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' ABSTRACT 

An experimental study was performed t o  determine the e f f e c t  o f  vary ing  

percentages o f  ethanol i n  t h e  fuel using a CFR engine operated a t  knock- 

l i m i t e d  compression r a t i o  and maximum power spark timing. Blends o f  85 octane 
' 

primary refere3ce fue l  and ethanol i n  concentrations between 10 and 25 percent 

. - by volume were tested f a r  peefo~mance, f ue l  economy, and exhaust emissions. 

The r e s u l t s  ind icated t h a t  when t h e  engi ne was operated a t  knock-1 i m i t e d  

condi t ions a t  a constant equivalence ra t i o ,  t he  use o f  ethanol resu l ted  i n  a 

reduction i n  petroleum f u e l  usage o f  10 percent greater than t h e  vo lumetr ic  

percentage o f  t h e  ethanol used f n  the  blend. These r e s u l t s  w2re independent 

of  the amount o f  ethanol used i n  the  blend. Under these condit ions, as t h e  

ethanol ccncentration was increased, BXEP and BSHC increased, BSNO and BSCO 

remained e i sen t i  a1 ly constant, and exhaust temperature decreased. 
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INTRODUCTIUN 

I n  r c c c n t  years,  t h e  use o f  ethanol  as a . ~ s u b s t i t u t e  f o r  convent ions1 , 

.... p ~ t r o l e u n ~  bascd fue l s  has beconr i n c r e a s i n g l y  a t t r a c t . i v e  t o  t h e  a g r i c u l t u r a l  

community, bo th  as a  means f o r  secu r ing  a  more r e l i a b l e  supp ly  o f  f u e l  and a's 
1 

a metllbd o f  i n c r e a s i n g  t h e  demand f o r  a g r i c u l t u r a l  p roducts  f rom which e thano l  

can be made. .The i n t r o d u c t i o n  o f  gaso l i  ne-ethanol  (gasohol) m i x t u r e s  i n t o  t h e  

au tomob i l e  market has been t h e  f i r s t  s tep  i n  t h i s  process. I n  B r a z i l ,  

. . programs a r e  underway t o  develop engines r u n n i n g  on h i g h e r  amounts o f  e t h a n o l  

. . (Leshner, e t  al . ,  1980). I n  o r d e r  t o  i nc rease  t h e  a t t r a c t i v e n e s s  o f  t h e  use 

o f  e thano l  as a  supplement o r  s u b s t i t u t e  f o r  pe t ro leum f u e l s ,  i t  i s  i m p o r t a n t  

t o  have a c l e a r  unders tand ing  o f  t h e  e f f e c t s  o f  t h e  use o f  e thano l  i n  i n t e r n a l  

. combust ion engines. Convent ional  U.S. o f  e thano l  i n  gasol i n e  eng ines  u t  il i z e s  

a m i x t u r e  of 10 percent  e thano l  i n  gaso l ine  and s u b s t i t u t e s  t h i s  f o r  t h e  p u r e  

gaso l  i n e  . f u e l  w i thou t  engine m o d i f i c a t i o n s .  T h i s  does n o t  t a k e  advantage o f  

t h e  h ig .her  octane number o f  t h e  ethanol  as compared t o  r e g u l a r  g a s o l i n e  and 

can have some e f f e c t  on t h e  f u e l - a i r  r a t i o  o f  t h e  i n t a k e  m i x t u r e  which, i n  

t u r n ,  a f f e c t s  fu21 economy and a1 1  exhaust .emiss ions (Obert,  1973). 

Consequently, i t  i s  o f  i n t e r e s t  t o  e x p l o r e  t h e  p o s s i b l i t i e s  f o r  t h e  use  

OF e t h a n o l - g a s o l i n e  blends. o f  va ry ing  composi t ions and under c a r e f u l l y  

c o n t r o l l e d  engine o p e r a t i n g  c o n d i t i o n s  t o  see i f  t h e r e  i s  a  more e f f e c t i v e  way 

of u s i n g  t h e  ethanol  t o  t a k e  advantage o f  i t s  h i g h e r  octane r a t i n g  w i t h o u t  

h a v i n g  a  s i g n i f i c a n t  d e t e r i o r a t i o n  e f  f u e l  econo iy  and exbaust einissi  ons. 

Wh j l e  t h e  use  of gaso l i ne  i s  not  as impor tan t  t o  t h e  a g r i c u l t u r a l  cornmunitj, as  

d i e s e l  f u e l  on a uscage bas i s ,  improved techn iques f o r  t h e  use o f  e t h a n o l  i n  

gaso l ine '  engines would have a  s t r o n g  p o s i t i v e  i n f l u c n c c  on t h e  f u t u r e  o f  

e t l l a n o l  a s  c7 motor f u e l  and t h e  subscqucnt dcnklnds f o r  ag r i cu l t u r -a1  p r o d u c t s  

which can Sc used t o  produce e thano l .  . ,-. 
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. ..OBJECTIVES 

The two main o b j e c t i v e s  o f  t h i s  s tudy  were: 

1. To study. petro leum based f u e l  b lended w i t h  e thano l  a t  d i f f e r e n t  

engine ope ra t i ng  c o n d i t i o n s  t o  de termine e f f e c t s  on pe r fo rmance , . f ue l  

economy, and exhaust emi ssions. 

2. To use va r ious  percentage ethanol  pe t ro leum blends t o  de te rm ine  i f  

t h e r e  i s  an optimum ethano l  percentage f rorn a  petro leum rep1 acerncnt 

s t  andpoi n  t. 

.E thano l  has a  g rea te r  e f f e c t  on t h e  octane r a t i n g  o f  l ower  oc tane f u e l s  

' ( K e l l e r ,  1979). Consequently, an 85 octane base f u e l  was used t o  t a k e  f u l l  
". 

advantage o f  the  octane i n c r e a s e  due t o  t h e  e thano l  .' The use o f  a low oc tane  

, base f u e l  a l s o  serves t o  min imize  r e f i n e r y  energy needed t o  make t h e  b a s e ' f u e l  

(Lawrence, .et a1 . , 1980). 

.--Blends o f  0  ' t o  25 percent  e thano l ,  on a  volume basis,, were used i n  th . i s  

-.study. ' With  ethanol  percentages g r e a t e r  t h a n  25 percen t ,  phase s e p a r a t i o n  due 

t o  wate r  g e t t i n g  i n t o  t h e  f u e l  c o u l d  be a  rnaj'or problem (Idigg, 1974). Recent 

.. developments. i n  f u e l  i n j e c t i o n  techno logy  i ' n d i c a t e  t h a t  i t  may soon be 
b 

p r a c t i c a l  to;  use one pump t o  feed bo th  e thano l  and pet ro leum f u e l s  t o  an 

engine, t h u s  e l i m i n a t i n g  t h e ' n e e d  f o r  f u e l  t a n k  b lends  (Fuyisawa and Yokota, 

1981 ) 



EQU I Pi lE EIT 

The t e s t s  i n  t h i s  expcrirncct were perfornlcd on a  s i n g l e  c y l ' i n d e r  v a r i a b l e  

CFR . (Cooperat ive Fuel Research) engi nc coup1 ed t o  an e l e c t r i c  dynsn~orneter. 

The eng ine  has f a c i l i t i e s  f o r  v a r i a b l e  compression r a t i o  o p e r a t i o n  and has 

higi1 prgssure  i n t a k e  p o r t  f u e l  i n j e c t  ion. Engine spec i  f i c a t i o n s  and 

expe r imen ta l  c o n d i t i o n s  a r e  g i ven  i n  Table 1. Fuel p r o p e r t i e s  a r e  g i v e n  i n  

T a b l e  2. 

V a r i a b l e s  measured were mass f l o w  r a t e  o f  a i r ,  mass f l o w  r a t e  o f  f u e l ,  

. . brake  power, and exhaust terrperature.  C y l i n d e r  p ressure  as a f u n c t i o n  o f  t.',i:~c 

was mon i to red  on an o s c i l l o s c o p e  and a s tandard  knock l e v e l  was deterrn insd by 

t h e  magnitude o f  t h e  pressure  o s c i l l a t i o n s  r e s u l t i n g  f rom knock. Exhaust gas 

:em; s s i  ons were a.lso measured. ~nbu. rned hydrocarbons were measlrred w i t h  a 

f lame i o n i z a t i o n  d e t e c t o r ,  carbon monoxide and carbon d i o x i d e  w i t h  

nondi s p e r s i  ve i n f r a r e d  analyzers,  and NO w i t h  a  chemi lumi  nescent ana lyzer .  

The system used, shown i n  F ig.  1, c l o s e l y  f o l l o w s  t h e  p roced l~ res  e s t a b l i s h e d  

f o r  sma l l  engine exhaust ernission m e a s u r e ~ e n t " e s t a b l i s h e d  by t h e  S o c i e t y  o f  

. .  Automot i v e  Engineers (SAE, 1977). 

. . 

' . 
. TEST PROCEDURES 

In o r d e r  t o  e l  i a i n a t e  any e f f e c t s  due t o  spark ,t irning, a1 1  o f  t h e  

f o l l o w i n g  t e s t s  were run  a t  niaxinium po\.rer spark advance. To s tudy  t h e  e f f e c t s  

of e t h a n o l  b lends a t  d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s ,  t h e  f o l l o w i n g  t h r e e  s c t s  

o f .  t e s t s  were perfor'~:~ed. 

1. Base l i ne  t e s t s  were r u n  u s i n g  85 octane base fgel  f o r  t h e  range o f  

. . equivalence r a t i o  i n  Tab le  1. Ttic con~press ion  r a t i o  was a d j u s t e d  f o r  . 

t r a c c  knuck, dete.ctcd on t h e  osc l  1 loscnl,e, f o r  each equ iva lence  

r a t i o .  , .Spark advdnce was  ad jus ted  t o  -rri~~x'lniurn power $.park advance - f o r  

each cqir i  va lcncc  r a t  io .  , 
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! 
2. Series  A t es t ;  used blends of 10, 1 5 ,  20, and 25 pcrcent e t t i ~ n o l ,  on 

a volunrc basis ,  in t h e  85 octane base.fue1. Each fuel blend was ; 

t e s t ed  over the  sanie equivalence r a t i o  range t h a t  was used i n  the  , 

I 

baseline t e s t s .  Compression r a t i o  and spark advance were adjusted,.  , 
. ' a s . funct ions  of equivalence r a t io ,  t o  the  values of thcse found for  

. , 

t h e  85 . . octane base fuel in  the baseline t e s t s .  This t e s t  se ' r ies  
. . 

,sheds the e f fec t  of subs t i tu t ion  of ethanol -gas01 ine blends f o r  

. gasoline a t  the  maximuni power conditions obtainable with t h e  gasol ine 

fuel .  

3. Series  B t e s t s  used t h e  same blends of ethanol in  the  85 octane base 

fuel as  were used in  Series  A. Each ,blend was t e s t ed  a t  i t s  knock 

limited conpression r a t i o  throughout the  equivalence r a t i o  range. 

.: . . Series  B t e s t s  f o l l  owed t h e  base1 ine t e s t  procedures of opt irnizing 

compression r a t i o  and using maximum power spark advance f o r  each 
. . 

equivalence r a t i o  f o r  each blend. 



RESULTS . 

T l ~ c  knock l i m i t e d  con~prcss ion  r a t i o s  ob ta ined  a re  g i ven  i n  Fig. 2. Thc 

compression r a t i o s  f o r  t h c  85 octane f u e l s  d e f i n e d  t h e  .compression r a t i o -  

equ iva l cnce  r a t i o  r e l a t i o n s h i p  t h a t  was used f o r  t h e  b lends  o f  t e s t  S e r i e s  

A, The t e s u l t s  f o r  t e s t  S e r i e s  B show t h e  b e n e f i c i a l  e f f e c t  o f  e thano l  

a d d i t i o n  t o  an 85 octane number base f u e l .  The oc tane s t e a d i  l y  i nc reased  as  

t h e  e thano l  percentage i nc reased  up, t o  25 percent  f o r  t h e  e n t i r e  equ iva lence  

r a t i o  range. 

Performance and emiss ion r e s u l t s  from t e s t  S e r i e s  A are  p resen ted  i n  . 

Figs. 3, 4 ,  and 5. ' The f u e l  a i r  e'quivalence r a t i o   as used as t h e  absc i ssa  
.: 

s ince the s t o i c h i c m e t r i c  f u e l - a i r  r a t i o  increased as t h e  percentage o f  e thano l  

inc reased.  Thtis, - a t  a  cons tan t  equivalence r a t i  o, as t h e  percent  o f  e t h a n o l  

Increases,  t h e  a c t u a l  f u e l - a i r  r a t i o  suppl. ied t o  t h e  engin'e n u s t  inc rease.  

Lower i n t a k e  chars2 temperatures should cause NO concent r a t  i o n  t o  

decrease . ( ~ u l s ' , '  e t  a l . ,  1967). E t h a n o l ' s  h i g h e r .  heat  o f  v a p o r i z a t i o n  i s  

expected t o  have a  l a r g e r  c o o l i n g  e f f e c t  on t h e  i n t a k e  charge tempera ture  t h a n  

. . on t h e  85 octane base fue l .  In agreement w i t h  t h i s ,  F ig.  4 shows reduced . 

c o n c e n t r a t i o n s  of NO a t  equ iva l snce  r a t i o s  near  t h a t  f o r  peak NO. Exhaust  

t empera tu re  and equivalence . r a t , i u  ,ire impor tan t  f a c t o r s  i n  t h e  emiss ion  of 
. 

unburned hydrocarbons (Huls, e t  al . ,  1967). The compression r a t i o  was n o t  

changed w i t h  t h e  d i f f e r e n t  b lends  i n  these t e s t s .  t lydrocarbon concent  r a t i o n s  

did  n o t  change n o t i c e a b l y  w i t h  t h e  a d d i t i o n  o f  e thano l  a t  g i ven  equivalen,ce 

r a t i o s  as would be expected due t o  t h e  constant  exhaust tenlperature and 

.equ iva lence  r a t i o  as i n d i c a t e d  i n  Fig. 5. 

I t  can be' seen f rom those  r e s u l t s  t h a t  when e t t lano l -ga 'so l ine  b lends  were 

used i n  an enginc ope rd t tng  a t  a constant  cqu i va l cncc  r a t i o  and cornpr-ossion 

r a t i o ,  t h e  on ly  significant change obscrvsb lc  was an i t ~ c r c a s e  i n  t h c  o v c r a l l  



I 

f ue l  consunlption. A t  equivalcr,ce r a t i o s  l ca r i c r  t h a n  0.95, t h e r e  was a s l i g h t  

decrease i n  NO crriissi ons v r i  t h  i n c r e a s i  ng e thano l  content .  A t  . r i c h e r  I 
I 

equivalence r a t i o s ,  t h e r e  was n o t  as n o t i c e a b l e  an e f f e c t  on NO emissions. 
I 

The l a r g e  increases i n  compression r a t i o  i n  t h e  Ser ies  B t e s t s  sho#r t h a t  
a 

t h e  e thano l  a d d i t i o n  had a  l a r g e  e i f e c t  on t h e  oc tane r a t i n g  o f  t h e  f u e l .  It 

shou ld  be noted t h a t  t h e  i n t a k e  system i n  t h e  CFR eng ine  used i n  t h i s  t e s t  

resembles t h a t  o f  t h e  RON (Research Octane Number)"rnethod more t h a n  t h e  Mot4 

(Idotor Octane Number) method. As s t a t e d  p r e v i o u s l y ,  t h e  e thano l  has l a r g e r  

e f f e c t s  on RON. The RON method would 52 a b e t t e r  method t o  see t h e  e f f e c t s  o f  

a l c o h o l  a d d i t i o n s  because i t  i s  u n l  i k e l y  t h a t  t h e  nan i  f o l  d  tempera tures  woul d 

.. reach those o f  t h e  I.?ON method because o f  t h e ' l a r g e r  amount o f  hea t  needed t o  

v a p o r i z e  t h e  a1 coho1 (N icho ls ,  1980). 

The h e a t i n g  value of  e thano l  i s  lower  t h a n  t h e  h e a t i n g  v a l u e  o f  t h e  85 

oc tane  base f u e l  as shown i n  Tab1 e  2. As i n c r e a s e d  e thano l  amounts a r e  use'd, 

' 
-the mass f l o w  r a t e  o f  t h e  f u e l  ne'eds , t o  i n c r e a s e  t o  m a i n t a i n  a  g i ven  

equ iva lence  r a t i o .  Th i s  i n c r e a s e  i n  mass f l o w  r a t e  o f f s e t s  t h e  lovrer energy 

... c o n t e n t  o f  t h e  ethanol  t o  g i v e  t h e  same power b u t  causes t h e  BSFC t o  increase.  

with an incr.ease i n  t h e  percentage o f  ethanol .  

The Ser ies  B t e s t s  i n d i c a t e  t h a t  t h e  e thano l  inc reased t h e  octane number 

s i n c e  h i g h e r  compression r a t i o s  t h a n  Ser ies  A t e s t s  cou ld  be used b e f o r e  

knock ing  occurreci. The Ser ies  B t e s t  r e s u l t s ,  sho\vri i n  Figs. 6, 7, and 8, 

i n d i c a t e  t h a t  a t  knock 1imit .ed conipression ra t i 'o  GNEP i nc reased w i t h  t h e  

a d d i t i o n  o f  e thano l  a t  const.ant equ iva lence r a t i o .  The a d d i t i o n  o f  e thano l  

had no  n o t i c e a b l e  eff .ect on t h e  BSFC. The above r e s u l t s  a r e  due t o  t h e  h i g h e r  

. thermal  e l - f i c i c n c i c s  which r e s u l t  f rom t h e  h i g h e r  cornpression r a t i o s .  H i g h e r  

e f f i c i c n c c s  o f f s e t  t he  c f f c c t  o f  t h e  lower cncrqy  con ten t  and h i g h e r  f u e l - a i r  

r a t i o  o f  t t rc e t l i L ~ n o l  blcndr,. The I-IC e ~ i i i s s i ~ r ~ s  increased w i t h  t h e  a d d i t i o n  o f  



e t h a n o l  s incc  t h e  exhaust tcrnpcrature dccrcascd. The higher corr~prcss ion 

r a t i o s  i nc rcascd  pcak NO c o n c c n t r a t i ~ n  bu t  pcak CSNO sho~ied a .change o f  l e s s  

t h a n  3 percent  f o r  a  25 percent  c t h a r ~ o l  b lend  s i n c e  t l i c  power a l s o  . I 

I 
Inc reased.  Ttic ethanol  had l i t t l e  e f f e c t  on BSCO. 1 

0 

A t  a constant  equ iva lence r a t i o  as t h e  conipression r a t i o  increases,  more 

power was obta ined by o p e r a t i n g  a t  a  h i g e r  thermal  e f f i c i e n c y .  . Thus, t h e  

, B14EP's ob ta ined f rom t h e  S e r i e s  B t e s t s  were h i g h e r  t h a n  those  o f  S e r i e s  A, 

.. .. while t h e  f u e l  consumptions were lower. The oc tane r a t i n g  i n c r e a s e  due t o  t h e  

e t h a n o l  was such t h a t  a t  knock l i m i t e d  power, , t h e  f u e l  'consurnpl;ion was 

fndependent o f  t h e  amount o f  e thano l  used. NO c o n c e n t r a t i o n  i n c r e a s e d  i n  t h e  
. . 

Ser ies  B t e s t s  occur due t o  t h e  h i g h e r  cornbustion tempera tures  a t  t h e  h i g h e r  

compression r a t i o s .  The i nc reases  i n  NO c o n c e n t r a t i o n  were most n o t i c e a b l e  a t  

. l eane r  mix tures .  I ' ro~n t h e  Ser ies  A t e s t  r e s u l t s ,  one would expect t h e ,  

I n c r e a s e  i n  NO concen t ra t i on '  w i t h  ' the  e thano l  b lends  t o  be l ower  t h a n  t h e  NO 

c o n c e n t r a t i o n  w i t h  a  h i g h e r  octane base f u e l  due t o ' i n c r e a s e d  i n t a k e  charge 

c o o l i n g  w h i l e  t h e  i nc rease  i n  BMEP would be expected t o  be t h e  sarne. Lower 

. . exhaust  temperatures, due t o  t h e  h i g h  coinpression r a t i o s ,  caused BSHC t o  

I n c r e a s e  w i t h  increased e thano l  'percentage. 
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TIE r e s u l t s  o f  t h e  sbovc t e s t s  can be used t o  s i rnu la te  a l t e r n a t i v e  

s t r i r t c g i e s  f o r  u s i n g  e t h s n o l  b lends i n  an engine. D i f f e r e n t  cases were . 

s t v d i c d  t o  determine t h e  perforrnancc t r a d e - o f f s  and pet ro leum f u e l  use 

1 

reduct  i o n  r e s u l t i n g  f r o ~ n  t h e  e thano l  a d d i t i o n .  

. Case 1 i s  an example i n tended  t o  s i m u l a t e  an eng ine  o p e r a t i n g  a t  knock 

l i m i t e d  compression r a t i o  and an equ iva lence r a t i o  o f  1.0 and compares 

b a s e l i n e  and Ser ies  B t e s t  data. Modern au tomobi le  engines w i t h  three-r ray 

: . - c a t a l y s t s  operate under c o n d i t i o n s  o f  a  cons tant  equ iva lence r a t i o  o f  1.0 

(Mooney; e t  al . ,  1979). The r e s u l t s  a r e  shown i n  Fig.9. 

For t h i s  case, t h e  e thano l  rep laced a l a r g e r  percentage o f  t h e . p e t r o l e u n  

f u e l  t h a n  i t s  volurne percentage i n  t h e  f u e l  f o r  a l l ,  t h e  blends. The 

pe rcen tage  reduct  i o n  i n  pe t ro leum use was approx imate ly  10 percen t  more t h a n  

t he  volume percentage o f  e thano l  ' f o r  a l l  blends. The compression r a t i o  can b e  

dncreas'ed f rom 6.1 f o r  t h e  base f u e l  t o  8.1 u s i n g  t h e  25 percent  blend. The 

BSNO rras o n l y  increased 3 percen t  w i t h  a  25 pe rcen t  e thano l  b lendmwhi le t h e  NO 

c o n c e n t r a t i o n  increased 20 percent  w i t h  t h e  25 percent  blend. The i n c r e a s e  i n  

BSHC was a b r y t  25 percent  f o r  t h e  25  percent  b l e n d  due mafn ly  t o  t h e  exhaust  

t empera tu re  decrease frorn.728 C t o  673 C. The BSFC remained n e a r l y  c o n s t a n t  

due t o  t h e  i nc rease  i n  thermal  e f f i c i e n c y .  BSCO decreased s l i g h t l y  due t o  t h e  

1 ncrease i n  poiqer w i t h  e thano l  addi  t ion. The r e q u i  r e d  engi ne d i  s p l  acernent f o r  

a cur ls tan t  power output  w i t h  t h e  25 percent  e thano l  b l e n d  was about 1 6 . p e r c e n t  

less t l r a n  t h a t  r e q u i r e d  w i t h  t h e  base f u e l ,  

Case 2 s imula tes  t h e  e f f e c t  o f  adding e thano l  t o  an engine o p e r a t i n g  a t  a  

cons tan t  equivaler lce r a t i o  o f  1.0 w i t h o u t  any co r~~press ion  r a t i o  adjustments.  

Ser'ics A a n d  base1 i n c  t e s t  r e s u l t s  were compared at s t o i c h i o ~ n e t r i c  c o n d i t i o n s  

I n  Case 2. Tti'c res:llts a r c  shown I n  Fig. 10. For t h i s  casc,  DSNO, UStIC, 



I 

Fcrfccki, 9 

0 

DSCO, cxhaust  tc,l~pc:aturc, and DllEP wcre not. i f f e c t c d  by t h e  use o f  ethanol 

bleeds. The BSFC i nc reased due t o  t h e  lower  c'ncrgy content  aqd t h e  h i g h e r  

f u c l - a i r  r a t i o  o f  t h e  blends. It can be seen t h a t  t h e  r e d u c t i o n  o f  p e t r o l c u l ~ ~  

uscayc was l e s s  than  t h e  volurne percentage o f  e thano l  used. I 
* 

Case 3 s imula tes  t h e  e f f e c t s  a f  t h e  a d d i t i o n  o f  e thano l  t o  an eng ine  t h a k  

4s b e i n g  r u n  a t  an. equ iva lence r a t i o  o f  0.9 f o r  rnini.murn BSFC w i t h  knock 

l i m i t e d  compression r a t i o  used f o r  each blend. The r e s u l t s  a r e  shown i n  

Fig: 11. As i n  Case 1, by t a k i n g  advantage o f  t h e  increased oc tane r a t i n g  o f  

. the e thano l  blends, t h e  e thano l  can rep lace  a  l a r g e r  percentage o f  t h e  bdse 

f u e l  t h a n  i t s  f u e l  concen t ra t i on .  Case 3 shoe~s t h a t ,  as e thano l  was added, a  

smal l e r  displacement engi ne was needed f o r  a '  cons tan t  power output .  The 

r e d u c t i o n  i n  displacement was 15.75 percent  f o r  a  25 percent  b lend.  The mi  n 

prob lem w i t h  t a k i n g  advantage o f  t h e  octane i nc rease  was t h e  i n c r e a s e  i n  

hydrocarbon emissions due t o  t h e  l 'ower' exhaust ' t  emperat t ire caused by t h e  

i n c r e a s e d  compression r a t i o .  BSNO and BSCO were unchanged by e thano l  a d d i t i o n  

f o r  t h i s  case, a l though t h e  magnitude BSI'IO was 'h igh  because o f  t h e  l e a n  

m i x t u r e .  . - 

Case 4,. shown i n  F i g  12, s imu la tes  an engine t h a t  i s  i n i t i a l l y  s e t  t o  

run a t  a f u e l - a i r  r a t l o  o f  rnaxln~u~r~ puwer-. The e thano l  b lends ;ere t h e n  

assumed t o  be added w i t h o u t  any n ~ o d i f i c a t i o n s  t o  t h e  engine and i t  was assumed 

t h a t  a c a r b u r e t o r  o r  f u e l  i n j e c t o r  would supp ly  t h e  same volunle and flcrw I-ate 

of  f u e l  t o  the enginc r e g a r d l e s s  o f  t h e  amount' o f  e thano l  i n  t h e  b lend.  . Due 

t o  the  leaning e f f e c t s  from t h e  e thano l  a d d i t i o n  a t  cons tant  f u e l  f l o w  r a t e ,  

t he  equ iva lence r a t l o s  o f  t h e  b lends became p r o g r e s s i v e l y  l e a n e r  as t h e  

. e t t ~ s n o l  perccntsge 'rrrcreased. Th i s  case i s  t y p i c a l  o f  what occurs  i n  a  

convcnt.fona1 .c!ngl nc in wl1.i ch gasollol i s  s u b s t i t u t e d  d i  r c c t  l y  f o r  gasol  i nc. I n  

t h i s  case,  t h e  i n i t i ' 1 1  ~ q u i v . ~ ~ l c n c c  r a t i o  was 1.15 f o r  tlic 35 octane base 

. 



. fue l .  The v o l u m c t r i c  f u e l  f lor r  r a t e  vtas t l e l d  cons tdn t  and t h e  l c a n i n g  c f f c c t  

of  t h e  c thano l  causes equ iva lence r a t i o s  t o  decrease as Inore cthan'ol was 

used. F igu re  1 2  stlovls t h a t  t h e r e  was a  smal l  decrease i n  CHEP and a  s l i g h t  

I n c r e a s e  i n  BSFC w i t h  t h c . a d d i t i o n  o f  e thano l  w i t h  t h i s  approach. It can b e  

seen t h a t  BSHC decreased about  20 percent  u s i n g  a  25 e thano l  b lccd .  

Large increases i n  BSfiO were' observed, i.e. ,' a  116 percent  i nc rease  f o r  t h e  2 5  

p e r c e n t  blend. The BSNO c o u l d  reach a  maxinium i f  equ iva lence r a t i o s  l e s s  t h a n  

0.92' encountered. There was a  s i g n i f i c a n t  decrease i n  BSCO emiss ions  

" with t h e  ethanol  a d d i t i o n ,  a  g a i n  due t o  t h e  l e a n i n g  e f f e c t .  

Most o f  t h e  t rends  i n  t h i s  case were due t o .  t h e  l e a n i n g  e f f e c t  o f  - t h e  

e thano l .  I n  Case 3, i t  was seen t h a t  a t  cons tan t  equ iva lence r a t i o ,  and 

compression r a t i o ,  t h e  o n l y  parameter a f f e c t e d  was t h e  BSFC. Table 3 s h w s  

- - - t h e  BSFC's' o f  t h e  85 octane base f u e l  when i t  i s  r u n  a t  equ iva lence r a t i o s  

equa l  t o  those o f  t h e  e thano l  b lends  and shows t h a t  l e a n i n g  t h e  m i x t u r e  i n  

i t s e l f  saves f u e l .  For example, th.e 20 percent  b l e n d  ran  a t  an equ iva lence  

r a t i o  o f  1.076 and t h e  r e d u c t i o n  i n  t h e  petro leum. use was 21.0 p e r c e n t  bu t  i f  

the  base f u e l  i s  run  a t  an equ' ivalence' r a t i o  o f  1.076 r a t h e r  t h a n  1.15, t h e r e  

Is a  6.01 percent  ... r e d u c t i o n  i n  f u e l  consumption. The e f f e c t i v e  n e t  r e d u c t i o n  

i n  pe t ro l cum f u c l  t o  t h e  e thano l  a d d i t i o n  t h e n  becomes 15.0 p ~ r c e n t .  . . 



A t  a constant cornprcssion r a t i  o, i t  was shown t h a t  thc ef.fccts of t h e  

ethanol addition were dependent on whcthcr the  cquivalence r a t i o  or  the  

' . volunietric flow ra t e  of fuel was held constant. A t  a constant equivalence 

r a t i o ,  the BSFC increased while the  B:'IEP, BSHC, BSCO, and exhaust t e ~ ~ l p e r a t u r c  

remained constant with the addition of ethanol. A s l i g h t  decrease i n  BSllO was 

noticed. The reduction of petroleum cse was approximately 78  percent of t h e  

volume percentage of ethanol used. 

A t  constant compression r a t i o  and volumetric fuel  flow ra t e ,  USHC, B S C O ,  

and BEIEP decreased s l  ight ly vrhi  l e  BSFC and exhaust temperature increase  

. s l i g h t l y  w i t h  ethanol addition and BSXO increased s ign i f i can t ly .  The 

. reduction in petroleun use was a function of t h e  i n i t i a l  equivalence r a t i o .  

For a n  i n i t i a l  equivalence r a t i o  of 1.15, the  ethanol replaced i t s  volume i n  

pet,roleum fuel while for  an i n i t i a l  equivalqnce r a t i o  of 1.05, t h e  ethanol 

reached s l igh t ly  l e s s  than i t s  volume in petroleun fuel. 

A t  knock 1 imited compression r a t i o  and t h e  constant equivalerice r a t i  o 

:. .BMEP, BSHC, and cornpression r a t i o  increased with ethanol addition. There was 

a decrease in exhaust temperature and a s l  ight increase i n  ESNO with ethanol 
Q 

addition. BSFC and BSCO were unaffected by ethanol addition. The ethanol 

replaced about 10 percent more than i t s  volume percentage in petroleum fue l .  

The various casss show, i n  the  percentage range of blends t e s t e d ,  t h a t  

t h e r e  does not seem 'to be  an optimum blending percentage.,. A t  knock 1 in~ i t ed  

con~pression r a t i o s ,  etiianol replaced about i10 percent of i t s  volume 

in petrolcu~~l  for  a l l  blends. A t  constant equivalence r a t i o  and 

con~prtssivn r a t io ,  ttie ettianol replaced about 78 percent of i t s  volun~e 

percentage in  pctrolci~~n fuel f o r  a1  1 blends. For constant col~lprcssion r a t i  o 

and vo lu~ l~c t r i c  fuel f l o w  r a t e ,  t.he 10 percent blcrld g3vc s l igt i t ly  tiigher 



. . 
r e l a t i v e  pctrolcu~il rcplaccincnt for  an i n i t i a l  equivalence r a t i o  of 1.15, b u t  

for an i n i t i a l  cquivalencc r a t i o  of 1.05, this. 'effcct:  was n o t  seen. 

I t  i s  concluded tha t  t he re  a re  two preferred methods t o  be used i n  

blending alcohol with gas01 i ne: 

1. ' The f i r s t  choice i s  building higher compression r a t i o  engines t o  take 

advantage of the higher octane numbers of the  blends and paying an H C  

penalty which may not be s igni f icant  i f  a .  c a t a l y t i c  converter i s  

used. In t h i s  case,  a higher thermal e f f ic iency  i s  real ized and t h e  

volume of petroleurn fuel replaced ' i s  grea ter  than the  volume of 

ethanol used. The increase in B:IEP would a l s o  permit use of  smaller 
"- 

engines. 

2, A second choice would be t o  run current type engines a t  constant 

equivalence r a t i o  t o  prevent emission and power s a c r i f i c e s  and 

u t i l i z e  a lower octane base fuel fo r  t h e  blends. I n  t h i s  way, higher 

fuel consumption of the  engine could be p a r t i a l l y  o f f se t  by lower 

ref ining losszs. 
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Ff gure 1 Schematf c Dl agram o f  Experfmental Apparatus 



Figure 2 

Equivalence Ratio 
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F i  yurc 3 Efl 'cct o f  t h e  P ~ r c c n t  o f  Eth'1no1 i n  8lcnds on Power, Fut.1 
COI~SII I~I I )~ i oil dnd E x l ~ a u s t  Tcl i~ i )cratu r-c a t  Cor ls t  a n t  Cor;~pr-css i on 
Rat' io 



Equivalence Ratio 

Figure 4 E f f e c t  o f  t h e  Percen t  o f  E t h a n o l  i n  B lends  on N i t r i c  Oxide  
E i i ~ i s s i o n s  a t  Cor istant Cornpression R a t i o  



.- F i g u r e  5 ' E f f e c t  o f  t h e  Pcrcent  o f  Et l lanol  i n  Bleniis on l tydrocarbon 2nd 
C a r l ~ o n  Elunonidc E I I I ~  ssior ls rlt C o n ~ t d n t  COIII~II-essi on Rrlt i o 
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Figure 7 E f f e c t  o f  t l lc Perccnt of Ethanol in Blends on Nitric Oxide  
Eniissions a t  Krlock L i i ~ ~ i t c d  C O I I I ~ ~ C S S ~ O ~  Ilatio . . 



Equivalence Rot io 

F igure  8 E f f c c l  of the Pcrccn t  o f  Ethano l  ~n Rlcnds on I l y d r o ~ ~ ~ r b o n  c l ~ l d  

Carboll 't.lonoxidc E t a i  s s i  ons a t  Knock L i 1 1 1 i  tcd C o ~ l ~ p r c s s i  on Rilt i o 



0 
Displacement 
Reduction (%I * - 

I 

20 
a 

Exhaust 750 

Temperature 650 

, ("C) 

., ,. BSCO 0 

Change 

25 

. . 20 

Reduction, in 
Petroleum 15 

Use 

10 

5 

0 
0 5 10 15 .20 25 

Elhonol Percentage I .  . 

Effcc.t o f  Ethanol P~?r-c;'r;tdgl! on Ilng:'nc Pcr ' for~l idr lcc a t ,  an 
. Eqtr i v ~ l  ence R a t  i o o f  1.0 a n d  t;nock Lilr~i t c d  Col~~i)rcssi oi l  Itat i o 



. . F i g u r e  10 . E f f e c t  o f  Ett ianol  Percentsgc. on E c g i n e  Pe r f o r~ l i ance  a t  an 
E q u i v ~ l c n c c  R ~ t i o  o f  l .U  clrld a C o ~ i ~ l ) r o s s i o n  I l s t ' o  o f  6.1 



Displacement 
Reduction 

Exhaust 
Temperature 
("C) 

BSNO 
(g / k W- hd 

esco 
% Change 

Reducfion in.. 
Pe:ro!eurn 
Use 

BFSC 
g/kW-hr) 

BSHC 
O/o 

Increase 

Figur.c 11 E f f ~ c t  o f  E t l ~ n n n l  Perce~lt.aqe on Enqi ne i ) e r f o r ~ ~ \ a n c e  a t  an 
Equivalcrlce Ratio o f  0.9 a n d  Knock Li111itcd C o ~ i ~ p r ~ ' s s i o n  l t a t i o  



* ,  . '  
.- . 
Equivulcnce 

Displacement 
Reduct ion-% 

Exhaust 
Temperature 
("C) 

. -BSHC, 

9 .  BSCO 
(%. Change) 

Reduction'in 
PeErsleitrn 
Use 

Ethanol Percentage 

BFSC 

BSNO 
(O/O 

Change) 

Figure 12 EiCccL o f  E l : l l ~ ~ i o l  P?rcc~ i td !~ . , !  :n Er ig ine Perfor i i idnce. w i t h  Con-Lar i l  
Fucl A i r  I : a t i o  a t  J C o ~ i p r c s s :  R a t i o  o f  (i.1 



.. . 

' . 0 

Table 1 Engine Spcci f i ca t ions  and T e s t  Conditions 

Compression Ratio---------------------- Variable 
I .  . 

Speed-------------------------------- 1,800 r'pn 

45 C Intake Air Temperature------------------ 

Spark Advance--------------------------- Variable,  s e t  f o r  maximum power 

ASTW isooctane, 15% ASTM n-heptane ..- 
, -  "(primary ref'erence fuel  s )  

..*Fuel -ai  r Equi va.1 ence Rat i o-------------- Variable, 0.85 t o  1.4 

*The fuel-ai  r 'equivalence r a t i o  i s  defined as  t h e  fue l - a i r  r a t i o  supplied t o  

the  engine divided by t he  stoichiometric fuel-ai  r r a t i o  for  the  fuel used. 

. . 



Sable  2 Fuel P r o p c r t i c s  

Vapor* Pressure Ethanol Isooc tane Normal t lcptane 
(!:Pa) C 3C C 30.68 11.68 11.17 

Mo lecu la r * *  \lei g h t  46.06 114.22 100.2 
Speci f i c** Gravi t y  0.7893. 0.691 9 0.6838 

. 
tieat i n g  Value* 

( K J / W  
H i  gher  a . . 29,721 
L o w  r 26,9,86 

Research* 
Octane No. 106 100 

Motor ingS;  
Octane No. 89 . l o 0  

Heat of ., ' 

Vapor i za t i on * "  
(KJ/kg) 25 C , 920 27 2 
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I 1 T~blc 3 f4cduction in Pct ru leu~: l  il:c due t o  Lcan i r~g  f l i x t u r e s  

Equ iva lcncc  R a t i o  

Reduct ion  i n  Petroleum 
Use v r i t ; l ~  85 Oil  Fuel  .= 4.11 4.82 6.01 7.19 

Rcduct i on i n  P e t r o l  eum 
21.0 Use with Olcnds - 11.7 15.5 25.4 

Net  S a v i n g s  due t o  Blend 

Volume Percent Ethanol  t o  
G i v e  Equal Equivalence R a t i o  - . 10 15 20 25 


