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A mult i -year  e f f o r t ,  funded by t h e  D e p a r t m e n t  of Energy, i s  being con- 
ducted t o  ( a )  provide  a n  improved understanding of t h e  e f f e c t  of f u e l  prop- 
er t ies ,  such as H and N c o n t e n t ,  on combustion c h a r a c t e r i s t i c s  and (b )  de- 
velop a n a l y t i c a l  models and c o r r e l a t i o n s  t o  p r e d i c t  f u e l  e f f e c t s  and t o  as- 
s is t  engine d e s i g n e r s  i n  t h e  f u t u r e  development of f u e l - f l e x i b l e  systems. 
The d a t a  ga the r ing  p a r t  of t h i s  program, which i s  t h e  s u b j e c t  of t h i s  p a p e r ,  
i s  being performed by Exxon Research. 
formed concur ren t ly  by Sc ience  Appl ica t ions ,  Inc .  

A n a l y t i c a l  modeling i s  being per -  

Our exper imenta l  program has  focused,  t hus  f a r ,  on soo t  format ion  i n  
s t r o n g l y  backmixed combustion. Experiments were perf ormed using t h e  je t -  
s t i r r e d  combustor (JSC). 
temperature  and combustion are uniform. It  s i m u l a t e s  t h e  r e c i r c u l a t i n g  
c h a r a c t e r i s t i c s  of t h e  g a s  t u r b i n e  p r imary  zone; i t  i s  i n  t h i s  zone where 
mixture  c o n d i t i o n s  are s u f f i c i e n t l y  r i c h  t o  produce soot .  Hence, t h e  JSC 
a l lows  s tudy of soo t  format ion  i n  a n  aerodynamic s i t u a t i o n  r e l evan t  t o  gas  
t u r b i n e  s . 

T h i s  dev ice  provides  a combustion volume i n  which 

Fuel - r ich  combustion and soo t  formation behavior  of a number of p u r e  
hydrocarbons were inves t iga t ed .  We found t h a t  t h e  hydrocarbons t e s t e d  could  
be grouped i n t o  t h r e e  c a t e g o r i e s  on t h e  b a s i s  of t h e i r  soo t  formation c h a r  
a c t e r i  s t i c  s : 

Category I Category I1 Category 111 

(Like  e thy lene )  ( Like  t o  luen e )  (Unl ike  e thy lene  
o r  toluene)  

Hexane Xylene (0, m, o r  p) 1-Methyl-naphthalene 
Cyclo-hexane Cumene 
n-Octane T e t r a l i n  
i so-0 c t ane 
1-Octene 
Cyc lo-ox t ane 
Decal in  

Dicyc lopentadiene 

Category I hydrocarbons produced l a r g e  amounts of exhaust  hydrocarbons with- 
o u t  soot ing.  Category I1 produced measureable s o o t  above t h e  i n c i p i e n t  soo t  
l i m i t ,  de f ined  as  t h e  l e a n e s t  equivalence r a t i o  a t  which soot  was observed. 
It  was a t  t h e  i n c i p i e n t  soo t  l i m i t ,  which was about 1.4, t h a t  w e  f i r s t  de- 
t e c t e d  s i g n i f i c a n t  concen t r a t ions  of  exhaust  hydrocarbons f o r  Category I1 
f u e l s .  Furthermore,  f o r  t h e s e  f u e l s ,  t h e  amount of soo t  produced as  equiva- 
l ence  r a t i o  w a s  increased  beyond t h e  i n c i p i e n t  soo t  l i m i t  was similar.  H o w  
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ever,  1-methyl-naphthalene was s i g n i f i c a n t l y  d i f f e r e n t  i n  t h i s  r e spec t ,  pro- 
ducing much h igher  soot  q u a n t i t i e s  than  the  second ca tegory  and having a n  
even lower i n c i p i e n t  soot  l i m i t .  Consequently, t h i s  double-ring aromatic  
represents  a t h i r d  ca tegory  of soot-forming hydrocarbon. 

Blends of iso-octane and to luene  were a l s o  t e s t e d  t o  determine t h e  be- 
havior  of a two-component mixture  of Category I and I1 hydrocarbons. 
t u r e s  of 50 o r  more percent  to luene  sooted,  whi le  a 25-percent to luene  blend 
d i d  not .  For  mixtures  which d i d  soo t ,  i nc reases  i n  t h e  to luene  conten t  re- 
s u l t e d  i n  increased  soot  product ion a t  a l l  equivalence r a t i o s .  I t  w a s  a l s o  
determined t h a t ,  wi th  less to luene  i n  t h e  blend, t h e  concen t r a t ion  of hydro- 
carbons a t  t h e  i n c i p i e n t  l i m i t  tended t o  increase .  These r e s u l t s  i n d i c a t e  a 
combination of Category I and I1 behaviors ,  and imply t h a t  a combination of 
t he  a n a l y t i c a l  d e s c r i p t i o n s  f o r  iso-octane and to luene  might be a reasonable  
approach f o r  t h e  p r e d i c t i o n  of soot ing  c h a r a c t e r i s t i c s  of such f u e l  blends.  

Mix- 

The i so-oc tane / to luene  soot  product ion d a t a  was a l s o  examined t o  evalu- 
a t e  t he  e f f e c t  of f u e l  hydrogen con ten t ,  a parameter o f t e n  repor ted  as  use- 
f u l  i n  c o r r e l a t i n g  soot ing  c h a r a c t e r i s t i c s .  A t  cons tan t  equivalence r a t i o s  
of 1.6 and 1.8, a good c o r r e l a t i o n  implying a l i n e a r  r e l a t i o n s h i p  was ob- 
ta ined .  Actua l  gas  t u r b i n e  combustor t e s t i n g  has a l s o  found an  approxi- 
m a t e l y  l i n e a r  r e l a t i o n s h i p  between f u e l  hydrogen content  and soot  produc- 
t i o n ;  thus ,  ou r  r e su l t s  i n d i c a t e  a s i m i l a r i t y  between soot ing  i n  t h e  w e l l -  
cha rac t e r i zed  JSC and t h a t  i n  an  a c t u a l  combustor. 

Many mechanis t ic  models f o r  soot  product ion have been proposed. 
p l i f  i e d  model ( fo l lowing  Graham) sugges ts  t h a t  aromatic  hydrocarbons can  
produce soot  v i a  two mechanisms: ( a )  condensat ion of t h e  aromatic r i n g s  
i n t o  a g raph i t e - l i ke  s t r u c t u r e  o r  ( b )  breakup t o  smal l  hydrocarbon fragments 
which then  polymerize t o  form l a r g e r ,  hydrogen d e f i c i e n t ,  molecules which 
eventua l ly  nuc lea t e  and produce soot .  Based on h i s  experiments,  Graham con- 
cluded t h a t  t h e  condensat ion rou te  i s  much f a s t e r  t h a n  t h e  fragmentat ion/  
polymerizat ion route .  Fu r the r ,  s i n c e  a l i p h a t i c s  can  soot  v i a  fragmenta- 
t ion /polymer iza t ion  only ,  a l i p h a t i c s  should produce much less soot  t han  
a romat i c  s. 

A s i m -  

O u r  p resent  r e s u l t s  are c o n s i s t e n t  with t h i s  model. 
soo t  formation wi th  aromatics  (Category 11) commences wi th  t h e  i n i t i a l  pres-  
ence of hydrocarbons i n  t h e  exhaust.  I f  i t  i s  assumed t h a t  t h e s e  break- 
through hydrocarbons main ta in  t h e i r  aromatic cha rac t e r ,  t h i s  observa t ion  
r e f l e c t s  t h e  f a s t  k i n e t i c s  of t h e  r ing-bui lding o r  condensat ion reac t ions .  
Fu r the r ,  t he  r e s u l t s  f o r  2-methyl-naphathalene i n d i c a t e  t h a t  a double-ring 
aromatic provides  t h e  most rap id  soo t  formation of t h e  hydrocarbons stud- 
ied.  On t h e  o t h e r  hand, t h e  a l i p h a t i c  hydrocarbons produced l a r g e  concen- 
t r a t i o n s  of exhaust hydrocarbons without  soo t  formation. Th i s  obse rva t ion  
i s  c o n s i s t e n t  wi th  t h e  slow process  of polymerizat ion of s m a l l  hydrocarbon 
fragments. 

We observed t h a t  
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The fo l lowing  conclus ions  w e r e  drawn from t h i s  mult i -year  experimental  
study : 

1. C2H4 and CgHgCH3 a r e  d i s t i n c t l y  d i f f e r e n t .  
2. T o t a l  hydrocarbons a r e  t h e  key f a c t o r  i n  cons ide ra t ion  of soo t  l i m i t  

3. Other  hydrocarbons are l i k e  c2H4 o r  l i k e  CgHgCH3. 
4. F u e l  blend t e s t i n g  i n d i c a t e s  a combination of behaviors.  
5. R e s u l t s  a r e  c o n s i s t e n t  wi th  s i m p l e  soo t  formation mechanisms. 
6. There i s  encouragement f o r  quasi-global  c h a r a c t e r i z a t i o n .  

and product ion. 

F u t u r e  experimental  work should c h a r a c t e r i z e  exhaus t  hydrocarbons i n  a va r i -  
ab le -pressure  s t i r r e d  r e a c t o r ;  i n v e s t i g a t e  unmixedness/droplet  e f f e c t s ;  in- 
c lude  cont inuous f low system s t u d i e s  on soo t  formation,  soot  ox ida t ion ,  and 
FBN chemisty; i n v e s t i g a t e  turbulence/unmixedness coupl ing;  and inc lude  
sma 11- s c a l e  combust o r  test s. 

F i n a l l y ,  i t  should be noted t h a t  t h e  r e s u l t s  repor ted  here  were ob- 
t a ined  i n  a very well-mixed system wi th  vapor f u e l .  I n  real systems, l i q u i d  
d r o p l e t s  w i l l  be present  which w i l l  complicate  t h e  s i t u a t i o n  with turbu- 
lence/unmixedness/mass t r a n s f e r  e f f e c t s .  
gram w i l l  cons ider  t h e  inhomogeneity present  dur ing  spray combustion. 

F u r t h e r  experiments i n  t h i s  pro- 
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EQUIVALENCE RATIO 

SOOT PRODUCTION, vs, ERUIVALEKE RATIO FOR COMEUSTIOM 
OF VARIOUS PURE HYDROCARBONS 

SOOTING CHARACTERISTICS OF PURE FUELS 

CATEGORY I CATEGORY I 1  CATEGORY I 1 1  

ETHYLENE TOLUENE 1-METHYL-NAPHTHALENE 

HEXANE 0-XYLENE 

CYCLOHEXANE M-XYLENE 

N-OCTANE P-xYLEriE 

ISO-OCTANE CUMENE 

I-OCTENE TETRALIN 

CYCLO-OCTANE DICYCLOPENTADIENE 

DECALIN 
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SIMPLIFIED SOOT FORMATION MECHANISM (GRAHAM) 
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