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Extended Abstract  

For a t  least t h e  near term fu tu re ,  the  conventional p i s ton  engine w i l l  
continue t o  be  the dominant automobile power p lan t .  The two major f ac to r s  to  which 
i t  must respond a r e  emission standards and f u e l  econmy. 
a r e  c lose ly  l inked, w e  have made a theo re t i ca l  and experimental study of f u e l  econ- 
omy a s  a func t ion  of emission standards f o r  a v a r i e t y  of c a t a l y t i c  and thermal con- 
t r o l  systems appl ied  t o  t h e  p i s ton  engine. 

Since these  two f a c t o r s  

Theore t ica l  Considerations 

Fac tors  a f f e c t i n g  f u e l  economy and emissions can be  divided i n t o  those 
ex te rna l to  t h e  engine and those  i n t e r n a l .  For t h i s  paper, a l l  ex terna l  f ac to r s  
w i l l  be  assumed cons tan t ,  w i th  veh ic l e  weight, the  most important of these,  held 
a t  4000 lbs.  

In t e rna l  f a c t o r s  having s i g n i f i c a n t  e f f e c t s  include a i r - fue l  r a t i o ,  com- 
press ion  r a t i o ,  spark  t iming, exhaust gas recyc le ,  and load f a c t o r .  Each w i l l  be  
discussed i n  t a rn  and the  e n t i r e  d i scuss ion  summarized by r e l a t i n g  f u e l  economy t o  
emission standards f o r  s e v e r a l  ep iss ion  con t ro l  systems. 

s to ich iometr ic  va lue .  The region of 16-16.5 lb s .  of a i r  per l b .  of f u e l  genera l ly  
i s  t he  optimum. Richer mixtures r e l ease  less of t he  f u e l ' s  ava i l ab le  hea t  of com- 
bus t ion  while leaner  mixtures are increas ingly  d i f f i c u l t  t o  burn a t  the optimum 
time. Additionally,  d i l u t i o n  wi th  f u e l  or air  lowers peak flame temperature. Max- 
imum production of n i t r o g e n  oxides occurs a t  about the same a i r - f u e l  r a t i o  as max- 
imum f u e l  economy, s i n c e  both  a r e  func t ions  of peak flame temperature. 
monoxide and unburned hydrocarbon emissions decrease with increasing a i r - fue l  r a t i o ,  
al though a p r a c t i c a l  l i m i t  i s  reached with conventional systems a t  about 18, where 
mis-fire begins and hydrocarbon emissions tu rn  up again.  

, Increas ing  compression r a t i o  allows more e f f i c i e n t  use t o  be made of t he  
hea t  energy i n  f u e l .  
from 8 : l  t o  9 : l  would improve f u e l  economy 5 - 6 %. However, the  higher peak flame 
temperatures assoc ia ted  wi th  t h i s  change would a l s o  produce an increase  i n  nitrogen 
oxide production. 

Engine load is another  important parameter a f f ec t ing  f u e l  economy. The 
greatest r e l a t i v e  economy i s  obtained a t  wide open t h r o t t l e  operation. A t  any re- 
duced load (reduced in t ake  manifold pressure) the  engine must work harder t o  pump 
the a i r - fue l 'xharge  i n t o  t h e  cy l inders .  
load operation. I n  p r a c t i c e ,  maximum f u e l  economy is no t  obtained a t  a v e h i c l e ' s  
top speed, s i n c e  increased wind r e s i s t ance  and road f r i c t i o n  lo s ses  more than com- 
pensate fo r  increased engine e f f ic iency .  However, f o r  a given veh ic l e  weight a t  a 
given speed, a smal l  engine operating c loser  t o  f u l l  load w i l l  have b e t t e r  f u e l  
economy than a l a r g e  engine  th ro t t l ed  back, 

recycle is commonly used  t o  reduce nitrogen oxide formation. 
It func t ions  by lowering peak flame temperatures and thus might b e  expected to  harm 
f u e l  economy. 
(wider t h r o t t l e  opening) t o  maintain cons tan t  power output,  the  engine has l e s s  
pumping and t h r o t t l i n g  l o s s e s  and can compensate f o r  most of the e f f ic iency  l o s t  by 
lower peak flame temperatures.  
i t  must be borne i n  mind that EGR a l so  decreases flame speed. 

Peak f u e l  economy is obtained a t  a i r - fue l  r a t i o s  s l i g h t l y  leaner  than the  

Carbon 

For example, a t  cons tan t  performance, an increase  i n  C. R. 

These pumping lo s ses  a r e  a minimum a t  f u l l -  

Exhaust gas  

However, because EGR requi res  an increased in take  manifold pressure 

In order t o  take maximum advantage of t h i s  trade-off,  
Therefore, spark t i m -  
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ing must be advanced t o  allow proper combustion t i m e .  
adjusted f o r  changes i n  a i r - f u e l  r a t i o  as flame speed a l s o  changes wi th  t h i s  para- 
meter . 
omy and n i t rogen  oxide formation. 
meter, exhaust gas temperature, and i ts  r e l a t i o n  t o  emission cont ro l .  
the higher t h e  peak flame temperature, t he  more hea t  energy which can be ext rac ted  
from the  combustion chamber, hence the  lower the  exhaust gas temperature. However, 
in order t o  con t ro l  emissions by homogeneous or heterogeneous r eac t ions  outs ide  of 
the engine, high temperatures a r e  des i r ab le .  Thus w e  must examine the  balance bei 
tween temperature and emission cont ro l .  

i s fac tory  homogeneous cont ro l  of carbon monoxide and hydrocarbons t o  t h e  most s t r i n -  
gent s t a t u t o r y  l eve l s .  Normal exhaust gas temperatures are in the  lOOO'F range. 
Therefore, a s u b s t a n t i a l  increase  in exhaust temperature or in ava i l ab le  hea t  of 
combustion i n  the  exhaust i s  requi red  f o r  these devices.  
method of supplying the  needed hea t  is t o  r ichen  the  a i r - f u e l  r a t i o .  
excess carbon monoxide and hydrocarbons, which, when combusted in the  r e a c t o r ,  w i l l  
maintain i t  a t  its operating temperature. 

a combination of enrichment and spark r e t a r d ,  which a l s o  increases  exhaust tempera- 
t u re ,  bu t  a t  a g rea t e r  f u e l  economy penal ty ,  is necessary. A t h i rd  method, lowering 
the compression r a t i o ,  imposes a st i l l  higher f u e l  penalty.  Fuel economy d e b i t s  of 
20 - 25% compared t o  uncontrolled ca r s  a r e  typ ica l  f o r  thermal r eac to r s  cont ro l l ing  
emissions t o  the  s t r i n g e n t  s t a t u t o r y  l eve l s  of 3.4 g/mi. of CO and 0.41 g/mi. of HC. 

. On t he  o ther  hand, c a t a l y t i c  oxidation of carbon monoxide and hydrocarbons 
proceeds e f f i c i e n t l y  a t  temperatures assoc ia ted  with normal exhaust temperatures. 
Thus f u e l  economy deb i t s  of the  type assoc ia ted  with thermal r eac to r s  a r e  not nec- 
essary.  
exhaust temperatures. Therefore, oxidation c a t a l y s t s  allow decoupling of emission 
cont ro l  from engine operation. 

of engine opera t ion  a s  is c a t a l y t i c  oxidation of carbon monoxide and hydrocarbons. 
The reduction c a t a l y s t  r equ i r e s  a reducing atmosphere, hence the  engine must be run  
a t  an a i r - fue l  r a t i o  r i c h e r  than s to ich iometr ic .  This means a f u e l  penalty w i l l  be 
incurred compared t o  an  uncontrolled ca r  even i f  a l l  o ther  engine parametprs a r e  
optimized. I n  addi t ion ,  most reduct ion  c a t a l y s t s  r equ i r e  operating temperatures i n  
excess of normal exhaust l e v e l s ,  so f u r t h e r  i ne f f i c i enc ie s  would be necessary. It  
would be des i r ab le  t o  have a reduct ion  c a t a l y s t  capable of e f f i c i e n t  conversion a t  
normal exhaust gas temperatures. Ruthenium-containing ca t a lys t s  have t h i s  po ten t i a l ,  
bu t  t o  da te  ne i ther  they nor t h e i r  high temperature base metal  counterpar t s  have 
exhibited sat is  f ac  to ry  d u r a b i l i t y  . 
1967, 4000 lb.  veh ic l e  in f u e l  economy with t h a t  predicted f o r  vehic les  equipped with 
thermal or c a t a l y t i c  con t ro l  systems t o  meet s eve ra l  emission s tandards .  F i r s t ,  a 
1974 veh ic l e  r e ly ing  on engine modifications only,  including a compression r a t i o  of 
8.2:1, t o  meet t h i s  year ' s  standards shows approximately a 14% d e b i t  i n  f u e l  economy. 
Thermal r eac to r  veh ic l e s ,  which can t o l e r a t e  leaded f u e l  and therefore  opera te  a t  
compression r a t i o s  of l O : l ,  could meet the  1974 standards wi th  about a 6% d e b i t  and 
the 1975 United S ta t e s  in te r im standards for  carbon monoxide and hydrocarbons with 
about a 12% d e b i t .  I n  meeting the  more s t r ingen t  Cal i forn ia  in te r im and f u t u r e  U .  S .  
s tandards,  r i c h  thermal r eac to r s  a r e  required and the  d e b i t  should rise t o  the 20 - 
22X leve l .  
be achieved with a thermal system, the d e b i t  should reach approximately 25%. 

Ca ta ly t i c  systems on the  a ther  hand, cannot use leaded f u e l s .  
therefore  be designed with compression r a t i o s  i n  the  range of 8 : l  t o  accomodate 
lower octane unleaded f u e l s .  Even so, t h e i r  lower operating temperatures should 
r e s u l t  i n  b e t t e r  f u e l  economy. Thus the  1975 in te r im standards f o r  carbon monoxide 
and hydrocarbons should be achievable a t  a f u e l  economy d e b i t  of only about 6% from 
pre-controlled l eve l s .  

Spark timing must a l s o  be 

The foregoing has discussed peak flame temperature as r e l a t e d  t o  f u e l  econ- 
I t  is a l s o  necessary t o  consider a r e l a t e d  para- 

Generally, 

Thermal r eac to r s  r equ i r e  temperatures i n  excess of 1500'F t o  achieve sat- 

The most f u e l  economical 
This w i l l  supply 

P rac t i ca l  cons idera t ions  m i l i t a t e  aga ins t  using t h i s  approach so le ly ,  so 

The engine can be  tuned f o r  maximum opera t ing  e f f ic iency  without regard t o  

Unfortunately,  c a t a l y t i c  reduction of n i t rogen  oxide is  not  as independent 

I n  summarizing a l l  of these cons idera t ions ,  we can compare a pre-control,  

F ina l ly ,  i f  t he  s t a t u t o r y  1977 n i t rogen  oxide l e v e l  of 0.4 g/mi. i s  t o  

They w i l l  

The more s t r i n g e n t  1976 standards should cause a r i s e  t o  only 

I 
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about 8%, and even the 1977 standard fo r  n i t rogen  oxide w i l l  produce only about a 
12% d e b i t .  

Experimental Results 

The r e l a t i o n s h i p  between f u e l  economy and exhaust emissions has been 
s tudied  with two types of systems. The f i r s t  uses a noble metal monolithic oxida- 
t i o n  c a t a l y s t  t o  c o n t r o l  hydrocarbon and carbon monoxide emissions and exhaust gas 
r ecyc le  t o  l i m i t  n i t rogen  oxide emissions. 
configuration, wi th  a reduct ion  c a t a l y s t  f o r  n i t rogen  oxide con t ro l  followed by 
the  oxidation c a t a l y s t .  A i r  is in jec ted  between the two c a t a l y s t s  t o  convert  t h e  
exhaust gas t o  a n e t  ox id iz ing  composition. 

The oxida t ion  catalyst-EGR system was mounted on a 1973 vehic le  with a 
350 i n  
EGR system, gave emissions,  i n  g /vehic le  m i l e  as tes ted  on the  1975 Federal  T e s t  
Procedure, of 21.4 CO, 1 .3  HC, and 3.3 N&. Its f u e l  economy over the  same test 
cyc le  was 10.40 mi l e s  per  ga l lon .  
propor t iona l  EGR system, t h a t  is one responding d i r e c t l y  t o  the  exhaust gas flow 
rate, the  t e s t  veh ic l e  e a s i l y  m e t  t he  1976 s t a t u t o r y  CO and HC s tandards  of 3.4 
and 0.41 g/mile r e spec t ive ly .  With the timing advanced f o r  good f u e l  economy, no t  
only w a s  the  s tock  N4, emission l eve lma tched ,  bu t  a 7% ga in  i n  f u e l  economy was 
achieved. Retarding the timing lowered N 4 ,  emissions f u r t h e r ,  bu t  a t  some cos t  i n  
f u e l  economy. Work is continuing i n  an e f f o r t  t o  optimize the  f ac to r s  influencing 
the  N 4 (  emission-fuel economy trade-off w i th  t h i s  system. 

base car described above. I n  t h i s  case,  no EGR was used on the  modified c a r .  The 
reduct ion  c a t a l y s t  w a s  t h e  GEM reinforced Ni-Cu mate r i a l  made by Gould, Inc.  With 
the dua l  c a t a l y s t  
the primary determinant of f u e l  economy and N4, emissions. 
var ied  by a combination of a i r - fue l  r a t i o  and spark timing con t ro l .  
1976 standards f o r  CO and HC emissions were m e t  a t  a l l  temperatures, bu t  N 4 ,  w a s  
dependent on c a t a l y s t  temperature. 
llOO°F,, an emission level of 1.7 g/mile w a s  achieved, with f u e l  economy comparable 
t o  the  unmodified veh ic l e .  
bu t  a f u e l  economy d e b i t  of 4% w a s  incurred. 
of 0.4 g/mile was reached a t  1300"F., with a f u e l  economy d e b i t  of 10%. 

The second system is  a dua l  c a t a l y s t  

displacement engine.  The stock veh ic l e ,  equipped with a non-proportional 

As modified with oxidation c a t a l y s t s  and a 

The dua l  c a t a l y s t  system w a s  mounted i n  a 1973 veh ic l e  s imi l a r  to  the 

conf igura t ion ,  a s  described e a r l i e r ,  c a t a l y s t  temperature is 
The temperature w a s  

The s t a t u t o r y  

A t  an  average c a t a l y s t  temperature around 

A t  1200°F., N 4 ,  emissions were cont ro l led  t o  0.9 g/mile,  
F ina l ly ,  t he  1977 s t a t u t o r y  standard 


