ma in t a in ing  a  speed,  t h e  engine  r e c e i v e s  g r e a t e r  amounts 
of methanol than.  g a s o l i n e .  . . 

The i n v e n t i o n  r e q u i r e s  two f u e l  t a n k s  on t h e . - v e h i c l e  
and two f u e l  pumps t o  f e e d  t h e  two c a r b u r e t o r s .  However, 
w i t h  t h i s  minor m o d i f i c a t i o n ,  t h e  i n v e n t i o n  u s e s  D e t r o i t ' s  
i n t e r n a l  combustion e n g i n e s  e x a c t l y  as they  a r e  p r e s e n t l y  
manufactured.  There i s  no need t o  deve lop  a whole new 
concep t  i n  i n t e r n a l  combustion eng ines .  . 

An automobi le  equipped w i t h  t h i s  sytem i s  a b l e  t o  
run  on g a s o l i n e  i f  methanol i s  n o t  a v a i l a b l e  a s  t h e  c a r -  
b u r e t o r  c o n t i n u e s  t o  f e e d  t h e  g a s o l i n e  vapor  i n t o  t h e  engine  

. . i n  t h e  absence of  methanol,. 
. , 

For t h o s e  t e c h n i c a l l y  a b l e ,  Appendix. A t o  t h i s  Pamphlet 
c o n t a i n s  t h e  f u l l  p a t e n t  as g r a n t e d  by t h e  Uni ted  S t a t e s  
P a t e n t  O f f i c e  f o r  t h i s  i n v e n t i o n .  , T h e  concep t s  a r e  s imple  , 

and c l e a n ,  e a s i l y  unders tood  by t h o s e  acqua in t ed  w i t h  
i n t e r n a l  combustion eng ine  ca rbu re t ion . .  . . 

INVENTION USE RESULTS 

T e s t s  r e s u l t s  b y - t h e  i n v e n t o r  have l e d  t o  t h e  g r a n t i n g  
of  a  Uni ted S t a t e s  p a t e n t ,  and a p p l i c a t i o n  f o r  p a t e n t s  i n  
s e v e r a l  c o u n t r i e s .  However, e x t e n s i v e  and independent  tests 
must be made b e f o r e  t h e  Overton Corpora t ion  cou ld  e t h i c a l l y  
advoca te  na t ionwide  and perhaps  worldwide adop t ion  of t h e  
system. The i n v e n t o r ' s  own t e s t  r e s u l t s ,  u s i n g  t h e  b e s t  
equipment a f f  o r d a b l e  by him; i n d i c a t e ,  4iha.t m e  than01 usaqe 
i s  n e a r l y  e q u i v a l e n t  t o  t h e  g a s o l i n e  used.  I n  t h e  i n v e n t o r ' s  
t e s t s ,  where t e n  ( 1 0  g a l l o n s  of  g a s o l i n e -  would o t h e r w i s e  be 
used ,  t h e  Overton d u a l  f u e l  system used."only s i x  - ( 6 . )  g a l l o n s  
of g a s o l i n e ,  p l u s  s i x  ( 6 )  ga'l.lons of  metha,nol. '- The. Overton 
Corpora t ion  b e l i e v e s  . t h a t  , independent  t e s t i n g  wil .1 b e a r - .  . 

o u t  t h e s e  f i g u r e s  and.  t h a t  w i t h  f u r t h e r  deve"1opment more . 

d e c r e a s e  i n  g a s o l i n e  consumption l i k e l y .  , ,  :.  ... . 
L . . 

Of e q u a l  s i g n i f i c a n c e  i s  the decreasedJpo. l - lu t ion. .  
Methanol bu rns  c l e a n e r  and more comple te ly  and c o n t a i n s  few 
harmful  emis s ions .  Accura te  t e s t i n g  of emis s ion  l e v e l s  has  
been imposs ib l e  t o  d a t e  w i t h o u t  expens ive  equipment.  The 
Overton Corpora t ion ,  however, b e l i e v e s  a  d e c r e a s e  i n  : 
p o l l u t a n t s  can  be  expec ted .which  i s  comparable t o  t h e  " 

dec reased  amount o f  g a s o l i n e  u sed ,  i . e . ,  f o r t h  p e r  c o s t  ' .  
( 4 0 % )  o r  more. These e s t i m a t e s  a r e  born o u t  by t h e  
i n v e n t o r ' s  t e s t  r e s u l t s ,  b u t  t h e  Overton Corpora t ion  be- 
l i e v e s  f u r t h e r  t e s t i n g  i s  neces sa ry  t o  p a s s  mus te r  w i t h  



t h e  s c i e n t i f i c  community. However, a l l  m e t h a n o l - f u e l e d  
'S ( i n  whole o r  p a r t ) .  e n g i n e s  p r e v i o u s l y  t e s t e d  have  shown 

marked d e c r e a s e s  in p o l l u t a n t s  ' e m i t t e d .  



Volkswagen Approach 

Figure 7 sham a VWYgPototypa en&%na, watee-cmleid, etroke volume 1.6 
1 and which prgGuces 65 kW (88 hp) in  p u e  meth~nol operation. It is fitted 
with a mixed preheating sy8tem which allows a . .wry intensive heating up by 
means of hot exhauet gas ("early fuel evaporation;", EFE, or "hot spot"). 
A thermal valve coatsdl# a butterfly valve in  the exhaust gas system using 
exhaust pipe underpressure and a control member (cf. also Figure 8) .  

Figure 7. VW alcohol engine 
(prototype) . 

1 = Thermal valve 
2 = Hot spot (illeg) 
3 = Exhaust gas throttle valve 
4 = Exhaust gas system 

Figure 8. "Hot spot" exhaust 
pipe preheating. 

1 = Carburetor 
2 = Exhus t pipe 
3 = Hot spot 
4 = Thermal valve 
5 = Control member 
6 = Butterfly valve 
7 = Exhuast gas system 
9 = Piston 

' 0 Kolben 



Cor:,-~r~isn 3f friesel Enc;.ines to Alcohol ~ s y e r a t i o n  

-.-->-,-,*,-,.-- - , *  - . - -  - - - - 2 T  -, *.% 

- b - u  rcczhacls are possible t o  makc erlaanol, diich 
is by i t s  na ture  unfriendly t o  diesel engines, app l icab le  t o  s ~ c h  
e-zi~cs e i t h e r ,  one deternines t ha t  only ethanol i n  its u s w l  
form will be considered as a s u b s t i t u t e '  f u e l  and makes the necess- 
a r y  changes on t h e  d i e ~ s l  engine i n  ol-der t o  make its operat ion 
with e thanol  - possible,  or one bs tab l i rhes  that t h e  d i e s e l  engine 
i s  t o  renain  e s s e n t i a l l y  unchanged and reforms the f u e l  ethanol 
i n  such a manner as t o  enable normal d i e s e l  operatton. 

The one way means an adaptat ion of t h e  engine t o  t h e  f u e l ,  
the other an adaptat ion of the f u e l  t o  t h e  angkne. 

The way of adapting the  englne t o  t h e  f u e l ,  would be concei- 
vzk.le, if it vsre desirzble t o  have a s ing l e  fue l ,  country-wide, 
and if a po ten t i a l  increase  of freight and person mass t r anspor t  
rates would be acceptable. '  For t h e  production of e thanol  quant i -  
ties s u f i f c i e n t  f o r  the purpose, only t h e  planting of appropr ta te  
areas with sugar cane o r  o ther  s u i t a b l e  plant8 and the erec t ion  
of corresponding d i s t i l l e r i e s  would be required.  The more d t f f l -  
'cult task would be lef t  t o  t h e  manufacturer of the dkesel engines, 
i n  t h i s  easel t h e  conversion of t h e  engines t o  exclusLve ethanol  
consumption. The c o s t s  t ha t  are, di rcccly  and ind i r ec t ly ,  connec- 

- t e d  w i t h  t h i s  would have an addi t iona l  e f f e c t  3n transport tariffs. 
The approach of adapting t h e  f u e l  t o  tlre engine, or1 the other  

hand, appears t o  be sens ib l e  i n  t h e  case, where continued economy 
of f r e i g h t -  and person- masstransport of of spec ia l  importance. 
The operator  of t h e  u t i l i t y  vehic le  not only maintains t h e  eco- 
nomical diesel process, he a l s o  saves t h e  cos t s  t h a t  could be 

encountered with t h e  conversion of the engines. 
Adaptation of the enqines to alcohol fuels 

We w i l l ,  first, examine the problems of the adaptat ion of 
the o r i g i n a l  d i e s e l  engine t o  cttranol fue l .  

Ot.:o-type. E n ~ l n e .  
I C b  most obvious is t h e  conversion of t h e  diesel engine i n t o  
an Otto-  type engine. From t h e  standpoint of the  d i e s e l  engine, 
t h i s  is connected with sane s t r u c t u r a l  conversion e f f o r t s ,  but 
it i s ,  otherwise e n t i r e l y  possible.  There are, i n  t h e  automobile 
indust ry  numerous examples of successful  engine-aeries that con- 
t a i n  both diesel- and Otto-versioris w i t h  a l a rge  number of uni-  
fom s t r u c t u r a l  par t s .  3-74 -- 



I t  would d i s r u p t  t h e  frz .~.ework of th. is  p r e s e n t a t i o n ,  t o  
now d i s c u s s  t h e  d e t a i l s  of t h e  r e q u i r e d  d i f f e r e z t  p a r t s ,  such a s  

c y l i n d e r  h e z d ,  p i s t o n s ,  i n t a k e -  and exhaus t  sys tems ,  f u e l  supp ly  

and i g n i t i o n  s y s t m .  I t  is only  ' t o  .be p o i n t e d  o u t  t h a t  a d d i t i o n a l  

measures  have t o  be t a k e n ,  when a u s u a l  gaso l ine -powered  O t t o - e n -  

g i n e  or a n  e n g i n e  t h a t  h a s  been c o n v e r t e d  from d i e s e l  t o  O t t o - t y p e ,  
i s  t o  b e  c o n v e r t e d  t o  e t h a n o l .  ' 

- caused  by t h e  low h e a t i n g  v a l u e  r e s p .  t h e  s m a l l e r  a i r  r e q u i r e -  
ment of  e t h a n o l ,  a changed c a r b u r e t o r  ad jus tment  i s  r e q u i r e d .  

- caused by t h e  h i g h  v a p o r i z a t i o n  h e a t ,  t h e  low vapor p r e s s u r e  
and t h e  s m a l l '  e t h a n o l - v a p o r  t a k e - u p  by t h e  a i r ,  a s t r o n g e r  

I r t i x t u r e  p r e h e a t i n g  a s  well as  a c o l d - s t a r t  s u p p o r t  have t o  

be p rov ided .  

- t h e  low vapor  p r e s s u r e  o f  e t h a n o l  can  r e q u i r e  a change i n  t h e  
f u e l  pump i n  o r d e r  t o  avo id  s team bubb le  f o r m a t i o n  and .hot  - , 

s t a r t  d i f f i c u l t i e s .  
- I f  one w i s h e s  t o  u t i l i z e  t h e  a n t i - k n o c k  p r o p e r t i e s  of e t h a n o l  

i n  c a n p a r i s o n  t o  g a s o l i n e ,  t h e  combust ion a r e a  must  b e  changed 
i n  t h e  d i r e c t i o n  o f  h i g h e r  compress ion  r a t i o s ,  t h e  g a i n  i n  

t h e  d e g r e e  of e f f e c t i v e n e s s  sh,ould a l s o  n o t  be f o r g o t t e n  i n  

t h i s  c o n n e c t i o n  ( F i g u r e  6 ) .  

But w e  s h a l l  n o t  concern  o u r s e l v e s  f u r t h e r  vit 'h c m p a r i s o n s  
between e a s o l l n e  and e t h a n o l ,  b u t ,  i n s t e a d ,  w i t h  t h o s e  between 

e t h a n o l  and d i e s e l .  

If a h i g h  compress ion  r a t i o n  is used (e.8.  4 2 )  t h e n ,  i n  
t h e  e t h a n o l - O t t o - o p e r a t i o n ,  a h i g h e r  d e g r e e  of  o u t p u t  c a n  be e x -  

p e c t e d  t h a n  w i t h  d i e s e l  o p e r a t i o n  because  of t ,he  b e t t e r  a i r - u t l l i -  
z a t i o n .  The d e g r e e  o f  e f f e c t i v e n e s s  i s ,  however,  ~ma l l c r  t h a n  t h a t  

of t h e  d i e s e l  e n g i n e ,  n o t  o n l y  b e c a u s e  o f  t h e  lesser c a n p r e s s i o n  
r a t i o n  ( =' 12 a8 opposed t o  =17), but also because  of the wcll- 

known d i s a d v a n t a g e s  of a i r - c h o k i n g  i n  p a r t i a l - l o a d  o p e r a t i o n ,  s a n e -  

t h i n g  t h a t  s h o u l d  not be forgotten i n  t h e  economic c o n s i d e r a t i o n s .  



' i 

Fixure 6: Relative degree of effective force in. relation to 
compression ratio. 

Wherer Relativer Wirkungsgrad (%) = relative degree of effective- 
ness (%); Verdichtungsverhrltnis = cmpression ratio; . ~ 

Benzin/~thanol = gasoline/ethanoli Rthanol = ethanol; DE-' 
,Diesel = inject'ed diesel fuel. 

In addition, it should be pointed out, that it is not necessa- 

rily sensible to use the highest possible cmpression ratio. An . 
engine designed wi* = 12, does result in a very qdvantageous 
degree of effectiveness, does not, however, permit knock-free oper- 

ation with normal filling station gasoline. In the case of a tern- 
porary shortage of ethanol, e.g. caused by a poor sugar cane har- 
vesr, the usefulness of the vehicles would be endangered. The en- 

gine built on the basis of = 7 ,  could, on the other hand, be rea- 
dily re-converted to gasoline, this would require merely a change 

in the carburetor. But the degree of effectiveness would, in com- 

parison to diesel engines, be very much poorer, however. 



High Compression Diesel En~ine 
Still within the framework of the adaptation of 'the engine 

to the fuel, in other words, further under the assumption of an 

exclusive ethanol operation, another possibility of the convc-r-. 
sion of the diesel engine is concei'vable, which more closely 
approaches the original engine from the standpoint of economy: 
a direct-injection engine in which the crelf-ignition of ethanol 
is forced by means of extremely high cmpression and addifional 

preheating of the intake-air ( 3 ) .  
The properties of the various fuels that have been shown at 

the beginning, make it clear that ethanol is, by its nature extre- 
mely unwilling to be ignited, something that does not, however, 
exclude that this high-octane fuel can be forced to self-ignition. 

The principle of the highly compressed engines capable of . 
using a variety of fuels from diesel to super gasoline, is gener-a 1 l r  

, 1 Li.1 known. Purely the~reti'call~, a further increase of the cmprcsr. ' 

would merely be required for ethanol. 
- .  . There is no specific relationship between cetane number and 

I required cmpression ratio, but from experience values a corm?.. ". 

ponding .scatter-curve can be established (Figure.7). 

Cetonmhl CQZ 
Fi ure 7 1  Required compression ratio with decreasing cetane. nmber 
* h n J e c t i o n  diesel engine). 
Wherer Verdichtungsverh~ltnis = cmpreeaion ratio; Cetanzahl = 
cetane number1 echlecht. - guter Diesel kraftst. = poor - good 
diesel fuel; super - normal - distilled gasoline, alkohole=alcohols 

I 



OIm experiments showed that self-ignition of ethanol is 

possible with a compression ratio = 25, not, however, in par- 
tial-load operation and even less on start in^. 

In order to facilitate a satisfactory engine operation at 
.I 4. partial load and in idling, in addition to the high compression, 

the pre-heating of the intake air is required, e.8. by means of 

a heat exchanger or by exhaust recycling. The latter can be used 

without concern, since, caused by the soot-free ethanol combus- 

tion, no soiling of the pure-air paths need to be expected. 

Experiments with exhaust recycling brought good results, 

but the problem of the control of such recycling has not been 

further examined. Conceivable would be a load-dependent control 

by way of the exhaust temperature or by way of the injection pump 

control rod. 

The control of exhaust recycling must choke the recycling in 

the upper load range, in order to avoid a decrease of life and ex-  

cessive heating of certain engine parts (Figure 8 ) .  

Finure 8, WiTlans line of an ethanol engine ( 
without exhaust recycling. 

=25 ) with and 

Where; Kraftetoffeinspritzinenge = amount of injected fuel; Hubvo- 
lumen = displacement volunel mit - ohne Abgasrbckfuhrung = 
with - without exhaust recycling. 
Intake air preheating and extremely high compression will 

Busrantee satisfatory m i n e  operation, however, the peak pressure 

and pressure rise- values are far above those of the original die- 
sel englne. Added to this is the fact t b t  it is useful to add 

an exhaust turbo-loader, in order to canpensate for the loss of I 

1 the degree of fillin8 effectiveness, that is caused by air pre- 



heating. charging is unavoidable, if no output losses can be 

acceptable. 
The starting process is not possible without starting aids. . '  

, - .. ., ._ I , . 
Aside of the known aids such'as starter pilots and flame-start . . 
arrangements, the temporary switch-over to diesel fuel is con- 

I ceivable as a starting aid, something that could also produce 

1 the following further advantages: On the one hand, by switching 

over to diesel prior to shutting dow. the engine, a preservation ' 

of the entire injection mechanism would result, on the other hand, 

I diesel operation for some period beyond the starting process would 
guarantee an appropriate heating up period. Disadvantageous in 

this case, would be the additional container for diesel fuel. One ' 

I . . can, therefore, see that the change-over expenditures is consi- 

derable in comparison to the orieinal diesel engine (Figure 9). 
... 

. 

I Figure 9: Characteristics .of an ethanol-operated direct-injection I 
I engine ( = 25) with exhaust recycling. 

Wheret Ab asrDckfClhrung = exhaust recyclin ; Verdichter Turbine 
( A T L ~  = ccmpressor (charger) turbine p exhaust turbos-charger) : 
Temp. FMler = Temperature sensor; Einspritzpumpe = injection 
pump r Farderpumpe = * fuel pump1 Diesel, - Athanol- Behalter = 
diesel-,ethanol- containerel Kraftstoff Umschaltung = fuel 
switch-over. 

I The specific fuel consumption of the high canpression engCne 

1 is, corresponding to the reduction of the degree of effectiveness, 

i worse than.that of a normal-cappression direct-injection engine, 

A further gorsening of consumption occurs h e n ,  for example, a 
displacement of the start of injection is arranged in the direc- 

I tion of "later" vlth the aim of obtaining a reduction of peak prers- 

ures . I 



In canparison to the etlranol-Otto-type encine that was de- 
veloped from the diesel engine, the extremely higtlly-cmprcssed 
engine has, in addition to the somewhat better consmption values, 
also the advantage that a re-conversion to diesel operation is 
possible at any time. Only the injected amount needs to be re-set 
and the exhaust recycli~g shut off. 

In addition, the question of the lifetime is to be clarified. 
Delayed injection and air-preheating are not sufficient to obtain 
the peak-pressure- and pressure rise-values of the original engine 
Unless the engine is not originally equipped vitl~ correspondine 
reserves, a constructionreenforcement is unavoidable. 

Two-fuel mixed operation. 

Still within the framework of the "adaptation of the diesel 

engine to ethanol as fuel", a third possibility should be mentioned, 
we shall call it "two-fuel mixed operation" (6,7). 

However, in this case, only a partisl substitution of diesel 

fuel by ethanol, is possible. 
It concerns the following methods To the otherwise unchanged 

4 . . diesel engine, a certain amount of finely divided ethanol is added 
to the intake air as a spray, e.g. by means of low pressure injec- 
tion. The engine takes tn this thus produced lean, homogeneous, 

' 

air-ethanol mixture and compresses it..Combustion is initiated 
at the suitable time by the usual high-compression diesel injec- 
tion. The essential part of energy supply takes place by diesel 
fuel. 

The ethanol fuel that is homogeneously divided'with the air 
sees to it that the combustion air is utilized appropriately be- 
cause the air that is present outside of the canbustion chamber 
in the pinch slots participates intensively in the combustion. 
The obtainable output is sanewhat higher, the fuel consumption in 
the upper load-range is somewhat more advantageous and the ex- 
haust turbidity, caused by the sootyfree combustLon of the ethanol, 

is less than in the diesel fuel operation alone (Figure 10). 
The control of the"ethano2 ,supply must be carried 'out in such 

a way that the additional fuel is supplied only beginning with a 
specific engine-load and then still only up to 8 maximal amount 

,, 



whichl i n  t h e  p r e s e n t  is r e p r e s e n t e d  as 2% a t  f u l l  load ( F i g u r e  

11 ) . Varying d a t a  are a v a i l a b l e  concern ing  ' t h i s  maximally p o s s i b l e  

1 F i n u r e  10: I n f l u e n c e  of a homogeneous e t h a n o l - a d d i t i o n  t o  t h e  i n -  

t a k e  ai,r on consumption and exhaus t  t u r b i d i t y .  

Where8 Abgastrllbung = exhaus t  r u r b i d i t y ; ,  S p e z i f .  K r o f t s t o f f v e r b r a u c h  
I = s p e c i f i c  f u e l  consumption;  r e i n e r . D i e s e l b e t r i e b  = pure  d i e s e l  

o p e r a t i o n ;  Diesel m i t  homogenem A t h a n o l a n t e i l  = d i e s e l  w i t h  hano-,  
geneous e t h a n b l  component. 

e t h a n o l  admixture  ( 5 ,  6,  7 ) .  I t  is ,  however clear t h a t  beyond cer- 

t a i n  l i m i t s  no  a p p r o p r i a t e  combustion i s  p o s s i b l e .  I n  o r d e r  t h a t  

t h e  energy  supply  be kep t  c o n s t a n t ,  t h e  admixed amount of e t h a n o l  

must be  g r e a t e r  t h a n  t h a t  of t h e  s u b s t i t u t e d  d i e s e l  f u e l .  The  ratio 

i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  cor responding  h e a t i n g  v a l u e s .  

The c o n t r o l  must b e  a r r anged  a c c o r d i n g l y .  



F i ~ u r e  11 : Control of' ethanol supply in two-fuel mixed. operation. 
Where: Kraftstoffeinspritzmenge=amount of..injected fuel1 Hubvolumen= 
piston displacement; Athanol= ethanol; Er8parni.s = savings. 

The following are to be mentioned as disadvantages of this 
process: the facr that exclusive ethanol operation is impossible, 
the requirement of. two sqpnratc fuel arranGen1ents; 'the expensive 

. . 

remlation of the ethanol addition and the knock-destruction that 
is to be expected by an uncontrolled combustion of the echanol- 
air-mixt~~rc wit11 excessive proportion of ettianol. 

The advantage in comparison to the.earlier described possi- 
bilities is the somewhat less expensive conve,rsion of the diesel 

engine. In principle, only the complete second fuel installation 
is required, but the costs for the control and the homogenization 
of the ethanol additive cannot be ignored. In connection with this, 
changes on important engine parts, ' such as e:e. on the cylinder 
head, can become necessary. 

Adaptation of the substitute fuel to the diesel ennine. 

As has already been pointed out, the path'of adapting the fuel,. 
ethanol to the unchanged diesel engine is then sensible, when it 

. is considered valuable that, o n  the one hand, no conversion of 
the engines need to take place and, on the other hand, a price- 
differential between diesel fuel substitute and the Otto-engine 



fuel must be continued.'In this connection, .it would also be poss- 
ible, at any time, to make a reverse change to the origi&l diesel 
fuel. 

It has also been pointed out that a pure ethanol fuel, because 
of its unwillingness to ignite, is extrmely. unsuitable for oper- 
ation in the diesel engine. 

In. order to make ethanol "d jesel-capable" , the willingness 
to ignite must be elevated considerably. One possibility that Ls 

1 known In principle for the elevation of cetane . . numbers is by the 
addition of so-called ignition enhancers. This is a matter of fuel 
additives which, by means of their more or less expressed explosi- 
vity cause an increase of the willingness to i'gnite on the part 
of poor diesel fuels. 

It is, therefore, obvious to investigate the effect of such 

additives on ethanol as a motor fuel. 
Among the known and tried ignition enhancers, amyl nit'rate I 

and cyclohexanol nitrate may be mentioned, the one represented 
more strongly in thc U . S . ,  the second, more so in Europe. 

In principle, all nlkyl nitrates.arc ignition enhancers. 
For the case examined here, it is useful to select a fuel additive 
that can be produced from plant-material alcohols. For this, 
especially cttly'l nitrate would seem to offer itself, since it 

can be produced directly from etllanol. But, because of its high 
explosivity, ethyl nitrate in its pure condition is very hard 
to handle. One \~otild have to mix  it, immediately after its pro- 
duction, with the ethanol fuel in order to be able to guarantee 
its storage- and transport-capability. 

The mentioned ignition enhancer amyl nitrate could also be . 
of interest inasmuch as it is produced from amyl alcohols that 
are produced anyway as a side-product in alcoholic fermentation. 

Own experiments were carried out with the ignition enhancer 

that is well-known in Europe, cyclohexanol nitrate, that is being 
sold corr~nercl,ally under the designation Kerobrisol MAR. 



. :  The determination of the required additive amounts t o  ethanol 

took place by way of ignition delay measurements (Figure 12). It 

was determined that the thus produced'fuel with about 10% of Kero- 
brisol, acts exactly like a normal diesel fuel, nothing needed 
to be changed in the engine. In order. to attain the same outputs, 
it was merely necessary to increase the fuel supply. The relatively 

Fi~ure 12: Ignition delay on addit.,ion of "Kerobrisol MAR" to 
ethanol. 
Where: ZOndverzug = ignition delay; Energiezufuhr= energy supply; 
Kerobrisol-Anteil im Athanol = Kerobrisol component in ethanol. 
reiner DK = pure diesel fuel. 

hi& amount of ignition cntlancer addi ti.ve, howevcr, requires a 

low price for the icnition enhancer in order to be able to.euclran- 
. tee competitiveness of thc fuel ~nixttlrc. The vol'umetric 'fuel. con- 

. '  . 
sumpt ion, , corresponding to the lower heating value of ethanol, 

was hieher, in comparison to diesel fue'l. Lelative to the enciey 

prov ided ,  no mentionable difference could be noted (Fi~urc 13). 
A further- optimization of the course of combustion in ethanol- 

operation'could take place by tuninn the injection equipment for' ' 
a higher amount of injected materipl. 



Fi~ure 13: Engine values in operation with diesel fuel and wLth 
ethanol + ignition anhancer. 
Where: Abgastrobung = exhaust turbidity; Krafcstoffverbrauch = 

fuel consumption; Athanol + ZB = ethanol + ignition enhancer. 

One must also not forger the fact that combustion is prac- 

tically free of soot in ethanol operation. 
As has been mentioned, no changes must, in principle, be made 

on the engine, Only the injection pwnp must be adapted to the new 
fuel : , On the. one hand in respect of increased injected amounts 
and on the other hand in respect of lubrication and sealing of the 
pump elements. In this case, the generally known multi-fuel pump 
with oils leak barriers is required. 

Other fuels of plant ori~in 

Before bringing the subject "Adaptation of the substitute 

fuel to the diesel engine", the following question should also be 
posed1 Are there other fuels of plant origin, other than ethanol, 
that, according to their properties, are closer related to diesel 
fuel? Yea,  there is something in that direction, the oils of 
olant oriein! 



We do not  w i s h  t o  -becane t o o  irlvolved i n  the problems of t h e  
a p p l i c a t i o n  of p l a n t - o i l s  i n  d i e s e l  eng ines .  The p r e s e n t  s u b j e c t  

conce rns  e t h a n o l .  We merely w i s l ~  t o  po in t  ou t  t h a t  a coun t ry ,  such  
as B r a z i l ,  which w e  have s e l e c t e d  as our  example, need no t  n e c e s s a -  
r i l y  c o n c e n t r a t e  i t s e l f  on ly  on e t h a n o l  i n  i t s  s e a r c h  f o r  f u e l s  

of p l a n t - o r i g i n  as s u b s t i t u t e s  f o r  minera l  f u e l s ,  P l a n r - o r i g i n  
o i l s  must a l s o  b e  cons ide red ,  e s p e c i a l l y  when t h i n k i n g  i n  terms 
of d i e s e l  e n g i n e s .  

I n  B r a z i l ,  t oday ,  t h e  economical  p roduc t ion  of soybean o i l ,  

Babassu n u t  o i l ,  c o t t o n  seed o i l  and c a s t o r  o i l  are being exarnilrled 
as p o t e n t i a l  f u e l s .  Among t h e  most impor tan t  p r o p e r t i e s  t h a t  d i f f e -  
r e n t i a t e  t h e s e  o i l s  from u s u a l  d i e s e l  f u e l s ,  are t h e  v i s c o s i t y ,  
t h e  c loud  p o i n t  and t h e  coke r e s i d u e s .  The c c t a n e  number is of  
t h e  same o r d e r  of magnitude as d i e s e l  f u e l .  Scen from t h e  s t a n p o i n t  
of t h e  v o l u m e t r i c  h e a t i n g  va lue  p l a n t - o i l s  a l s o  correspond t o  d i e -  

s e l  f u e l ,  s o  t h a t ,  on t h e  assumption of an  e q u a l  deg ree  of e f f e c -  
t i v e n e s s ,  t h e  l i t e r - p r i c e  f o r  p l a n t - o i l s  would have t o  be  equa ted  
t o  t h e  p r i c e  o f  diesel f u e l  i n  u r d e r . . t o  gua ran tee  e q u a l l y  econo-  
m i c a l  o p e r a t i o n .  . . 
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, ;. F i g u r e  148 P r o p e r t i e s  of p l a n t - o i l s  i n  comparison t o  d i e s e l  f u e l  

Wheret Kinemarische V i s k o s i t a t  = k inema t i c  v i s c o s i t y ;  Trobungspunkt 
= loud point8  -KoksrClckstand = coke  r e s i d u e  acco rd ing  t o  Conradson; 
Ce tanzahl  = ce tane .number ;  DK = d i e s e l  f u e l ;  PO = p l a n t - o i l s  



Because of'the detrimental properties in exclusive use of. 

plant-oils, such as excessive viscosity, excessive cloud point, 

and coke residue, an admixture of smaller amounts of plant-ori~in 
oils to diesel fuel could be of 'special- interest. 

Conclud  in^ observations 
In conclusion we shall once more briefly stunnrarlze: 

The ability of ethanol and oils of plant-origin to compete 
in respect of mineral fuels is only present when the per-liter 

price of the substitute fuel, Lnder consideration of the volumetric 
heating value and the degree of use-effectiveness is considered 
in the ~o'rrespondin~ combustion method (Figure 15). tlere, the ol- 
ternative "Ethanol-Ottottype method" is unsuitable inasmuch as, 

Fi~ure 1 s t  Relative ability to compete for substitute fuels in 
relation to diesel fuel. 

Where: Diesel Motor = diesel engine; Otto-Motor= gasoline engine; 
Athanol = ethanol; ...+ ZB = + ignition enhancer; Zweistoff Misch- 
betrieb = two-fuel mixed operation; DK = diesel fuel! Pflanzenbl = 
oils of plant-origin; Benzin = gasoline; Relative reichweite bei 
gleichem Tankvolumen = relative distance reached with equal volume 
tank. 

as, in addition to the low compression, the disadvantages of the 

partial-load losses must be considered. Within the framework of 
all the considerations, one may not forget that the differentia- 

tion of the fuel prices for utility vehicles and for automobiles 
is of importance to countries like Brazil, in which such a price- 
differentiation serves to maintain a hold on the transport tariffs. 



G e n e r a l  economy-comparisons a l s o  must c o n s i d e r  the expense of 
a d a p t a t i o n  t h a t  w i l l  be  r e q u i r e d  by t h e  convers ion  t o  e t h a n o l ,  
s t a r t i n g  wi th  t h e  o r i g i n a l  d i e s e l  eng ine .  The v a r i a t i o n s  "Otto- 
t y p e  engine"  and " h i g h l y  compressed d i e s e l  eng ines ,  are a t  a d i s -  

advan tage  i n  t h a t  r e s p e c t  ( F i e u r e  16).  

F i ~ u r e . 1 6 :  E x p ~ n s e  of changes f o r  o p e r a t i o n  w i t 1 1  s u b s t i t u t e  f u e l s  
i n  comparison t o  a normal d i z s e l  e n e i n e .  
Where: Zweisto 'ff  = d u a l  f u e l ;  ZUndbcschl. = I g n i t i o n  enhancement.; 
P f l a n z e n b l  = O i l  of p l a n t  o r i ~ i n ;  - -  Kolben = p i s t o n ;  Kurbe l c r i eb  
= c r a n k  g e a r ;  Zy1.-Kopf = C y l i n d e r  head; 'Nockcnwcl lc  = camshaf t ;  
V e n t i l e  = v a l v e s ;  Saue-  und Auspuffkrbnmer = i n t a k e  and exhaust  
m a n i f o l d ;  E inspr i tzpumpe = i n j e c t i o n  pump; Turbolader  = t u r b o c ~ a r ~ c r ;  
Ve rgase r  = c a r b u r e t o r ;  ZOndanlage = I g n i t i o n  system;  LuftvorwYr- 
mung = a i r  p r e h e a t i n g ;  LastabhYngige Regelune = load-dependent 
c o n t r o l ;  S t a r t h l l f e  = . s t a r t i n g  a i d ;  Zweitcr ICra f t s to f fbehYl t e r  = 
second f u e l  t a n k ;  - - -  normal = normal ;  f e h l t  = l a c k i n g ;  geande r t  
= changed;  z u s a e t z l i c h  = a d d i t i o n a l .  

A f i n a l  d e c i s i o n  i n  r e s p e c t  of t h e  most s u i t a b l e  a l t e r n a t i v e  
f o r  e t h a n o l  a p p l i c a t i o n  i n  o r i g i n a l l y  d i e s e l - d r i v e n  v e h i c l e s ,  can 
o n l y  b e  made a f t e r  p r e c i s e  weighing of  a l l  advantages  and  d i s a d -  
v a n t a g e s  ( F i g u r e  17).  I n  connec t ion  wi th  t h i s ,  t h e  judgement is ~ encumbered by t h e  f a c t  t h a t  i n  some cases, t h e r e  s t i l l  are unan- 

~ swered q u e s t i o n s  as w e l l  as incomple te  edve lopnent .  



Fi~ure 171 Evaluation of the substitute systems for usual die- 
sel engines. 

Wherer Athanol = ethanol; Zweistoff DK + Athanol = two-fuel, die- 
sel fuel + ethanol; Ethanol + ignition enhancer; Pflanzenbl = 
oil of plant origin; 
Umr(lstungsaufwand vorhandener Dieselmotoren = conversion expense 
on present diesel engines1 ROckrOstungsaufwand auf Dieselbetrieb = 
re-conversion expense (back) to diesel operation; Wirtschaf t lich- 
keit bei gleichem Literpreis = economy at equal price per liter; 
Motorherstellungskosten = production costs of engine; Motorlebens- 
dauer = engine life; 
ungbnstig = disadvantageous; mPssig = moderate; gOnstig = advan- 
tageous, 



ETHANOL-DIESEL O I L  DUAL-FUEL ENGINE 

REVIEW OF PREVIOUS WORK 

Dual-fuel opera t ion  of  d i e s e l  engines covers a 
wide a r ea  and has been the  subject of m@ny inves t lga-  
t i o n s .  I n  these  i nves t iga t ions ,  t he  propor t ion of the  
h e a t  supplied by the inducted f u e l  was l imi ted  t o  d i f  - 
f e r e n t  l e v e l s  depending on t h e  aims of  the  i nves t iga to r s .  
When u t i l i z a t i o n  of low q u a l i t y  d i e s e l  f u e l s  w a s  of  impor- 
tance,  the  propor t ion af the  t oga l  hea t  requirement of the  
engine supplied by the  carbure-t ted f u e l  was genera l ly  less 
than 25. When carbure t ion  of t h e  secondary f u e l  w a s  aimed 
a t  increas ing  the  power a t  a given smoke dens i ty  and pro- 
po r t i on  of the  heatsuppl ied  by the  ca rbure t ted  f u e l  was 
higher ,  i n  t he  range of about 25-50%. 

When the  a i m  is  $0 reduce the  consumption of d i e s e l  
o i l  the carbure t ted  f u e l  becomes the  primary f u e l  and the  
propor t ion of the  hea t  gupplied by i t  i s  about 50%. 
Operation i n  t h i s  range w i t h  non-petroleum f u e l s  a s  the  
inducted f u e l  has 1argeIy .been l imi t ed  t o  a lcohols .  

OBJECTIVES OF THE PRESENT WORK 

The works referyed t o  above were the  pioneering e f f o r t s  
i n  dual-fuel  opera t ion  wi th  a lcohol .and  were l a r g e l y  
explora tory .  The q u a n t i t a t i v e  assessment of t h e  performance 
of t h e  engine w a s  based on thermal e f f i c i ency ,  exhaust t e m -  
pe ra tu re  and t o  some e x t e n t  on t h e  i g n i t i o n  delay. Qua l i t a -  
t i v e  assessment of'combustion noise  and engine wear was a l s o  
made. But information on optimum propor t ions  of d i e s e l  o i l  
and a lcohol ,  combustion c h a r a c t e r i s t i c s  v i a . ,  peak pressure ,  
rate of pressure  rise and i g n i t i o n  delay and a l s o  information 
about  exhaust emissions w e r e  not  ava i lab le .  Hencd a research 
program on the  use of a lcohols  i n  dual-fuel  engines has been 
taken up a t  t he  I . I . T . ,  Madras wi th  the ob jec t ive  of de te r -  
mining the  f a c t o r s  t h a t  would allow the maximum use of a lcohol  
i n  these  engines w i t h  the  b e s t  poss ib le  e f f i c i e n c y  and power 
output .  The experimental i nves t iga t ions  c a r r i e d  o u t  i n  t h i s  
regard a r e  repor ted i n  t he  la ter  sec t ions .  

TESTS W I T H  CONSTANT DIESEL FLOW 

RATES: Our prel iminary tests ind ica ted  t h a t  the  combustion 
of a lcohol-a i r  mixture depends very much on the  r e l a t i v e  
proport ion between the  a lcohol  inducted and the. d i e s e l  o i l .  
Hence t h i s  was inves t iga ted  i n  constant  d i e s e l  flow r a t e  
tests. T e s t s  were conducted with t he  normal compression 



r a t i o  of  1 6 . 5 : l  and t h e  recommended i n j e c t i o n  t i m i n g  
o f  27P bTDC f o r  p u r e  d i e s e l - o p e r a t i o n .  The d i e s e l  f low 
r a t e  w a s  m a i n t a i n e d  c o n s t a n t  a t  a  chosen  v a l u e  b u t  a , l coho l  
i n d u c t i o n  was v a r i e d .  I t  c a n  be  s e e n  from F i g .  3  t h a t  w i t h  
30% o f  t h e  f u l l  l o a d  d i e s e l  f low r a t e  o n l y  a  s m a l l  amount 
o f  a l c o h o l  c o u l d  be  b u r n t  b e f o r e  t h e  e n g i n e  s t a r t e d  m i s s i n g  
and t h e  maximum power deve loped  was o n l y  a b o u t  1 . 3  HP. 
With h i g h e r  p e r c e n t a g e s  o f  d i e s e l  f l ow  t h e  i n c r e a s e  i n  t h e  
d e l a y  p e r i o d  w i t h  a l c o h o l  i n d u c t i o n  i s  less  marked. With 
40, 50 and 75% o f  f u l l  l o a d  d i e s e l  f l ow  r a t e s ,  a maximum 
of  abo1l.i:. .I.. 8 l i t r e s / h r  c o u l d  be  b u r n t  as a g a i n s t  0.77 
l i t r e s / h r  o f  a l c o h o l  w i th  30% d i e s e l  f l ow  rates .  But w i t h  
40% d i e s e l  f low ra te  t h e  d e l a y  p e r i o d  w i t h  t h i s  a l c o h o l  
f low w a s  e x c e s s i v e ,  a b o u t  4 3 . 5 O ~ ~  which means t h e  p r e s s u r e '  
rise s t a r t e d  1 6 . 5 O ~ ~  a f t e r  TDC. With 50% d i e s e l  f lowothe  
s t a r t i n g o p o i n t  o f  r a p i d  p r e s s u r e  r ise came down t o  11 aTDC 
and t o  6 aTDC w i t h  75%. I t  c a n  b e  s e e n  from F i g .  3  t h a t  
t h e r e  i s  a  c e r t a i n  c r i t i c a l  p r o p o r t i o n  between t h e  q u a n t i -  
t i e s  o f  a l c o h o l  a n d , d i e s e l  o i l ,  l y i n g  between 30% and 40% 
. d i e s e l  f low r a t e s .  From l a t e r  g r a p h s  it w i l l  be  seen t h a t  
t h e  v a l u e  o.f t h i s  p r o p o r t i o n  depends  on v a r i a b l e s  l i k e  t h e  
compress ion r a t i o , .  i n j e c t i o n  t i m i n g  and 1 i g n i t i o n  q u a l i t y  
o f  a l c o h o l .  

The b r a k e  t he rma l  e f f i c i e n c y  ( F i g .  4 )  w i t h  d u a l - f u e l  
o p e r a t i o n  was less t h a n  t h a t  o f  p u r e  d i e s e l  o p e r a t i o n  i n  t h e  
p a r t - l o a d  r ange  f o r  a l l  t h e  d i e s e l  f low r a t e s .  I t  was 
l o w e s t  w i t h  40% d i e s e l  f low ra te  and was o n l y  s l i g h t l y  
b e t t e r  w i t h  50%. I n  t h e w e r l o a d  r ange  d u a l - f u e l  o p e r a t i o n  
had a h i g h e r  t h e r m a l  e f f i c i e n c y  t h a n  p u r e  d i e s e l  o p e r a t i o n .  
Exhaus t  t e m p e r a t u r e s  w e r e  g e n e r a l l y  lower  t h a n  pu re  d i e s e l  
v a l u e s .  / 

Due t o  i n c r e a s i n g  d e l a y  p e r i o d s  b o t h  peak p r e s s u r e  and 
rate o f .  p r e s s u r e  r i se  d e c r e a s e d  o o n t i n u o u s l y  w i t h  30 and 40% 
d i e s e l  f low rates ( F i g s .  5  and 6 ) .  Peak p r e s s u r e  w i t h  75% 
d i e s e l  f l ow  r a t e  w a s  o f  t h e  s a m e  o r d e r  a s  w i t h  pu re  d i e s e l  
o p e r a t i o n ,  b u t  t h e  r a t e  o f  p r e s s u r e  rise was h i g h e r  i n  t h e  
h i g h  o u t p u t  r ange .  

HC e m i s s i o n s ,  which were o f  t h e  o r d e r  o f  150 pprn i n  p u r e  
d i e s e l  o p e r a t i o n ,  r o s e  s t ' e ep ly  w i t h  t h e  s t a r t  o f  a l c o h o l  
i n d u c t i o n  and s t a b i l i z e d  a t  a  v a l u e  dependen t  on t h e  d i e s e l  
f low g a t e .  I t  was a b o u t  800 pprn f o r  40% d i e s e l  f l ow ,  500 pprn f o r  
50% and 300 f o r '  75%. NOxemissions v a r i e d  between 100 pprn 
a t  no - load  t o  500 pprn a t  7  HP i n  pu re  d i e se l .  o p e r a t i o n .  NOx 
e m i s s i o n s . w e r e  lower  w i t h  d u a l - f u e l  o p e r a t i o n  f o r  a l l  d i e s e l  
f low rates and t h e  d i f f e r e n c e  w a s  o f  t h e  o r d e r  o f  100-150 ppm. 



The h i g h e r  HC e m i s s i o n s  a r e  o b v i o u s l y  due t o  i ncomple t e  ' 
combus t ion ,  a l s o  r e f l e c t e d  by t h e  g e n e r a l  d e c r e a s e  i n  
e f f i c i e n c y  w i t h  a l c o h o l  i n d u c t i o n .  The l ower ing  o f  
compress ion  t e m p e r a t u r e  due t o  t h e  h i g h  l a t e n t  h e a t  o f  ' 

a l c o h o l  c a u s e s  d e c r e a s e  i n  NOx f o rma t ion .  

A d i e s e l  f l o w  o f  a t  leas t  50% o f  t h e  f u l l  l o a d  f low 
r a t e  seems t o  be  n e c e s s a r y  f o r  a s a t i s f a c t o r y  performance 
w i t h  a l c o h o l  i n d u c t i o n  w i t h  t h e  normal s p e c i f i c a t i o n s  o f  
t h e  eng ine :  C.R. o f  1 6 . 5  and i n j e c t i o n  t i m i n g  of  27O bTDC. 
Even w i t h  50% d i e s e l  f l ow  r a t e  t h e  r ise i n  d e l a y  p e r i o d  
due t o  a l c o h o l  i n d u c t i o n  w a s  l a r g e  and a l s o  o n l y  a  maximum 
o f - 6 0 %  o f  t h e  t o t a l  h e a t  c o u l d  b e  d e r i v e d  from a l c o h o l .  

TESTS W I T H  ADVANCED INJECTION 

TIMINGS: Lower t e m p e r a t u r e s  d u r i n g  compress ion  due t o  va-  
p o r i z a t i o n  o f  a l c o h o l  i n c r e a s e s  d e l a y  b e f o r e  h e a t  i s  
r e l e a s e d  from t h e  i n j e c t e d  d i e s e l  s p r a y .  With t h e  recom- 
mended i n j e c t i o n  t i m i n g  o f  270 bTDC, p r e s s u r e  r ise s t a r t s  
n e a r  a b o u t  TDC i n  p u r e  aiesel o p e r a t i o n  and w i t h  a l c o h o l  
i n d u c t i o n  i t  s h i f t s  t o  S e v e r a l  d e g r e e  a f t e r  TDC due t o  
t h e  c o o l i n g  e f f e c t  o f  - a l c o h o l .  Hence advanc ing  t h e  
i n j e c t i o n  t i m i n g ,  t o  some e x t e n t ,  s h o u l d  b r i n g  t h e  s t a r t  
o f  p r e s s u r e  r ise  n e a r e r  t o  TEC. Heat  r e l e a s e  n e a r e r  t o  
TDC means h i g h e r  t e m p e r a t u r e s  and h i g h e r  p r e s s u r e s  and 
c o n s e q u e n t l y  more q u a n t i t y  o f  a l c o h o l  s h o u l d  be  b u r n t  even  
w i t h  30% d i e s e l  f low r a t e .  T h i s  r e a s o n i n q  was t e s t e d  by 
e n g i n e  o p e r a t i o n  w i t h  advanced i n j e c t i o n  t im ings  o f  29,31 
and 33O bTDC. 

The most remarkab le  outcome o f  tests w i t h  advanced 
i n j e c t i o n  w a s  t h a t  t h e  e n g i n e  c o u l d  be  o p e r a t e d  o v e r  t h e  
e n t i r e  l o a d  spec t rum w i t h  o n l y  30% o f  t h e  f u l l  l o a d  d i e s e l  
f low r a t e  w i t h  31  and 33O bTDC i n j e c t i o n  t i m i n g s  ( F i g .  7)  . 
I t  was p o s s i b l e  t o  deve lop  a s  much a s  8.32 HP w i t h  310 bTDC 
i n j e c t i o n  t im ing  w h i l e  w i t h  33O a  maximum o f  7.65 HP cou ld  
be  deve loped .  A t  t h e s e  maximum power o u t p u t s  t h e  h e a t  
s u p p l i e d  by a l c o h o l  was o v e r  80% o f  t h e  t o t a l  h e a t  i n p u t .  
The maximum amount o f  a l c o h o l  t h a t  ' c ~ u l d  be  b u r n t  and t h e -  
maximum power deve loped  remained p r a c t i c a l l y  t h e  same w i t h  
h i g h e r  d i e s e l  f low rates .  F i g .  8  shows t h e  v a r i a t i o n  o f  
d e l a y  p e r i o d  w i t h  a l c o h o l  f low f o r  d i f f e r e n t  i n j e c t i o n  t im ings  
f o r  3 0 % . o f  f u l l  l o a d  d i e s e l  f low r a t e .  I t  can  b e ' o b s e r v e d  
t h a t - w i t h  27 and 2g0 bTDC i n j e c t i o n  t i m i n g s ,  t h e  d e l a y .  
p e r i o d  i n c r e a s e d  c o n t i n u o u s l y  and t h e  eng ine  reached  t h e  
m i s s i n g  p o i n t  w i t h  r e l a t i v e l y  low a l c o h o l  f low r a t e s .  and 
hence low power o u t p u t s .  There  was n o t  much d i f f e r e n c e  



i n  d e l a y  p e r i o d s  w i t h  d i f f e r e n t  i n j e c t i o n  t i m i n g s  f o r  
a l c o h o l  f l o w  rates less t h a n  1. l i t r e / h r .  I n  t h e  h i g h  
a l c o h o l  f l o w  r e g i o n  (above l i t r e / h r ) ,  t h e r e  were s i g n i -  
f i c a n t  d i f f e r e n c e s .  B e a r i n g  i n  mind t h a t  t h e  p o s i t i o n  
o f  PDC i s  d i f f e r e n t  i n  t h e  f i g u r e  f o r  d i f f e r e n t  i n j e c -  
t i o n  t i m i n g s ,  i t  c a n  b e  o b s e r v e d  t h a t  i n  t h e  h i g h  a l c o -  
h o l  f low r e g i o n  t h e  s t a r t  o f  p r e s s u r e  rise o c c u r r e d  

- w i t h i n  a b o u t  6.5O a f t e r  TDC f o r  3 1  and was w r i t t e n  

I 2.250 a f t e r  TDC f o r  33O. But  o p e r a t i o n  w i t h  advanced 
i n j e c t i o n  t i m i n g s  was n o t  a n  unmixed b l e s s i n g  , f o r  
beyond 6  H P  t h e  r a t e  o f  p r e s s u r e  r ise was q u i t e  h i g h  
w i t h  31° and 33O, i n c r e a s i n g  from 2.5  k g f / c m 2 / ~ c A  t o  
a b o u t  10 R ~ £ / c ~ ~ / o c A  a t  t h e  maximum power which  l ed  t o  
h i g h  peak p r e s s u r e s .  

The r e s u l t s  i n d i c a t e  t h a t  a d v a n c i n g  t h e  i n j e c t i o n  
t i m i n g  a d e q u a t e l y  a l l o w s  a f a i r l y  good d e g r e e  o f  s u b s t i -  
t u t i o n  o f  d i e s e l  o i l  by a l c o h o l .  The i n c r e a s e  i n  d e l a y  
p e r i o d  i n .  d u a l - f u e l  o p e r a t i o n  i s  s t i l l  l a r g e  f o r  low 
d i e s e l  f l o w ,  . i n d i c a t i n g  t h a t  a s i n g l e  i n j e c t i o n  t . iming , 

i s  n o t  l i k e l y  t o  be s a t i s f a c t o r y  f o r  t h e  e n t i r e  l o a d  
r a n g e .  The t h e r m a l  e f f i c i e n c y  o f  t h e  e n g i n e  i s  margin-  . 
a l l y  improved by a d v a n c i n g  t h e  i n j e c t i o n .  Combustion a t  
p a r t - l o a d s  w i t h  low d i e 4 e l  f l o w  r a t e s  i s  s t i l l  p o o r e r  t h a n  
p u r e  d i e s e l  combust ion. ,  These  o b s e r v a t i o n s  i n d i c a t e  t h a t  
a d v a n c i n g  t h e  i n j e c t i o n  t i m i n g  i s  o n l y  a  p a r t i a l  s o l u t i o n  
and hence  o t h e r  f a c t o r s  w e r e  a l s o  i n v e s t i g a t e d .  

. . 
TESTS W I T H  H I G H E R  COMPRESSION RATIO: 

Pe r fo rmance  w i t h  a  h i g h e r  c o m p r e s s i o n  r a t i o  was 
s t u d i e d  t o  b r i n g  down t h e  i n c r e a s e  i n  d e l a y  p e r i o d  due  
t o  a l c o h o l  i n d u c t i o n .  A compress ion  r a t i o  o f  20:,1: was 
t r i e d  o u t .  T e s t s  w e r e  c o n d u c t e d  w i t h  c o n s t a n t  d i e s e l  
f l o w  r a t e s  o f  20 ,30 ,40  and 50% o f  f u l l  l o a d  f l o w  r a t e .  
I n j e c t i o n  t i m i n g  was k e p t  a t  27O bTDC. The i n c r e a s e  o f  
d e l a y  p e r i o d  (Fig.  9 )  w i t h  a l c o h o l  i n d u c t i o n  r e d u c e d  
c o n s i d e r a b l y  w f t h  t h e  compress ion  r a t i o  o f  2 0 : l  i n  com- 
p a r i s o n  w i t h  compress ion  r a t i o  o f  1 6 . 5 : l .  Even w i t h  
20% d i e s e l  f l o w  r a t e  t h e  i n c r e a s e  was o n l y  3 . 5 O c ~  and 
f o r  t h e  most  p a r t  i t  v a r i e d  by 1°cA.  Range o f  v a r i a -  
t i o n  a s  w e l l  a s  a b s o l u t e  v a l u e  o f  d e l a y  p e r i o d  d e c r e a s e d  
w i t h  h i g h e r  p e r c e n t a g e  o f  d i e s e l  f l o w .  Range o f  v a r i a -  
t i o n  w a s  o n l y  1 . 5 O c ~  w i t h  50% d i e s e l  f l o w  r a t e .  

The p e r c e n t a g e  o f  h e a t  s u p p l i e d  by  a l c o h o l  ( % H . A l . )  
v e r s u s  BHP i s  shown i n  F i g .  10 .  I t  c a n  b e  s e e n  t h a t  w i t h  
20.% d i e s e l  f l o w  r a t e  i t  was p o s s i b l e  t o  s u p p l y  a s  much a s  



- 
80% of  t h e  t o t a l  h e a t  from a l c o h o l  a t  t h e  eng ine  r a t e d  
o u t p u t .  Heat s u p p l i e d  by a l c o h o l  v a r i e d  from 55% a t  
no l o a d  t o  83% a t  6 HP.  I t  was above 70% f o r  most of  
t h e  l o a d  range.  A t  no load,- :fuel  consumption w a s  a b o u t  
30% o f  t h e  f u l l  l o a d  d i e s e l  f low r a t e  i n  p u r e  d i e s e l  
o p e r a t i o n  and hence t o  o p e r a t e  w i t h  20% some amount 
o f  a l c o h o l  i n d u c t i o n  was neces sa ry  even f o r  i d l i n g .  
With 30% d i e s e l  f low r a t e  a l s o ,  s u b s t i t u t i o n  by a l c o h o l  
w a s  'good r e a c h i n g  70% a t  r a t e d  load .  

Even w i t h  t h e  compress ion r a t i o  o f  2 0 : l  p a r t  l o a d  
o p e r a t i o n  w i t h  a l c o h o l  was less e f f i c i e n t  t h a n  pu re  
d i e s e l  o p e r a t i o n  but w a s  ruar*yinSlally better t h a n  for 
compress ion r a t i o  o f  1 6 . 5 : l  f o r  co r r e spond ing  d i e s e l  
f l ow r a t e s .  The peak p r e s s u r e s  v a r i e d  between 55 and 80 
~ ~ f / c m ~  w h i l e  t h 4  rates of  p r e s s u r e  r i s e  v a r i e d  between 
2  and 4.5 Kgf/cm /OCA. I n . d u a l - f u e l  o p e r a t i o n  knocking 
sets i n  a t  abou t  6  H P  f o r  a l l  t h e  d i e s e l  f low r a t e s  t r i e d .  
T h i s  i s  less t h a n  t h e  maximum power developed i n  pure  d i e s e l  
o p e r a t i o n  w i t h  t h i s  compression r a t i o .  HC emis s ions  were 
lower  t han  t h o s e  w i t h  compress ion r a t i o  of  1 6 . 5 : l  f o r  co r -  
responding  d i e s e l  f low - r a t e s ,  b u t  NOx emis s ions  were .of t h e  
same o r d e r .  

From t h e s e  r e s u l t s  i t  can be seen  t h a t  t h e  i n c r e a s e  
o f  d e l a y  pe r ioZs  w i t h  a l c o h o l  i n d u c t i o n  was s m a l l e r  w i t h  
compress ion r a t i o  o f  20 : l  and was comparable t o  t h e  v a l u e s  
i n  pu re  d i e s e l  o p e r a t i o n .  Hence a  f i x e d  i n j e c t i o n  t iming  
w i l l  be s a t i s f a c t o r y  f o r  t h e  e n t i r e  l o a d  r ange .  Knocking 
sets i n  r a t h e r  e a r l y  and some remedia l  measures a r e  neces sa ry  
t o  i n c r e a s e  t h e  maximum power o u t p u t .  

TESTS W I T H  ADDITIVES TO ALCOHOL: 

A s  one of  t h e  means.of  r educ ing  t h e  d e l a y  p e r i o d ,  
a d d i t i o n  of  i g n i t i o n  a c c e l e r a t o r s  t o  f u e l s  was s t u d i e d .  I t  
has  been r e p o r t e d  ( 5 )  t h a t  a d d i t i o n  of  even 10% by volume 
o f  amyl n i t r a t e  t o  t h e  i n j e c t e d  d i e s e l  o i l  was n o t  ve ry  
e f f e c t i v e  i n  an  a l c o h o l - d i e s e l  o i l  d u a l - f u e l  eng ine .  
Amy1 n i t r a t e  i s  a  t e s t e d  c e t a n e  number improver and 1 0 %  by 
volume is  ve ry  h i g h  a s  an  a d d i t i v e .  Some of  o u r  own pre-  
l i m i n a r y  t e s t s  a l s o  confirmed t h a t  a d d i t i v e s  t o  t h e  
i n j e c t e d  d i e s e l  o i l  have l i t t l e  e f f e c t .  A f t e r  c o n s i d e r i n g  
t h e  above f i n d i n g s  i t  w a s  f e l t  t h a t  t h e  i n c r e a s e  i n  d e l a y  
p e r i o d  w a s  p r i m a r i l y  due t o  s l u g g i s h  i g n i t i o n  of  t h e  a l c o h o l -  
a i r  mix ture .  Hence improving t h e  i g n i t i o n  q u a l i t y  o f  t h e  
a l c o h o l  by a d d i t i v e s  w a s  t r i e d  o u t .  



Nitromethane and a n i l i n e  w e r e  chosen a s  a d d i t i v e s  
t o  t h e  a l c o h o l .  Nitro-methane i s  a n  e x p l o s i v e  and 
be longs  t o  t h e  class o f  a d d i t i v e s  which reduce i g n i t i o n  
d e l a y  c o n t i n u o u s l y  w i t h  i n c r e a s i h g  c o n c e n t r a t i o n s ,  a l -  
though n o t  l i n e a r l y .  A n i l i n e  be longs  t o  a n o t h e r  c l a s s  
o f  a d d i t i v e s  which reduce  t h e  i g n i t i o n  d e l a y  a t  s m a l l  
c o n c e n t r a t i o n s  and i n c r e a s e  t h e  i g n i t i o n  de l ay  a t  l a r g e  
c o n c e n t r a t i o n s .  I t  has  been r e p o r t e d  ( 6 )  t h a t  t h e  
c r i t i c a l  c o n c e n t r a t i o n  at. which a n i l i n e  changes i t s  
behaviour  i s  abou t  0.8% by volume from eng ine  tests.  
Hence it w a s  dec ided  t o . t r y  c o n c e n t r a t i o n s  of  0 .5% and 
1% by volume o f  bo th  t h e  a d d i t i v e s .  

The t e s t s  were conducted w i t h  a  compression r a t i o  
of  16.5.  and i n j e c t i o n  t iming  of 27O b e f o r e  TDC. Under 
t h e s e  c o n d i t i o n s  t h e  , a d d i t i v e s  were n o t  e f f e c t i v e  enough. 
t o  e n a b l e  o p e r a t i o n  i n  t h e  e n t i r e  l o a d  spectrum w i t h  30% 
d i e s e l  f low r a t e .  E f f e c t s  o f  a d d i t i v e s  were more pro- 
nounced w i t h  40% d i e s e l  f low r a t e .  Delay p e r i o d s  dec reased  
w i t h  a l l  t h e  a d d i t v e s  by v a r i o u s  amounts a s  i n d i c a t e d  i n  
F ig .  11. A n i l i n e  0 .5% by volume was t h e  most e f f e c t i v e  
and b rough t  abou t  a  maximum r e d u c t i o n  of abou t  l l O C A  i n  
d e l a y  p e r i o d  i n  c o m p a r i s ~ n  w i t h  pu re  a l c o h o l  o p e r a t i o n .  
The range  of  v a r i a t i o n  'of-. d e l a y  p e r i o d  which was abou t  
~ ~ O C A  w i t h  w i t h  p u r e  a l c o h o l  was o n l y  ,GOCA w i t h  a n i l i n e  
0 . 5 ~ .  A n i l i n e  1% was n o t  a s  e f f e c t i v e  a s  A n i l i n e  0 .5%.  
The r e d u c t i o n  i n  d e l a y  p e r i o d s  w i t h  Notromethane 0 .5% and 
1% and A n i l i n e  1% were of t h e  same o r d e r .  

Thermal e f f i c i e n c y  (.Fig. 1 2 )  i n c r e a s e d  w i t h  a l l  t h e  
a d d i t i v e s  and t h e  r e l a t i v e  e f f e c t s  were l a r g e l y  i n  con- 
f o r m i t y  w i t h  t h e  t r e n d  observed  i n  d e l a y  p e r i o d s .  Thermal 
e f f i c i e n c y  i n c r e a s e d  by abou t  3 %  a t  f u l l  l oad  w i t h  A n i l i n e  
0 .5%.  Higher power o u t p u t s  were o b t a i n e d  with a l l  t h e  
a d d i t i v e s  e x c e p t  Nitromethane 0 .5%.  Due t o  mose r a p i d  
combustion,  t h e  peak p r e s s u r e s  and r a t e s  o f , p r e s s u r e  rise 
were g e n e r a l l y  h i g h e r  w i t h  a d d i t i v e s .  

The a d d i t i v e s  were ve ry  e f f e c t i v e  i n  reduc ing  HC 
emis s ions  (F ig .  1 3 ) .  A maximum r .educt ion of  abou t  6 0 0  
ppm i n  HC emis s ions  w a s  observed  w i t h  A n i l i n e  1% i n  com- 
p a r i s o n  w i t h  pu re  a l c o h o l  emis s ions  whereas on ly  about  300 
ppm r e d u c t i o n  w a s  observed  w i t h  A n i l i n e  0 .5%.  HC emis s ions  
dec reased  w i t h  a d d i t i o n  of Nitromethane a l s o  b u t  n o t  a s  
much a s  w i t h  A n i l i n e .  NOx emis s ions  (F ig .  1 4 )  i n c r e a s e d  
w i t h  t h e  a d d i t i o n  of a d d i t i v e s  and g e n e r a l l y  conformed 



t o  t h e  t r e n d  t h a t  would be  expec ted  due t o  b e t t e r  
combustion and h i g h e r  t empera tu re s  due t o  reduced 
d e l a y  p e r i o d s .  

CONCLUSIONS 

The combustion i n  a l c o h o l - d i e s e l  o i l  d u a l - f u e l  
eng ine  i s  a  complex one ,  i n v o l v i n g  t h e  i g n i t i o n  o f  a 
homogeneous a l c o h o l  a i r  mix tu re  by a  s p r a y  of  d i e s e l  
o i l .  The combustion d e l a y  is  a f u n c t i o n  o f  s e v e r a l  
f a c t o r s  l i k e  t h e  a i c o h a l - d i e s e l  u i l  ~ a L i o ,  camprcocion 
r a t i o ,  i n j e c t i o n  t iming ,  i g n i t i o n  q u a l i t y  o f  t h e  f u e l s ,  
e tc .  A long  d e l a y  p e r i o d  r e s u l t s  i n  l a t e  combustion 
and l o s s  of  thermal  e f f i c i e n c y .  

A second f a c t o r  o f  importance i n  t h i s  combustion 
i s  t h e  r a t e  o f  bu rn ing  o f  t h e  a l c o h o l - d i e s e l  o i l  a i r  
mix tu re  once t h e  d e l a y  p e r i o d  i s  ove r .  The p r e s e n t  
work shows t h a t  a s  t h e  a l c o h o l  a i r  mix tu re  becomes r i c h e r  
t h e  combustion r a t e  i n c r e a s e s  ve ry  r a p i d l y ,  some t i m e s  
t o  unaccep tab ly  h igh  va-s. - 

For  a  p e r f e c t l y  s a t i s f a c t o r y  o p e r a t i o n ,  t h e s e  twin 
problems have t o  be  overcome f o r  t h i s  t ype  o f  eng ine .  

I n  t h i s  work, it has  been shown t h a t  an op t imi sed  
t iming  o f ' i n j e c t i o n  r educes  t h e  d e l a y  p e r i o d  and makes 
i t  p o s s i b l e  t o  r u n  t h e  eng ine  w i t h  a  h i g h e r  p r o p o r t i o n  
o f  a l c o h o l .  An o p t i m i s e d  compress ion r a t i o  a l s o  a l l ows  
a  h igh  p r o p o r t i o n  of  a l c o h o l  t o  be used.  C e r t a i n  i g n i -  
t i o n  a c c e l e r a t i n g  a d d i t i v e s  t o  a l c o h o l  i n  the r i g h t  
c o n c e n t r a t i o n  have t h e  e f f e c t  of improving t h e  thermal  
e f f i c i e n c y .  F u r t h e r ,  t e s t s  a r e  now under way t o  d e t e r -  
mine optimum s e t t i n g s  o f  t h e s e  f a c t o r s  when they  a r e  a l l  
s imu l t aneous ly  v a r i e d .  

A lcoho l -d i e se l  o i l  d u a l  f u e l  e n g i n e s  have some 
remarkable  advantages .  They p e r m i t  t h e  u se  of a l c o h o l  
(a renewable f u e l )  a s  t h e  main f u e l .  Due t o  b e t t e r  a i r  
u t i l i z a t i o n  they  ach ieve  s u b s t a n t i a l l y  h i g h e r  peak o u t -  
p u t s  t h a n  comparable d i e s e l  eng ines .  T h e i r  thermal  
e f f i q i e n c y  i s  even b e t t e r  t h a n  t h a t  of  d i e s e l  eng ine  
i n  tFe h i g h e r  o u t p u t  range.  . F u r t h e r  work i s  however 
neces sa ry  t o  f i n d  ways o f  c o n t r o l l i n g  t h e  bu rn ing  r a t e s  
a t  h igh  o u t p u t s .  

.The p r e s e n t  work i n d i c a t e s  some methods of improving 
t h e  p a r t  l o a d  e f f i c i e n c y ,  one of t h e  c h i e f  d e f e c t s  of  h i s  
eng ine .  It a l s o  c o n t r i b u t e s  t o  a  b e t t e r  unde r s t and ing  o f  
t h e .  combustion p r o c e s s  i n  t h e  S u a l - f u e l  mode of  o p e r a t i o n .  





TECHNICAL APPROACH 

Previous attempts t o  operate d i r e c t  i n j e c t i o n  
dies,el engines on methanol usi.ng the ~ o r m a l  c o w  
press ion i g n i t i o n  cycle; no tab ly  by Muhlberg i n  
Reference 1 showed the need t o  modify the f u e l  
i n j e c t i o n  system, and the engine opera t ing  condi- 
t i o n s  i n c l u d i n g  the use o f  modulated-exhaust gas 
r e c i r c u l a t i o n  i n  order  t o  i n j e c t  and i g n i t e  the 
h i g h l y  v o l a l i t e ,  low i g n i t i o n  q u a l i t y  methanol. 
The des i re ,  therefore,  f o r  a  bo l  t-on conversion 
package led,  n a t u r a l l y ,  t o  cons idera t ion  o f  dual 
f u e l  opera t ion  i n  which the normal d iese l  I n j e c t i o n  
system would prov ide the p i l o t  i g n i t i o n  charge and 
the methanol cou ld  be introduced w i t h  the i n l e t  a i r  
Th is  technique i s  comnonly used i n  l a r g e r  indus- 
t r i a l  engines t o  be operated a l t e r n a t i v e l y  on d i e s e l  
fue l  o r  n a t u r a l  gas. Methanol, being a l i q u i d ,  
lends i t s e l f  t o  being carbure t ted  us ing  an u n t h r b t -  
t l e d  gaso l ine  c a r b u r e t t o r  , f i t t e d  w i t h  a v a r i a b l e  
main j e t  on ly .  . . 

Since the purpose o f  t h i s  i n v e s t i g a t i o n  was t o  
promote the use o f  methanol as an a l t e r n a t i v e  t o  
normal d i e s e l  f u e l  i n  la rge  comnercial vehic les,  
the t e s t  programme was designed t o  e s t a b l i s h  means . 
o f  opera t ing  w i t h  minimum p i l ~ t  charge and there-  
f o r e  the maximum replacement o f  gas o i l  w i t h  
methanol. 

I t  was expected t h a t  i n  common w i t h  o t h e r  sys- 
tems i n v o l v i n g  a s p i r a t i o n  o f  gaseous o r  l i q u i d -  
f u e l s ,  o f t e n  r e f e r r e d  t o  as fumigat ion, there , w u l d  
be an increase i n  smoke l i m i t e d  performance. Th is  
would be an addi t ional  advantage o f  opera t ing  on 
methanol us ing  the dual fue l  p r i n c i p l e .  

TEST ENGINE AND INSTRUMENTATION 
'. . 

A  s i n g l e  c y l i n d e r  d i r e c t  i n j e c t i o n  engine o f  
1.6 l i t r e s  swept volume was selected, having a bore 
o f  I 2  1 mm and st roke o f  140 mn. The uni  t was i e -  
p resen ta t i ve  o f  a  t y p i c a l  l a rge  t ruck  engine having 
a compression r a t i o  o f  15.3:l and a combustion bowl 
i n  the p i s t o n  w i t h  a diameter depth r a t i o  o f  2.5:l. 
Ai,r s w i r l  was generated by a masked i n l e t  valve. 
The f u e l  i n j e c t i o n  system was a l s o  t y p i c a l  us ing  a 
4 ho le  i n j e c t o r  nozzle and normal j e r k  type i n j e c -  
t i o n  pump. The pump d r i v e  incorporated a manual 
advance device. 

To the in l .e t  system was connected a Zen i th  
down draught c a r b u r e t t o r  f i t t e d  w i t h  a v a r i a b l e  
main j e t .  The t h r o t t l e  was locked i n  the open 
p o s i t i o n  and a l l  a d d i t i o n a l  components such as the 
automatic choke and acce le ra to r  pump were removed. 

A d u p l i c a t e  fue l  system w i t h  flowmeter f o r  the 
methanol was i n s t a l t e d  as shown i n  F igure 1 together 
w i t h  a viscous flow- a i  r-meter t o  monitor a i . r  con- 
surrption. Subsequefitly, as expla ined l a t e r ,  a  mix- 
t u r e  heater was added t o  a s s i s t  w i t h  evaporat ion o f  
the methanol. 
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FIG.( TEST ENG~NE SHOWING DUAL FUEL SYSTEM 
WITH INLET MIXTURE HEATER 

DESCRIPTION OF TESTS AND OBSERVATIONS 

Phase I - Simple A s p i r a t i o n . o f  Methanol 

Having es tab l i shed  the base l i n e  performance o f  
the engine as a pure d iese l ,  t e s t s  were c a r r i e d  o u t  
by aspi r a t i n g  the methanol/ai r mixture w i t h  var ious 
leve ls  o f  p i l o t  d i e s e l  f u e l  t o  e s t a b l i s h  the requ i -  
red p i l o t  q u a n t i t y  a t  the var ious loads and speeds. 
I t  was, o f  course, hoped t o  be able t o  use a f i x e d  
q u a n t i t y  o f  p i l o t  f u e l  so tha t  engine con t ro l  could 
be as simple as poss ib le  by modulat ing on ly  the 
methanol f low. 

At small p i l o t  l e v e l s  i t  was soon discovered , 

that ,  a l though i t  was r e l a t i v e l y  easy t o  operate a t  
l i g h t  loads w i t h  small q u a n t i t i e s  o f  methanol, pro-  
gress ive increases i n  methanol resu l ted  i n  an abrupt 
f a i l u r e  o f  i g n i t i o n .  This was subsequently r e f e r m  
t o  as "quenching" as i t  was assumed t h a t  evaporat ion 
o f  the methanol was depressing the charge tempera- 
t u r e  t o a  l e v e l  too low t o  permi t  compression i g n i -  , 

t. ion o f  the p i l o t  d iese l  fue l .  Th is  phenomenon 
placed a l i m i t  on the q u a n t i t y  o f  methanol which 
could be burned a t  any one speed, the e f f e c t  being 
more severe as the speed was increased due , t o  len- 
gthening o f  i g n i t i o n  delay r e l a t i v e  t o  crank angle. 

. . 
Figure 2 shows load range curves obta ined under 

dual fue l  cond i t i ons  compared w i t h  the normal d iese l  
performance a t  16.7 and 36.7 rev/s. The numbers a t  
the ends o f  the curves i n d i c a t e  the percentage 
d iese l  fue l  replaced. I t  w i l l  be seen tha t  the 
h igher  replacement r i t e s  a t  each speed were l imi ted 
i n  maximum power,due t o  quench. The s u b s t i t u t i o n  
r a t e  a t  h igh  speed was s u b s t a n t i a l l y  less than a t  
low speed. 



DUAL FUELLING WlTH METHANOL 

---- - - Mtmol  100 *I. gas oil 
-1. 90s oil replocod by ;nelhonol 

FIG.2 LOAD RANGE CURVES AT TWO SPEEDS SHOWING % 
' GAS OIL SUBSTITUTION LIMITED BY OUENCH 

o - - - - 0  Gas oil only , each  3 Smoke 

+-.-+ Chs oil only, maximum powa 
a- Gns oil plus melhonol 

FIG. 3 FULL LOAD PFRFORMANCE COMPARED WITH 

NORMAL GAS OIL OPERATION 

Having es tab l i shed  the maximum replacement 
r a t e  t o  achieve power equal t o  normal d iese l  opera- 
t i o n  a torque curve was obta ined f o r  comparison 
w i t h  pure d iese l  curves a t  .both maximum power and 
when the smoke i s  l imi ted t o  Bosch 3 .  'F igure 3 
shows the a n t i c i p a t q d  improvement i n  smoke leve l  
when opera t ing  on methanol t y p i c a l  o f  the b e t t e r  
a i r  u t i l i s a t i o n  ob ta inab le  us ing asp i ra ted  f u e l .  

Th is  improvement'in a i r  u t i l i s a t i o n  r e s u l t s  
from some o f  the asp i ra ted  f u e l  be ing c a r r i e d  i n t o  
'remote p a r t s  o f  the combustion space n o t  normally 
reached by the d iese l  fue l .  These spaces are gen- 
e r a l l y  ou ts ide  the main combustion bowl and the ' 

m ix tu re  i n  these areas w i l l  behave much as the end 
gases i n  a spark i g n i t e d  engine. However, the 
m u l t i - p o i n t  d iese l  i g n i t i o n  w i l l  increase the chance 
o f  complete combustion. 

This b e t t e r  a i r  u t i l i s a t i o n  a l s o  r e s u l t s  i n  a 
s p e c i f i c  f u e l  consumption on an equiva lent  d iese l  
f u e l  bas is  a t  f u l l  power equal t o  t h a t  o f  the pure 
d iese l  a t  the Bosch 3 smoke r a t i n g .  Th'e methanol 
smoke i s  around Bosch 2 a t  t h i s  r a t i n g .  

Also shown i s  the d iese l  o i l  replacement ra te  
over the speed range d i c t a t e d  by quench. This  
c l e a r l y  leaves room f o r  f u r t h e r  development towards 
maximum replacement r a t e  t o  make engine conversion 
economicaI1y~worthwhi1e. 

Using the above data, est imates o f  the approxi-  
mate methano.1 replacement ra tes  were made f o r  large 
comnercial veh ic les  i n  various dut ies.  I t  i s ,  o f  
course assumed tha t  a s u i t a b l e  system can be deve- 
loped t o  modulate the methanol/diesel p ropor t ions  
w i t h  speed. The replacement r a t e  below i s  gi'ven as 
a percentage o f  normdl d iese l  consumed. 

F u l l y  laden 35T t ruck  
On mtorway  52% 
On t runk  road 50% 
On c i t y  r i n g  road 44% 

C i t y  bus 
On c i t y  r i n g  road 46% 

For a p a r t  laden t ruck  the replacement r a t e  
w a s ' s i g n i f i c a n t l y  less, being:- 

On motorway 4 7% 
On t runk  road 41% 
On c i t y  r i n g  road 20% 

Since. the l i m i t a t i o n  was mainly t h a t  o f  quench 
a t  higher-methanol l e v e l s  i t  was decided t o  prov ide 
e x t r a  heat t o  the m ix tu re  t o  a s s i s t  w i t h  evapora- 
t i o n  and thus m i n t a i n  h igher  compression tempera- 
tures. 



DUAL FUELLING WITH METHANOL 

Phase 2 - Heating o f  I n l e t  M ix tu re  

The l a t e n t  heat o f  v a p o r i s a t i o n  o f  methanol a t  
ISOC i s  1100 KJ/Kg and i t  was c l e a r  t h a t  hea t ing  

\ the in take  a i r  alone upstream o f  the c d r b u r e t t o r  
would not  apprec iab ly  'improve the cond i t i ons  a t  the 
s t a r t  o f  compression. ,A heat exchanger was there- 
fo re  f i t t e d  between the c a r b u r e t t o r  and the gng ine  
t o  apply heat from the engine coo lan t  t o  the 
methanol /a i r  mix ture.  By t h i s  m a n s  i t  was poss ib le  
t o  exceed the normal d iese l  i n take  temperature con- 
d i t i o n s .  Analys is  o f  c y l i n d e r  pressure diagrams 
3hewod t h a t  the a i r / m t h a n ~ l  m ix tu re  has a compres- 
s ion  index c lose t o  tha t  o f  pure a i r  and there fo re  
the i g n i t i o n  delay o f  the d iese l  fue l  should be 
restored t o  t h a t  i n  a normal d iese l  engine once 
normal in take  cond i t i ons  a r e  establ ished.  

Since the main problem area was i d e n t i f i e d  as 
the h igh  speed cond i t i on  work cont inued a t  36.6 
rev/s on ly  t o  i n v e s t i g a t e  the e f f e c t  o f  m ix tu re  
hea t ing  on i g n i t i o n  delay. Se lec t ing  an a r b i t r a r y  
leve l  o f  p i l o t  o f  40% the e f f e c t  o f  charge hea t ing  
was inves t iga ted  a t  a  constant load o f  3.0 bar. As 
i s  seen i n  F igure 4, f o r  the same in take  tempera- 
ture,  the presence o f  methanol i n  the charge resu l -  
ted, s t i l l ,  i n  a  longer i g n i t i o n  delay than when 
running on di.esel f u e l  alone. The measured temp- 
e ra tu re  drop when opera t ing  w i t h  a i r  hea t ing  alone 
confirmed t h a t  evaporat ion o f  the methanol was 
completed, thus i t  i s  assumed t h a t  w i t h  the more 
e f f e c t i v e  hea t ing  o f  the m ix tu re  and h igher  in take  
temperatures the methanol was completely evapo- 
ra ted  when comparing these i g n i t i o n  delay values. 

Engine speed 36.7 r e v l s  

15.2 : 1 Compression r a t i o  

LO% Gas oil 

With mixture hea t ing  i t  was poss ib le  t o  achieve 
55% gas o i l  s u b s t i t u t i o n  a t  about 6.0 bar  bmep as 
compared w i t h  35% w i t h  no heating. This  was achi -  
eved w i t h  a m ix tu re  temperature o f  7 5 ' ~  and the 
maximum load l i m i t  was no longer quench bu t  knock 
o f  the end gases. 

Tests a t  16.7 rev/s w i t h  m ix tu re  hea t ing  
showed t h a t  w i t h  20°C i n l e t  tenperature and 20% 
p i l o t  o r  80% gas o i l  s u b s t i t u t i o n  a load range 
equ iva len t  t o  normal d iese l  opera t ion  cou ld  be 

.achieved. At h igher  temperatures and g rea te r  sub- 
s t i t u t i o n  ra tes  the load range was l i m i t e d  by knock. 
CoRsequencly 1 L LICL~UI *  c l c a r  t h a t  knock i s  as 
r e s t r i c t i v e  i n  l i m i t i n g  the methanol u t i l i s a t i o n  a t  
h igh  loads and low speeds as quenching was a t  h i g h  
speed. I n  f a c t  i t  became c l e a r  t h a t  the opera t ing  
cond i t i ons  are going t o  be markedly d i f f e r e n t  
between low and h igh  speed i f  s i m i l a r  methanol 
u t i l i s a t i o n  i s  t o  be achieved w i thou t  running i n t o  
knock a t  low speeds and quench a t  h i g h  speeds. 

A f u r t h e r  s o l u t i o n  was considered, t h a t  OF 
us ing  a h igher  i g n i t i o n  q u a l i t y  p i l o t  charge t o  
reduce the incidence o f  quench w i thou t  promoting 
knock o f  the end gases. This was achieved by 
a d d i t i o n  o f  amyl n i t r a t e  t o  the gas o i l .  

Phase 3 - I g n i t i o n  Improving Add i t i ves  

The longer i g n i t i o n  delay when burn ing methanol 
under normal s t a r t  o f  compression condi t i o n s  was 
assumed t o  be the r e s u l t  o f  b lending o f  the methanol 
w i t h  the evaporat ing diesel. fue l  round each d rop le t .  
Methanol has an octane number (motor method) o f  105. 

Assuming the re la t ionsh ip : -  

104-ON CN = - 
2.75 

(Ref. 2) 

t o  e s t a b l i s h  the cetane number o f  methanol i t  i s  
seen t h a t  the r e s u l t  o f  b lending methanol w i t h  gas 
o i l  o f  50 cetane number w i l l  be severe depression 
o f  the l a t t e r .  

The a d d i t i o n  o f  amyl n i t r a t e  i s  an accepted 
method o f  improving the i g n i t i o n  q u a l i t y  o f  gas o i l  
and t e s t s  were c a r r i e d  ou t  t o  inves t iga te  the e f f e c t  
o f  both 1 and 2% a d d i t i v e  l e v e l s  on i g n i t i o n  delay. 

The r e s u l t s  o f  the amyl n i t r a t e  t e s t s  are a l s o  
s u m r i s e d  i n  F igure 4, where i t  i s  seen t h a t  I %  
amyl n i t r a t e  has e f f e c t i v e l y  restored the i g n i t i o n  
delay o f  the 40% p i l o t  change t o  the normal d iese l  
l e v e l  a t  the load o f  3.0 bar  and removed the quench 
l i m i t a t i o n .  However, w i t h  t h i s  quench b a r r i e r  
removed i t  was found tha t ,  a t  the same speed the 
engine ran i n t o  knock above 6.0 bar i f  the m ix tu re  
i n l e t  temperature rose above 300C. 

M e t h a n o l  / a i r  m i x t u r e  temp. at i n l e t  

FIC.4 VARIATION OF DELAY PERIOD WITH INLET TEMP. 

AT CONSTANT LOAD 



Exhaust Emi'ssions 

DUAL FUELLING WITH METHANOL 

Comparat i ve gaseous exhaust emi ss ion t e s t s  
were c a r r i e d  ou t  under the cond i t i ons  o f  the Phase 
1 test ing.  Results are n o t  inc luded due t o  lack o f  
space but  genera l l y  NOx leve ls  decreased and HC 
leve ls  increased w i t h  increase i n  methanol. The 
e f f e c t  on NOx i s  assumed, t o  be due t o  the charge 
coo l ing  e f f e c t  o f  the methanol w h i l s t - t h i s  and the 
increase i n  remote unburned mix tu re  were responsib le  
f o r  the increase i n  HC. Hid load emission o f  CO 
was a lso  h igher  than f o r  the normal d iesel .  I t  i s  
assumed tha t  w i t h  subsequent measures t o  reduce 
delay the NOx l e v e l s  would increase bu t  hydro- 
carbon problems from the end gases would remain. 

Other Problems 

Some considerat ion was given t o  o ther  problems 
l i k e l y  t o  a r i s e  i n  the use. o f  methanol. 

F i r s t l y  methanol can be absorbed i n t o  the 
tiuman body w i t h  d isast rous r e s u l t s ,  the main one 
being permanent damage t o  the nervous system. Thus 
care i s  necessary i n  the d ispensing o f  methanol dnd 
would be d i f f i c u l t  t o  ensure on the garage forecour t ,  
hence the preference f o r  use by f l e e t  operators. 

Some problems were experienced i n  the e l e c t r o l y -  
t i c  co r ros ion  o f  the Mazak z i n c  based a l l o y  used i n  
the cons t ruc t ion  o f  the c a r b u r e t t o r  used f o r  these 
tests .  This  i s  e l e c t r o l y t i c  a t tack  when the metha- 
no1 conta ins some water and i s  no t  an insuperable " . 
problem bu t  care would be needed i n  the s e l e c t i p n  
o f  f u e l  system mater ia ls .  

*%than01 i s  a l s o  an e f f e c t i v e  so lvent  f o r  p a i n t  
and. o ther  mate r ia l s  and i f  spi l t on veh ic le  body 
work would cause damage. Likewise rubber and o ther  
sea l ing  mate r ia l s  may have t o  be replaced. 

the 
c l e 

Ow i 
tank 
wou l 

ng t o  the low c a l o r i f i c  value o f  methanol 
;age f o r  c a r r y i n g  the methanol on the vehi- 
d be large and i n  a d d i t i o n  t o  the d iese l  

tank. A capaci ty  approaching twice t h a t  o f  the 
d iese l  tank would be requi red t o  match the mi leage 
between r e f i l s .  

SUMMRY OF RESULTS AND DISCUSSION 

With regard t o  the main o b j e c t i v e  o f  t h i s  exer- 
c i se  i.e. the maximum poss ib le  s u b s t i t u t i o n  o f  
d iese l  fue l  by methanol employing the dual fue l  
process, F igure 7 summarises the r e s u l t s  t o  date. 

F i r s t l y  i t  w i l l  be seen t h a t  the leve l  o f  
s u b s t i t u t i o n  r e l a t i v e  t o  the measures taken . i s  very 
d i f f e r e n t  between h igh  and lw speed. 80% i s  o n l y  
reached a t  36.7 rev/s by i n l e t  mix ture hea t ing  t o .  
30°C and 2% amyl n i t r a t e  whereas, a t  16.7 rev/s, 
75% was achieved w i t t o u t  hea t ing  w h i l s t  a t  80% the 
engine was knock l i m i t e d  t o  a lower load. Conse- 
quent ly  t o  achieve these maximum l e v e l s  o f  subs t i -  
t u t  i on  over the speed range, both mi-ture hea t ing  
and i g n i t i o n  promoting a d d i t i v e s  would have t o  be 

modulated. The l a t t e r  i s  c l e a r l y  no t  possible.. 

At p a r t  load the s u b s t i t u t i o n  i s  less, i f  the 
p i l o t  charge. i s  h e l d  constant.  The p i l o t  charge 
could be modulated w i t h  the methanol w i t h  some 
e x t r a  complicat ion. 

- Y 
3 6 . 7 m l s  C.6 0 bar 

'W. 
16.7revh C.7.5 bar 

FIG. 7 PERCENTAGE SUBSTITUTION WlTH METHANOL TO GIVE 
'NORMAL DIESEL PERFORMANCE AT FULL LOAD 

( BOSCH 3' SMOKE) 

Ignor ing  the use o f  amyl n i t r a t e  i t  would 
appear tha t  a turbocharged engine would have a 
more s u i t a b l e  c h a r a c t e r i s t i c  f o r  operat ion on. 
methanol, the n a t u r a l  c h a r a c t e r i s t i c  o f  the turbo- 
charger being t o  d e l i v e r  a i ' r  a t  increasing temp- 
e ra tu re  w i t h  load and speed. Som pre l im inary  t e s t s  
showed tha t  incomplete evaporat iop o f  the methanol 
when in t roduced immediately downstream o f  the 
turbocharger compressor resu l ted  i n  poor d i s t r i -  
but ior i  and quench i n  some cy l inders .  This was 
fo l lowed by exp!osions i n  the exhaust system as ' 

the fue l  was i g n i t e d  by the exhausts o f  the c y l i n -  
ders s t i l l  f i r i n g .  I t  would thus be necessary t o  
prov ide accurate metering o f  the pethanol t o  the 
i n d i v i d u a l  i n l e t  po r ts .  

Throughout t h i s  programne a major problem was 
the extended i g n i t i o n  delay associated w i t h  the 
i n t r o d u c t i o n  o f  the methanol i n t o  the a i r  charge. 
On the basis  o f  comparing methanol's octane r a t i n g ,  
i g n i t i o n  temperature and l i m i t s  o f  f l a m n a b i l i t y  
w i t h  f u e l s  such as methane and propane, i t  would 
seem reasonable t o  expect s a t i s f a c t o r y  performance 
o f  methanol i n  dua l - fue l  mode. An undesi rab le 
temperature quench e f f e c t  i s  encountered i f  l i q u i d  . . .  
methanol i s  used due t o  me'thanols h igh  l a t e n t  heat 
o f  vapor i sa t ion  i n  r e l a t i o n  t o  i t s  c a l o r i f i c  value 
(5.5% o f  the c a l o r i f i c  value). 



. . 
c h a s t e r  v - D e v e l o p i n g  a n  e n g i n e  f o r  N u l t i f u e l  C a p a b i l i t y  

1. F ' z r  n.2:-e t h a z  4:; year 's o: e x ~ s r i d i n g  b i l l i o n s  o f  d o l l a r s ,  t h e  
g o ; . e r n n e n t  c o n c e r n  h a s  s u p p o r t e d  s e v e r a l  a l t e r n a t i v e s  f o r  
a l l o ~ i n g  r n u l t i  f u e l  c a p a b i l i t y  t o  t h e  i n t e r n a l  c o m b u s t i o n  e n g i n e s  - 
r i a n e l y  

a )  T h e  s t r a t i f i e d  c h a r g e  e n g i n e s  

T e x a c o  C o n b u s t i o n  P r o c e s s  Advance  t o  D i s c  
( d i r e c t  i n j e c t i o n  s t r a t i f i e d  . c h a r g e )  

P r o c o F o r d  ' 4  . .  
(p rogrammed c o m b u s t i o n  F o r d )  

S t r a t i f i e d  C h a r g e  R o t a r y  E n g i n e  

NOTE: t h e  o n l y  s u c c e s s f u l  o p e r a t i v e  e n g i n e  o f  t h i s  
t y p e  is  t h e  J a p a n e s e  Honda, a  v e r s i o n  o f  a  
1 9 2 4  i n v e n t i o n  o f  M r .  Jobes f r o m  Anne A r b o r ,  
M i c h i g a n ,  U S A .  

b) S u b s t i t u t e  p o w e r  P l a n t s  

T u r b i n e  
S t i r l i n g  En .g ines  
S t e a m  E n g i n e s  . . 

. .  . 



NAHBE 111 - RETROFITTING PROGRAM 
DUAL FUEL - GASOLINE/ALCOHOL 

SCOPE - OPTIMIZATION OF GEOMETRY FOR THE USE OF HARVEST 

FUELS - GRAIN OR WOOD ALCOHOL 
OBJECTIVE: FARM EQUIPMENT ADAPTATION 

SELECTED EQUIPMENT - U S MIL DESIGN 
GENERP.TOR SET A.C. 

FSN 611 5 074 8830 

FSN 2805-952-3927 

FSN 2805-872-5971 

ENGINE, GASOLINE, 10 HP. 

(MODEL 2A042-2 AND MODEL 2AO42-3) 

gT RO L 
IN. - 
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a. 'beneral.   his paragraph contains a l l  tabulated'data pertinent 
t o  d i r ec t  support and general support maintenance personnel. 

b. N u t  and 001 t Torque Data. 

c. Engine Data. 

Bore 
Stroke 
Compression 
Brake horsepower 
Cyl i nder compression (minimum) 
Spark plug gap 
Magneto contact gap 
Maximum runout on flywheel 
Carburetor f l o a t  1 eve1 

Fuel pump ou t l e t  pressure 
Air blower impel 1 er clearance t o  

hous i ng 

-013 -- .Of7 
.006 
25/64 t o  27/64 from 
casting opposite hinge 
3 to  4.5 psi 

NAHBE CONVERS ION 

Standard Engi ne Parameters 

Parametric Analysis 

In compari ton w i t h  gaso!ine, the energy conversion process o f  ethyl 
alcohol ( ~ ~ ~ ~ 0 1 1 )  > - ,  

and methyl alcohol (CH30H) 
H 



Y E - , . :  ,, ; rc: h ishsr '  pre:sures and t e ~ p e r z t g r e s  a t  t he  be;inninc of t he  
rr,c?e-,~:;,r d i s s o c i a t i o n  process; . The num5er and q u z l i t y  of i n t e r -  
m z i i a t e  spec ies  of  molecules gensrated by, :he brezkins of m l e c u l a r  . 
inn!: heve a  lower p r o b b i l  i t y  of c o r . b i n i n ~  succes s fu l ly  and sus-  
t a i n i n i  t he  r a t e  of t h e  d i s s ~ c i a t i o n  process f o r  convert ing chmical  
enersy i n t o  h e a t  during t h e  a v a i l a b l e  t ime. 

The N A Y B E  c o n f i ~ a r a t i o n  f o r  t h i s  type of fue l  w i l l  r e q u i r e  (1)  an 
i n c r e a s e  i n  t h e  cm7res s ion  ra t io- - r=8 .5  t o  1 and ( 2 )  a l a r g e r  than 
g a s o l i n e  balancing r a t i o - -  =.5 t o  ..8. 

BASIC CONFIGURATION 

i BOX 3.000 inch AREA 7.068 Sq inch 
STROKE 3.000 inch DIS?. 21 .205 Cu inch 

I C?L'"RESS!@?i PJ.TI9 r=8.5 t o  1 ~j-i&~.:::2~ 2 .827  Cu inch 

THEORETICAL MAXIMUM PRESSURE P=1500 ps i a  

I 07TO MAXIMUM TEMPERATURE T=8650°R 

THEORETICAL 
NAHGE MAXIMUM TEMPERATURE . . PM=1300 ps ia  

r=8.5: 1  0=. 5 MAXIMUM TEMPERATURE M=81 DOOR, 
VC OTTO - V C  NAHBE = .767 cu inch 

.767 cu i n  of  s o l i d s  must be .added t o  t he  actua.1 combustion chamber 
t o  achieve  rn=8.5:1 

DENSITY OF ALUMINUM .095 #/cu i n .  
WEIGHT OF SOLIDS 73 gin propor t iona l  1.17 ounces 

, , 



Chamber ~eometry Approach 

The NAHBE conversion involves cer tain changes i n  the jtandard geo- 
metry of the basic engine (See Figure 2 .). The engine co~nbustion 
chamber i s  modified as shown t o  increase the ava i l ab i l i t y  of oxygen 
arid to  sustain the r a t e  of'energy conversion. This a lso provides 
for  be t te r  control of the poisoning - of the balancing chamber which 
enhances the achievement of the NAHBE mode of operation. The term 
"poisoning" ,refers to a condition of flooding o r  excessive fuel , 
being present i n  the balancing chamber. 

; VALVES -1 
( I ~ ~ I N C L I N E D )  

--.-. 
.i PISTON 

,NAHBE CHANGES I N  BASIC GEOMETRY 

HEAD MODIFICATIG~ -. 

~ A L A N ~ ~  NSSH-AKBERGE~M~~Y 

"NOTE DUE TO THE INCREAS-E- 
IN COMPRESSION RATIO SOLID 
S H o U L D 3 E D  DE D .,-. - 

IVcoTto . - - - >"CNAHBE - - . - - - 

Figure 2. Chamber geometry. 





__ ___ ._-______. 
CYLINDER HEAD MODIFICATION:: 

, . , . , . . 

NOTE - -1) MACHI.NING 20' OFFSET OF HEAD REFEARNCE 
.:' ~. .:. CENTER LINE' FROM SPARK TO EXHAUST VALVE 

-5) ORlGlNA'L DATA FOR MACHINING A T  120 ANGLE. INTER.S:OF 3.000 D I A  
- BORE AXE AND HEAD AND CYLINDER INTERFACE PLANE 



. . 

NAHBE FUEL SUPPLY SYSTEM 

The manual o p e r a t i n g  requirements  f o r  s t anda rd  engines  a r e :  (1 ) 
a c o n s t a n t  running speed of 3600 RPM, (2)  .a v a r i a b l e  load  of .O 
t o  17  HP, and ( 3 )  a cont inuous  ope ra t i on . : a t  5 KW. For the f u e l e r  
f i x e d .  c a l i b r a t e d  ho l e s  a r e  provided f o r  a i r  bl.eeding i n  o r d e r  t o ,  
op t imize  t h e  a l coho l  f u e l  combustion a t  cont inuous  load .  Air is + .  . . 

s u p p l i e d  through a h o l e  i n  the c a r b u r e t o r  l o c a t e d  between the . . 
choke and the v e n t u r i .  This  a l lows  f o r  f u l l  choking when s t a r t i ' n g ,  .' 

the engine.  , . 

Figu re  5. I n t a k e  Manifold S tandard  Components . 



AIR BLEEDER FUELER 

I A-MANIFOLD ' 
B - AIRBLEEDER : 

\BASIC BLEEDER 

( 118 NPT 

ADAPTE R 
WELDED TO MANIFOLD 

u+% CALIBRAED HOLE 

Y 

TUBES AND FITTING TO CONNECT TO THE CARBUREUTOR 
1) 1/8NPTELBOWMALE,TO,MALE-QTY 1 
2) .? 2 F U R E  Fl lTlNG114 N B E  MALE - 118 NPT 

' 

NPT FAMALE - QTY 1 

I 
.. . 

3) ELBOW 1/8 NPT MALE 114 FLARE,_M_ALEsTY 2 
4) 114" TUBING NUTS FOR FLARE F l r n N G  QTY 4 



DUAL FUEL ENGINE PROJECT 

PERFONNCE AND OPERATION (GASOLIHE/ALCOHOL MODE) 

The object ive  was t o  determine the  cha rac t e r i s t i c s  of operation fo r  
both fue l s .  The operative var iables  considered were (1  ) output,  
(2 )  peak pressures,  (3) exhaust temperatures, (4)  spec i f i c  consumption, 
(5 )  po l lu tan t s  ( C O  and UHC) and (6)  r e l i a b i l i t y  and mainta inabi l i ty .  
An evaluation was made t o  compare t he  standard engine and NAHBE I11 
on the  fac tors  of consumption, pol lut ion,  and operation. 

One standard 2A042-3 engine and the NAHBE I11 dual-fuel prototype 
were each tes ted  individual ly .  The data  compiled from these  t e s t s .  , 

is  presented i n  Appendix A .  After  t he  t e s t i ng  NAHBE I11 was operated 
continuously f o r  two periods of e igh t  hours each a t  a ra ted power of,  
5 KW. The r e l i a b i l i t y  and mainta inabi l i ty  of both engines were 
eva 1 ua ted . 

TESTING PROCEDURE AND EQUIPMENT 

EQUIPMENT 

BECKMAN HC-CO TESTER MODEL 590 
TEKTRONIX TYPE 502 DUAL-B'EAM OSCI 
GOULU BRUSH 220 CHART REC6RDER 
DIGITEC - THERMOCOUPLE-THERMOMETE 

.MODEL 590KF TYPE K - RANGE - 310 
KISTLER DUAL MODE AfdPLIFIER 
KISTLER PRESSURE TRANSDUCER 

LLOSCOPE 

7 .  2 0 0 ~ ~  GLASS BULB FUEL METERING DEVICE 
8. STOP WATCH. 

TESTING PROCEDURE 

1. WARM TESTING EQUIPMENT UP FOR APPROX. 20 MIN. 
2. START ENGINE. 
3 .  SET 3-WAY VALVE TO AUXILIARY INLET W/MEASURING BALL.  
4. ALLOW TIME FOR FUEL TO ARRIVE TO THE CARBURETOR. 
5. REFILL MEASURED BALL AND SET DESIRED LOAD RANGE AND START 

STOP WATCH. 
6. TAKE READING OF: CO, HYDROCARBONS, EXHAUST TEMP, VOLTS, 

% LOAD, OIL PRESS, AND LOAD SETTING AND RPM. 
7. STOP THE CLOCK WHEN 200cc R U N  OUT, TAKE TIME READING, REPEAT 

PROCEDURE FOR OTHER LOAD SETTINGS. 
8. BEFORE POWER DOWN, CHANGE TO GAS FOR 5 MINUTES. 



RESULTS 

The r e su l t s  of the conversion to ~ ~ ~ ~ ~ ' ~ e o m e t r ~  a re  as follows: 

1. When the compression r a t i o  was increased from 6.9 t o  9 .0 ,  no 
noticeable changes in peak pressure, exhaust temperatures, knock . 
tendency or vibration were observed in e i ther  the gasoline or  alcohol 
mode. 

2. The maximum output and operative charac ter i s t ics  were not a l tered 
i n  e i ther  the gasoline or  alcohol mode. 

3 .  There was a n  increase in the efficiency of combustion of up to  
I 25 percent a t  the rated output for  both fuels .  
1 

4. pol lut io"  was s"bstant ial ly  reduted. Carbon monoxide (CO) was' 
reduced from the 6 to  9 'percent range to  a 0.2 to 0.7 percent range. 
There was also a.reduction in the quantity of unturned hydrocarbons 
from 150-200ppm to 50-100ppm a t  r a t e  output. This represents an 
improvement qf 96 to  98 percent fo r  CO.and 50 percent fo r  UHC.  

5. After a 20-hour endurance t e s t ,  the NAHBE I11 experienced no 
mechani cal or thermal, probl ems. There were no heavy, carbon deposits 
on the piston or engine head such as those which frequently appear .' 

i n  a standard engine. A11 combustion chamber surfaces of the NAHBE. I11 
remained exceptionally clean. 

NAHBE I11 - OPERATION INSTRUCTION 

I .  STARTING PROCEDURE 

A. Always check o i l  before cranking engine. 
B. Check water level in battery on a weekly basis 

* C .  Check toggle switches ( s ta r t ing .  from top 1 e f t  switch on 
control panel ) ; local , normal ; s ta r ted  switch i s  spring 
1 oaded. ., 
Selector switches on r ight  f romtop to  bottom - V2;3, middle 
selector  s e t  a t  120V - 60 cycles approximately, l a s t  
selector  swl tch to  be s e t  a t  13. 

D. Set ,3-way valve fo r  gas or alcohol and governor control to 
fu l l  open position. 

.E. S t a r t  engine R1 holding the start-st0.p.  switch' i n  the s t a r t  
position unt i l  engine speeds up .  Note - 1f.engine does not 
s t a r t ,  help..by pulling choke r e s t  of t h e  way out by .hand. 

F. Before loading engine, l e t  warm u p  fo r  a few minutes. 

* Connect 1 oad . ce l l  wired t o  L2 and L3 on 1 oad terminal board. 



10 HP DUAL FUEL A I R  COOLED ENGINE 
MODEL NAHBE 2A042-2 and 2A042-3 

. 
PERFORMANCE ANALYSIS 

I .- I 1 I 

25  - 

2 - - P 

(ALCH) - 15 

X RATE LOAD --+ 18 53 70 87 % 

IMPROV. -18 28 
; 

36 2S 

- O m -  u-=--3- -  r m n A  r1ln111 A 11111411 

ALCOHOL GASOUNE STANDARD 0770 

A--CONSJMPTION----GA L M U R  

&X IMPROVEMENT--~T~'U mNt - NAHBE CON+ xlOO1 
OTTO CONS 

Figure 7. Var iable load comparison: 
S p e c i f i c  fue l  consumption and improvement 



10 HP DUAL FUEL A I R  COLLED ENGINE 
IdODEL NAHBE 2A042-2  and 2A042-3 

PERFORMANCE ANALYSIS 
I I I 

A BCO 
UHC OTTO CO 

\ 

2 5  - 8 
i ALCH uHc 

i 
v 

2 6 
r----.A--* 

OTTO UHC 

1.5 ' J  4 

NAHBE UHC 

NAHBE CO 

I . I I 

Kw 0 1 2 3 4 5 Kw 

K 0 20 40 60 80 100 % 
- 

I 

1.65 266 3.5 4.35 Kw o m - - .  f I. I I 

K RATE LOAD -8 18 33 53 70 87 % 

CO RED. K 95 98 98 90 96 

ma-.- T I ~ I I I I I +  l r f i l l  w e - - A * - -  

ALCOHOL GAS0 Ll N E STANDARD OTTO 

A UHC - ppm 
&CO .-- PPm 

Figure 8. Variable load comparison: 
Exhaust gas analysis. 



ENDURANCE TEST 
CARBON BUILDUP 

Standard 2A-042 
Running time - 3 hours 

NAHBE 2A-042 
Running time - 20 hours 



OPERATION 

'1. CHECK O I L  
2. CHECK GAS I N  TANK 
3. START .ENGI NE. AT NO LOAD 
4. ALLOW ENGINE TO WARM UP 
5. SWITCH TO .ALCOHOL 
6. PROCEED. TO LOAD 
7. .CHANGE TO GASOLINE 
8. : , WAIT 2 OR 3 MINUTES 
9. STOP ENGINE BY OVERRIDING ,GOVERNOR 
1 0. , . WHEN ENGINE STOPS, . DEPRESS ' STOP SWITCH 
11 . TURN ,3-WAY VALVE .TO OFF POSITION 

, . , , 

' .  . 

* ALWAYS STOP ENGINE WITH GAS. 

ALCOHOL.SITTING I N  CARBURETOR OVERNIGHT W I L L  DAMAGE I T .  

- S U ~ R Y  

The NAHBE design offers  & variety of advantages for  optimizing the 
performance of the standard i niernal combus t ion engine. Among these 
are: 

mu1 t i - fuel  capabi l i t ies  
mechanical simp1 i c i  ty 
increased fuel economy 
ease of modification 
reduced peak pressures and temperatures 
more e f f i c i en t  combustion . 
reduction of carbon monoxide emissions. 
reduction of hydrocarbons 
less  carbon build-up i n  engine 
elimination of need f o r  anti-pol 1 ution devic'es. 

The NAHBE design i s  compatible w i t h  the goals of the A1 ternat ive 
Fuels  Uti 1 ization Program (AFUP) o f  ERDA which i s  developing y w  
subs t i tu te  fuels to  replate  or  reduce dependence on petroleum fuels .  
This program has been exploring the possi bi 1 i t i  es of engi ne modi f i - 
cation such as compression r a t io ,  valve timing, combustion chamber 
shape and other parameters. 



The NAHBE concept could eventually of fer  great  advantages to  the 
agricul tural  community part icular ly because of i t s  mu1 t i - fuel  
capabi l i t ies .  As al.cohol becomes more widely used as an a1 ternat ive 
fu21 i t  i s  en t i re ly  possible tha t  i t  cou1.d be produced locally from 
excess grain or  organic waste products. This development would increase 
the efficiency of farming by reducing fuel costs and providing a 
feasible  means fo r  disposal of residues. 

As more research i s  done on alcohol fue l s ,  i t  i s  expected tha t  the 
resul ts w i  11 show considerable gains in fuel usage efficiency. 
Current research has focused primarily on relatively.minor engine 
modifications such as carburetor and igni t ion d is t r ibutor  calibra- 
t ions.  

Methanol i s  a lso being explored as an a l te rna t ive  fuel because it 
reduces pollution and supplements energy supplies. I t  i s  especially 
advantageous in view of the f a c t  tha t  i t  can be produced from agricul- 
tural  and municipal wastes as we11 as methacoal, a coloidal- suspension 
of coal (30 percent) in methanol. 

Investigations have indicated that  methanol i s  s,uperior to  gasoline 
in thermal efficiency, operational range of equivalence r a t io ,  and 
emission levels.  

The research data on the   eat BaTanced Cycle also shows tha t  s ign i f i -  
cant increases- in fuel economy and s ign i f i can t  reductions in pollutant 
emissions can be achieved. In addi t ion present engines can be modified 
e i the r  during production or w i t h  a r e t r o f i t  package a t  r e l a t ive  low 
cost.  

Eventua:iy the incorporation of the Heat Balanced Cycle offers  the 
prospect of designing and manufacturing a 1 ess cost ly ,  1 ighter  weight 
engine w i t h  a higher power-to-weight-ratio than present conventional 
engines. The NAHBE engine can meet emission standards without adding 
cost ly  and inef f ic ien t  devices such as catal  i zer systems and/or 
afterburners. 



REQUEST FOR EVALUATION 

TITLE 

ENERGY CONVERSION CYCLE FOR THE INTERVAL COMBUSTION 

ENGINES (ICE) AND APPARATUS FOR CARRYING OUT THE 

CYCLE. 

THE BETA .CY.CLE describing its events in the MICRO DOMAIN 
of the.enrgy fluxs by using the micro coor,dinates of , 

momentum and position is updating the scientific foundations 
of the ICE technology. 

THE BETA ENGINE,basic implementation of the theory,is 
overlapping the state of the art of the ICE and is the 
starting real opportunity for the betterment of those 
unreplaceable Internal Combustion Engines,by 

*IMPROBING THEIR COMBUSTION PROCESS 

*INCREASING THEIR EFFICIENCY 

*CONTROLLING THEIR POLLUTANTS 

*ACHIEVING THEIR MULTIFUEL CAPABILITIES 
Presented to: OFFICE OF ENERGY RELATED INVENTIONS 

National Bureau of Standard 
U.S.Department of Comerce 

RICHARD. F. BLASER 
June 1980 



1 ABSTRACT 

~ For the Internal Combustion Engines using the volumc 
variation of their working chambers and, the related ~ontributions ~ of auxiliary hardware for the fulfillment of the events of their 
operative power cycles. "A R E F I N I N G  IMPROVEMENT OF T H E I R  COMBUS- 
T I O N  CHAMBER CEObfETRIES AND T H E I R  AUXILLARY HARDWARE WHICH EXPEC-  
T A T I O N S  ARE D I R E C T E D  FOR THE ACHIEVEMENT OF THE EVENTS OF THE 
BETA CYCLE AN ENERGY CYCLE FOR T H E  INTERNAL COMBUSTION E N G I N E S . "  

The BETA cycle, with its approach using "Micro Coordinates" 
for the description of the energy related events ,  is allowing the 
required T I M E  considerations for weighing the contributions of the 
enormous quantity of iinute discrete events through which the 

molecular bonds are broken and energy is allo\.red to flow for 
I converting an existing chemical potential into an expectec ~ ~ availability of thermal energy. 

~ This approach is penittimg the evaluation of COMBUSTIOU ASD 
HEAT using the required micro-coordinates of rqcition and mome~:tum 
fcr describing the events in the micro domain of the energy 
fluxes and the weighing of the contributions of reactants availa- 
bility and distribution, the control capabilities of, the quxi,li;iry 
hardware and the envelop constrains of the working chamber geo- 
metries. Furthermore, the engines operating in the BETA Energy 
Cycle mode with no compromises or distortions for their real 
combustion process are less sensitive to fuel characteristics as 
octane number, cetane number, flash point, viscosity, etc., 
and their broad multifuel capabilities are encouraging-the use of 
man-made bio-fuels, as alcohol. 
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INTRODUCTION 

A t  t h e  s t a r t  o f t h e  i n d u s t r i a l  r e v o l u t i o n ,  t h e  
a tomic  n a t u r e  o f  m a t t e r  was n o t  y e t  unders tood  and 
t h e  mathemat ica l  model developed t o  r e p r e s e n t  t h e  
r e l a t i o n s  between the rma l  and mechanical  behav io r  
had . to  be  p u t  t o g e t h e r  w i t h  t h e  gu idance  of  t h e  
c r u d e  exper iments  t h a t  cou ld  be  made. 

C 
The c o n t r o v e r s i a l  and s e v e r 1  t i m e s  r e v i s e d  

Thermal Theory today  c a l l e d  C l a s s i c  o r  Equ i l i b r ium 
Thermodynamics was concerned i t s e l f  o n l y  w i t h  t h e  
macroscopic  p r o p e r t i e s  o f  agg rega t ed  matter w i t h  
molecu les  hav ing  comple te ly  random d i s t r i b u t i o n s  o f  
p o s i t i o n  and v e l o c i t i e s  and i t  can work o n l y  t h o s e  
s t a t e  of maximum d i s o r d e r  c a l l e d  t h e  s ta tes  of 
Thermodynamic Equ i l i b r ium and f o r  t h e  c a l c u l a t i o n s  
o f  changes  from one t o  a n o t h e r  Equ i l i b r ium S t a t e ,  it 
w a s  unavoidable  t h e  use  of  t h e  s o c a l l e d  q u a s i s t a t i c  
p r o c e s s e s .  q his c o n s t r a i n s  and t h e  g e n e r a l  p a t t e r n  
o f  t h e  i n t e r r e l a t i o n  of  t h e  s t a t e  v a r i a b l e s  have 
b e e n ,  summarized on t h e  Thermodynamic Laws which d e a l  
o n l y  w i t h  e q u i l i b r i u m  s t a t e s  and from which one can 
p r e d i c t  t h e  complete  t he rma l  behav io r  of any a g g r e g a t e  
o f  m a t t e r  g iven  a r e l a t i e l y .  few e m p i r i c a l l y  r e l a t i o n -  
s h i p s  o b t a i n e d  by macr-oscopic measurements. * 

When t h e  a tomic  n a t u r e  o f  m a t t e r  began t o  be  under- 
s t o o d  t h e  f o u n d a t i o n s  o f  t h e  Class ic  Mechanic were re- 
v i s e d  and i t s  l a w  r e f i n e d  f o r  accommodating ~ i m e  a s '  
new weighing v a l u e  d e s c r i p t i v e  dimension and s c o l a r s  
p i o n e e r i n g  i n  t h e  s u b j e c t  d e d i c a t e d  t h e i r  e f f o r t s  f o r  
d e f i n i n g  how t h e  macroscopic p r o p e r t i e s  o f  m a t t e r  d e a l  
by t h e  e q u i l i b r i u m  thermodynamic cou ld  depend on t h e  
assumed behav io r  of t h e m n s t i t u e n t  atoms. 

The f i r s t  s u c c e s s e s  were concerned w i t h  g a s e s  and 
they  supply  t h e  means f o r  e x p r e s s i n g  p r e s s u r e  tempera ture  
and o t h e r  macro. p r o p e r t i e s  o f  t h e  system i n  t e r m s  of  
average  v a l u e s  of molecu la r  p r o p e r t i e s .  Those works 
o r i g i n  t h e  K i n e t i c  Theory of  g a s e s .  

A most g e n e r a l  e f f o r t ,  o r i g i n  of  t h e  S t a t i s t i c a l  
mechanic,  was .done  by Gibbs,  Boltsman and o t h e r s  t o  
p rov ide  a s t a t i s t i c a l  correspondence between t h e  a tomic 
s u b s t r u c t u r e  o f  any p i e c e  o f  m a t t e r  and i t s  macroscopic 
behav io r  and r e l a t i o n s h i p .  



. From t h e r e  and w i t h  t h e  c o n t r i b u t i o n s  o f  s t a t i s -  
t i c a l  Mechanics and Quantum Theory,  s t a t i s t i c a l  thermo- 
dynamics.was s t a r t e d  and t h e  r e l a t i o n s h i p  between 
p r e s s u r e ,  t empera tu re  volume and h e a t  c a p a c i t y  i n  
functi 'on of  t h e  p r o p e r t i e s  of  t h e  molecules  forming 
t h e  Micro system o f  theag iomera ted  m a t t e r  have been . 
d e r i v e d .  

Those s c i e n t i f i c  advances  i n  t h e  unde r s t and ing  
of  t h e  laws of  Nature  have deep ly  c l a r i f i e d  and 
expanded t h e  c a p a b i l i t i e s  f o r  t h e  d e s c r i p t i o n  and 
a n a l y s i s  o f  t h e  . s t a t e  o f  a thermodynamic SYSTEM. 

A system i s  a  s e p a r a t i o n  of  a r e s t r i c t e d  r e g i o n  
of  space  o r  a  f i n i t e p o r t i o n  Of m a t t e r  from i t s  . 
su r round ings .  For  d e s c r i b i n g  t h e  system i n  terms of  
q u a n t i t i e s  r e l a t e d  w i t h  i t s  b e h a v i o r ,  o r  i t s  i n t e r -  
a c t i o n  w i t h  t h e  su r round ings ,  w e  need t o  d e i i n e  t h e  
p e r m i t t e d  i n t e r a c t i o n s t h r o u g h  t h e  i d e a l '  d i v i d e r  and 
a c c e p t  a macroscopic o r  mic roscop ic  p o i n t  o f  view f o r  
d e f i n i n g  t h e  p r o p e r t i e s  t o  be  'examined. 

The Macroscopic p o l n t  of  view r e f e r s  t o  t h e  g r o s s  
c h a r a c t e r i s t i c s  o r ,  l a r g e  s c a l e  p r o p e r t i e s '  and i t s  supply  
macroscopic desc r ip t ion - ; . and  macroscopic  c o o r d i n a t e s .  

The Microscopic  p o i n t  of  view c o n s i d e r s  t h e  system 
as an a g g r e g a t e  o f  a n  enormous number N of  molecu les ,  
each o f  which i s  capab le  of  e x i s t i n g  i n  a  s e t  of  s t a t e s  

, o f  independent  energy.  
I 

R e c a l l i n g  t h a t  Thermodynamics d e a l s  w i t h  t h e  i n t e r i o r  
of  t h e  system,  i f  a  macroscopic  p o i n t  of  view i s  adopted ,  
t h e  macroscopic  q u a n t i t i e s  hav ing  a  b e a r i n g  on t h e  i n t e r n a l  
s t a t e  of t h e  system a r e  c a l l e d  thermodynamics c o o r d i n a t e s  
and they  s e r v e  f o r  de , termining t h e  i n t e r n a l  energy  of  t h e  
system. 

I Heat i s  t h e  macrocoordinate  f o r  t h e  i n t e r n a l  energy  
o f  t h e  system and i t  was l o g i c  f o r  t h e  e a r l y  i n v e s t i g a t o r s  

I 

I 
I t o  t h i n k  o f  h e a t  a s  a  " f l u i d "  and t h a t  - i t  can ,  be produced 

and fu r the rmore  t h e  e n t i t y  h e a t  can  have.  i n e r t i a ,  v e l o c i t y  
and a l s o  thermal  o s c i l l a t i o n s  a s  t h e  a ,cous t ic  o s c i l l a t i o n s .  

, The d r i v i n g  f o r c e , e q u i v a l e n t  t o  p r e s s u r e  w a s  t empera tu re  
and from t h e r e  h e a t  has  t h e  c h a r a c t e r i s t i c s  of a  s t a t e  
v a r i a b l e  o f  t h e  macrosystem. T h i s  approach was f o r  many 
y e a r s ' p a r t  of  t h e  development o f  t h e  thermal  s c i e n c e  u n t i l  



advanced unde r s t and ing  o f  energy  proved t h a t  mechanical  
work can  be  added t o  asys tem f o r  c r e a t i n g  h e a t ,  p rov ing  
t h a t  h e a t  must be  t r e a t e d  a s  energy  p o t e n t i a l  w i t h  t h e  
same c h a r a c t e r i s t i c s  of  t h e  o t h e r  known used names, 
chemica l ,  e l e c t r i c a l ,  s o l a r ,  e tc .  

Those advances i n  t h e  unde r s t and ing  of  Thermal 
behav io r  o f  t h e  system and t h e  accep tance  of t h e  macro' 
and micro p o i n t  of view a s  c o o p e r a t i v e  approaches  have 
r e f i n e d  t h e  laws o f t h e  Ckass i c  Thermodynamics c l a r i f y  
i l l o g i c a l  r e s u l t s o f  e x t e n s i o n s  of i t s  . e m p i r i c a l  mathe- 
m a t i c a l  models and p e r m i t t e d  a  new i n s i g h t  f o r  exp la in - ,  
i n g ,  . d e s c r i b i n g  and d e f i n i n g  t h e  system coord ' ina tes  
r e q u i r e d  f o r  t h e  s o l v i n g  and t h e  unde r s t and ing  o f  y e s t e r -  
day empty, unso lvab le  l o o p s  o f  t h e  n a t u r a l  non-equi l ib r ium 
s i t u a t i o n s  of  no q u a s i s t a t i c s  p r o c e s s e s  a s  l amina r  f low,  
v i s c o s i t y ,  h e a t  conduc t ion ,  d i f f u s i o n ,  b rownian  motion,  
r e v e r s i b i  li t y  rate o f  chemica l  r e a c t i o n s ,  e t c  . 

Desp i t e  t h o s e  f a c t s t h e  technology  o f  t h e  modern 
i n t e r n a l  combustion e n g i n e s  remain n u r t u r e d  by t h e  
assumption of  t h e i r  o l d  o r i g i n a t o r s  and because t h e  
Thermodynamic power c y c l e s  f o r  t h e  h e a t  e n g i n e s ;  O t t o ,  
~ i e s e l ,  Brayton,  S t i r l i n g ,  E r i c s o n ,  e t c . ,  o n l y  d e a l  w i t h  
e q u i l i b r i u m  s t a t e s  i n  a-macro" thermodynamic system,  
which f o l l o w s  q u a s i s t a t i c  p r o c e s s e s  f o r  a c h i e v i n g  t h e i r  
fundamental  f u n c t i o n ,  "Transformat ion  o f  HEAT i n t o  WORK", 
no accommodation i s  o f f e r e d  f o r  t h e  a p p l i c a t i o n  o f  t h e  
energy  conve r s ion  e v e n t s  micro c o o r d i n a t e s .  From t h e r e ,  
a l l  t h e  endeavors  aimed f o r  t h e  Be t t e rmen t  o f  t h e  p e r f o r  
mances of  t h e  a c t u a l  i n t e r n a l  combustion e n g i n e s  remain 
l i m i t e d  t o  t h e  macro c o n g r i b u t i o n s  o f  t h e  system and 
t h e i r  fundamental  e v e n t ,  t h e  supp ly  o f  Heat ,  c a l l e d  
combustion,  e x p l o s i o n  o r  s imply "BANG" c.annot b e n e f i t  
from t h e  b l i n d l y  i gno red  c a p a b i l i t i e s  o f  t h e  s t a t e - o f - t h e  
a r t  of  modern s c i e n c e  and technology.  

The BETA Energy Cycle  f o r  t h e  i n t e r n a l  combust ion 
e n g i n e s  i s  i n t e n d i n g  t o  s t a r t  f i l l i n g  t h e  gap. I t  
r e l a t e s  s p e c i f i c a l l y  w i t h  t h e  i n t r o d u c t i o n  and use  o f  
t h e  t i m e  dimension and i t s  microdomain a s  p a r t  and 
weighing f a c t o r  f o r  t h e  energy  r e l a t e d  e v e n t s  o f  t h e  power 
c y c l e s  of  t h o s e  eng ines .  The proposed r e f inemen t s  f o r  
the .working chamber, geome t r i c s  and c o n t r i b u t i o n  o f  t h e  
a u x i l i a r y  hardware a r e  aimed f o r  accommodating t h e  opera-  
t i o n  t o  t h e  time-bounded micro c o o r d i n a t e s  govern ing  t h e  
n a t u r a l  p r o c e s s  of  combustion.  The microdomain proposed 
by t h e  BETA c y c l e  i s  a sound s c i e n t i f i c  founda t ion  f o r  
t h e  aevelopment o f  t h e  BETA Engine technology and from 
t h e r e  t h e  s c i e n t i f i c  upda t ing  of  t h e  I . C . E .  t h e o r e t i c a l  
founda t ions  and t h e  r e f inemen t  on Method and Apparatus  



technology f o r  accommodating t h e  time-bounded r e q u i r e -  
*merits of t h e  micro-processes  c o n v e r t i n g  chemica l  i n t o  
t he rma l  energy a r e  opening t h e  e x p e c t a t i o n s  o f  t h e  
f u l l  use  of  o u r  a c t u a l  t e c h n o l o g i c a l  s t a t e - o f - t h e - a r t  
f o r  t h e  b e t t e r m e n t  o f  t h e  performances  o f  t h o s e  eng ines  
i n  c r i t i c a l  a r e a s ,  such a s ,  f u e l  economy, f u e l  l i m i t a -  
t i o n s ,  p o l l u t i o n  abatement ,  n o i s e  and v i b r a t i o n  c o n t r o l  
and we igh t  r e d u c t i o n .  

Scope of  t h e  P r o j e c t  

A s  a ba lanced  p l ann ing  f o r  o r g a n i z i n g . t h e  expec ted  
c o n t r i b u t i o n s ,  t h e  s c o p e . o f  s c i e n t i f i c  t e c h n i c a l  and 
o p e r a t i v e  i n f e r e n c e s  are d e f i n e d  a s :  

BETA Energy Power Cycle  - The r e f i n i n g  of t h e  
o r i g i n a l  power c y c l e s  by a l l owing  t h e  use  of  t h e  
"micro p o i n t  o f  view" f o r  t h e  d e s c r i p t i o n  o f  t h e  
system and t h e  micro c o o r d i n a t e s  f o r  t h e  e v a l u a t i o n  
of  t h e  non e q u i l i b r i u m  non q u a s i - s t a t i c  energy  
e v e n t s .  

BETA Engine Method.of Ope ra t ion  - The h a n d l i n g ,  
p r o p o r t i o n i n g  and mixing o f  t h e  r e a c t a n t s  f o r  
accommodating t h e  &era11 o b j e c t i v e s  t o  t h e  r e q u i r e -  
ments of d i s t r i b u t i o n ,  a v a i l a b i l i t y  and a c t i v i t y  . 
of t h e  cha rge ,  b e f o r e  and d u r i n g  t h e  energy  conver-  
s i o n  e v e n t s  i n  t h e  working chamber. 

BETA Engine Apparatus'  - Refinements and improvements 
i n  t h e  working chamber enve lope  geometry t o  accohmo- 
d a t e  i t s  macro c o n t r i b u t i o n  f o r  t h e  s u s t a i n i n g  o f  
t h e  molecu la r  i n t e r a c t i o n  and t h e  ra te  o f  r e a c t i o n  
which a r e  unavoidably r e l a t e d  t o  t h e  a v a i l a b i l i t y  
of  h e a t  r e q u i r e d  f o r  f u l f u l l i n g  t h e  o p e r a t i v e  
expec ted  performance o f  t h e  eng ines .  




