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ABSTRACT 
The combustion c h a r a c t e r i s t i c s  of a f u e l  a r e  r e l a t e d  t o  its chemical  and 

p h y s i c a l  p r o p e r t i e s .  The f u e l  a romat ic  conten t  is expec ted  t o  have s i g n i f i c a n t  
i n f l u e n c e  on t h e  product ion  of s o o t  i n  t h e  combustion process .  D e t a i l e d  s t r u c t u r a l  
in format ion  on t h e  f u e l  a romat ic  component is d e s i r a b l e  f o r  p r e d i c t i o n  of s o o t  
format ion  and i s o l a t i o n  of c e r t a i n  molecule ,  r e s p o n s i b l e  f o r  s o o t  format ion .  
Various s t r u c t u r a l  parameters  such  a s  t h e  number of a romat ic  r i n g s  and t h e  e x t e n t  
and t y p e  of s u b s t i t u t i o n  could be provided  by u l t r a v i o l e t  spec t roscopy,  n u c l e a r  
magnet ic  resonance ,  mass spec t roscopy,  and s u p e r c r i t i c a l  f l u i d  chromatography. 
Informat ion  d e r i v e d  from t h e s e  a n a l y t i c a l  t echniques  f o r  a s e r i e s  of middle  
d i s t i l l a t e  f u e l s  w i l l  be descr ibed  and r e l a t i o n s h i p s  among t h e  number of  a romat ic  
r i n g s  and s o o t  format ion  w i l l  be d i s c u s s e d .  

INTRODUCTION 
Energy conserva t ion  t e c h n o l o g i e s  and energy e f f i c i e n c y  programs a r e  no 

longer  new i n  Western world i n  t h e  e i g h t i e s .  The g l o b a l  i n c r e a s e  i n  demand f o r  
petroleum p r o d u c t s  and t h e  n a t u r a l  d e c l i n e  of e x i s t i n g  convent iona l  c r u d e  r e s o u r c e s  
r e f l e c t  t h e  i n d u s t r y ' s  e f f o r t  t o  maximize t h e  product  y i e l d  from t h e  c r u d e  b a r r e l  
and t o  e x p l o r e  s u i t a b l e  f o s s i l  f u e l  supply s o u r c e s .  While o v e r a l l  demand f o r  
d i s t i l l a t e  o i l s  i s  expected t o  i n c r e a s e  ( l ) ,  t h e  t r a n s p o r t a t i o n  f u e l s  a r e  f o r e c a s t  
t o  i n c r e a s e  i n  demand w i t h  t h e  f a s t e s t  r a t e  compared t o  o t h e r  middle  d i s t i l l a t e s ( 2 ) .  
This  s c e n a r i o  could encourage t h e  r e f i n e r s  t o  maximize t h e  y i e l d  of j e t  f u e l s  and 
d i e s e l  f u e l s  thereby  i n c r e a s i n g  t h e  h e a v i e r  components i n  t h e  h e a t i n g  f u e l  pool .  

world,  i t  is expected t h a t ,  by 1995 more t h a n  h a l f  of t h e  t o t a l  domest ic  product ion  
w i l l  be d e r i v e d  from t h e  o i l  sands bitumens, heavy crudes  and heavy o i l  d e p o s i t s  
from western Canada(3). S y n t h e t i c  d i s t i l l a t e  o i l s  processed from t h e s e  nonconven- 
t i o n a l  s o u r c e s  have e n t e r e d  t h e  Canadian market over  a decade and t h e  supply  i o  
i n c r e a s i n g .  Composi t ional  a n a l y s i s  of s y n t h e t i c  d i s t i l l a t e s  showed l a r g e r  propor- 
t i o n s  of a romat ics  w i t h  fewer p r o p o r t i o n s  of p a r a f f i n s  compared t o  convent iona l  
d i s t i l l a t e s ( 2 ) .  Current  energy c o n s e r v a t i o n  t r e n d s  p l u s  t h e  u s e  of s y n t h e t i c  
d i s t i l l a t e  have encouraged t h e  Canadian r e f i n e r s  t o  produce o i l s  c o n t a i n i n g  h i g h e r  
a romat ic  components. The problems a s s o c i a t e d  w i t h  t h e  u s e  of h i g h l y  a romat ic  
f u e l s  a r e  wide ly  documented and have prompted performance e v a l u a t i o n s  on  v a r i o u s  
combustion equipment. A t  t h e  Canadian Combustion and Carboniza t ion  Research 
Labora tory ,  a r e s e a r c h  program is being c a r r i e d  o u t  t o  s t u d y  t h e  i n f l u e n c e  of 
f u e l  q u a l i t y  on burner  performance i n  r e s i d e n t i a l  h e a t i n g  a p p l i a n c e s .  

t echniques  f o r  f u e l  p r o p e r t y  d e t e r m i n a t i o n s  a r e  c r i t i c a l  for a c c u r a t e  i n t e r p r e t a t i o n  
of combustion performance. E s p e c i a l l y  f o r  a romat ics ,  a method w i t h  b e t t e r  accuracy 
and v e r s a t i l i t y  t h a n  commonly used ASTM D1319(f luorescent  i n d i c a t o r  adsorp t ion ;FIA)  
i s  d e s i r a b l e  s i n c e  its d e t e c t i o n  mechanism s u f f e r s  poor accuracy and i ts  a p p l i c a t i o n  
i s  r e s t r i c t e d  low b o i l i n g  o i l s  o n l y ( & ) .  The s e a r c h  f o r  such a method h a s  l e a d  t o  
t h e  development of a new technique  u t i l i z i n g  s u p e r c r i t i c a l  f l u i d  chromatography 
(5-7) ,  and t h e  review process  of  s e v e r a l  t echniques  has  provided r e l e v a n t  

I n  Canada, where energy demand p e r  c a p i t a  i s  one of t h e  h i g h e s t  i n  t h e  

I n  t h e  course  of t h e  s tudy ,  it has  become apparent  t h a t  r e l i a b l e  a n a l y t i c a l  

883 



in format ion  a s s o c i a t e d  w i t h  e a c h  technique .  I n  a d d i t i o n  t o  t o t a l  a romat ic  c o n t e n t ,  
i n  depth  hydrocarbon d i s t r i b u t i o n  d a t a  of t h e  f u e l  is d e s i r a b l e  i n  o r d e r  t o  
e s t a b l i s h  a c c u r a t e  property-performance c o r r e l a t i o n s .  While f u e l  a romat ics  a r e  
g e n e r a l l y  cons idered  r e s p o n s i b l e  f o r  excess ive  p a r t i c u l a t e  emiss ions ,  knowledge 
on how s p e c i f i c  a romat ic  t y p e  compounds c o n t r i b u t e  t o  t h e  process ,  could  provide  
t h e  l e a d  t o  t e c h n o l o g i e s  f o r  e f f i c i e n t  process  q u a l i t y  c o n t r o l  i n  r e f i n e r y  and f o r  
reduced combustion e m i s s i o n s .  

I n i t i a l  survey of  a n a l y t i c a l  d a t a  from two l a b o r a t o r i e s  i n d i c a t e d  cons ider -  
a b l e  v a r i a n c e  between a d a t a  s e t  provided by t h e  same method and caused concern 
over  t h e  a c c u r a t e  i n t e r p r e t a t i o n  of r e s u l t s  provided by d i f f e r e n t  techniques .  
Without r e l i a b l e  f u e l  p r o p e r t y  d a t a ,  a c c u r a t e  p r e d i c t i o n  of combustion performance 
can n o t  be achieved.  T h i s  document r e p o r t s  p r e l i m i n a r y  d a t a  from a n a l y s i s  of 
middle  d i s t i l l a t e  o i l s ,  p rovided  by f i v e  independent  l a b o r a t o r i e s .  Informat ion  
provided by t h e  t e c h n i q u e s  of  ASTM D1319, n u c l e a r  magnet ic  resonance,  mass spec- 
t r o s c o p y ,  s u p e r c r i t i c a l  f l u i d  chromatography, u l t r a v i o l e t  spec t roscopy and s i l i c a -  
a lumina column chromatography a r e  d e s c r i b e d .  More impor tan t ly ,  emphasis is g iven  
t o  t h e  comparison i n  d a t a  s u p p l i e d  by independent l a b o r a t o r i e s .  C o r r e l a t i o n s  
between soot  product ion  and s p e c i f i c  a romat ic  compound t y p e s  a r e  a l s o  d iscussed  
based on t h e  d a t a  r e s u l t e d  from two a n a l y s i s  techniques .  

I 

EXPERIMENTAL 

U l t r a v i o l e t  spec t roscopy (W) 

photometer  w i t h i n  t h e  range  of 350 nm t o  190 nm a f t e r  d i l u t i o n  w i t h  spec t rograde  
cyclohexane s o l v e n t .  1 . 0 . ,  0 .10 ,  and 0.010 cm p a t h  sample l e n g t h  c e l l s  were 
u t i l i z e d  wi th  matching r e f e r e n c e  c e l l s  i n  t h e  a n a l y s i s  depending on t h e  a romat ic  
c o n c e n t r a t i o n  of t h e  sample.  D e t a i l e d  a n a l y t i c a l  methodology w a s  d e s c r i b e d  
e l sewhere  ( 8 )  and t h e  method is c u r r e n t l y  under  f u r t h e r  re f inment .  

U l t r a v i o l e t  s p e c t r a  of d i s t i l l a t e  samples were recorded on a W s p e c t r o -  

Column chromatography 

by Sawatzky e t .  a 1  (10)  was used  t o  determine s a t u r a t e s ,  monoaromatics, d i a r o m a t i c s  
and polyaromat ics  i n  d i s t i l l a t e  samples. I n  t h i s  procedure,  t h e  s a t u r a t e s  were 
e l u t e d  from t h e  s i l i c a / a l u m i n a  column w i t h  n-pentane and t h e  a romat ics  w i t h  
d i f f e r e n t  vo lumetr ic  m i x t u r e s  of pentane i n  t o l u e n e ,  fol lowed by c a r e f u l  removal 
of  s o l v e n t s  by a i r  d r y i n g .  Dried f r a c t i o n s  were q u a n t i f i e d  by a g r a v i m e t r i c  
method a s  w e l l  a s  a g a s  chromatographic  method a f t e r  d i l u t i o n  w i t h  s u i t a b l e  s o l v e n t .  

S u p e r c r i t i c a l  f l u i d  chromatography 
The procedure f o r  t h i s  new method f o r  t h e  d e t e r m i n a t i o n  of  a romat ics  i n  

d i e s e l  f u e l s  and h e a t i n g  f u e l s  was repor ted  i n  1987 by Fuhr e t .  a l ( 5 ) .  S a t u r a t e s  
and aromat ics  i n  d i s t i l l a t e  f u e l s  a r e  s e p a r a t e d  on a packed s i l i c a  column ( 5  u 
s i l i c a  adsorbosphere,  2 5 0 m  x 2.1 mm) us ing  s u p e r c r i t i c a l  carbon d i o x i d e  a s  mobile  
phase.  A Shimadzu model GC-8A equipment 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  was 
used .  A Varian model 8500 s y r i n g e  pump was u t i l i z e d  t o  main ta in  t h e  mobile  phase 
p r e s s u r e  through t h e  chromatographic  column. 

Nuclear  magnetic resonance  spec t roscopy 

o p e r a t e d  a t  90 MHz. The samples  were prepared by mixing t h e  o i l  w i t h  chloroform- 
d l  i n  a 50/50 volume r a t i o  and a drop of Me& S i  was added a s  a r e f e r e n c e .  
a romat ic  conten t  of t h e  f u e l s  were c a l c u l a t e d  from hydrogen i n t e n s i t i e s  by t h e  

A modified procedure  of  t h e  U.S. Bureau of Mines API method ( 9 )  a s  r e p o r t e d  

The 'H NMR s p e c t r a  were obta ined  on a Varian model EM-390 spec t rometer  

T o t a l  
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method of Muhl et.al (11). Aromatic breakdown compositions such as mono-,di-, 
poly- were further derived using other physical properties of the fuels(l2). 

Mass spectrometry 

of paraffin, olefins, naphthenes, aromatics (PONA) as well as the separation of 
mono-, di-,and poly- aromatic fractions. The samples were separated using a 
1.83111 column (3% Dexil 300 on acid washed Chromosorb W) heated from 6OoC to 
30OoC. Chemical ionization(methane) mass spectra were acquired continuously 
during the gas chromatographic separation on a 3 second cycle. The series of peaks 
characteristic of paraffins, naphthenes and aromatics were summed continuously 
throughout the run in characterizing the compound type classes. The olefin content 
was determined by the 'H NMR method. The detailed PONA method is available in the 
published literature(l3). 

Measurement of soot production from combustion process 

of smoke opacity% per start cycle. It is the maximum peak opacity of the transient 
soot peak from a cold burner start. It represents the real life soot emission 
from cold temperature conditions such as in the furnace start-up in the morning 
after an overnight reduced thermostat setting. Opacity values also indicate general 
trends of other incomplete combustion products such as carbon monoxide and hydro- 
carbons. In addition properties of a fuel have the most significant effects on cold 
start operation of an appliance. The experimental program for measurement of 
performance characteristics in residential oil combustion has been reported 
elsewhere( 14). 

A Finnigan 4500 quadrupole mass spectrometer was used for the determination 

Soot produced in residential furnaces from the fuels are reported in terms 

RESULTS AND DISCUSSIONS 

Two set of data from two groups of fuels are presented in this paper for 
discussion. One group of fuels were analyzed by four independent laboratories by 
NMR, MS, SFC, W and FIA while the second group was analyzed by two laboratories 
using MS and column chromatography. Soot production data were available only for 
the second group. 

In Table 1, total aromatic content as determined by four different 
techniques is presented. Each method determines and describes aromatics in 
different way. For FIA, volumetric per cent of aromatic compounds are reported 
whereas in MS-PONA, results are based on the fragmentation pattern and the total 
number of counts for each compound type. Since the total number of ion counts is 
proportional t o  weight of hydrocarbons, it can be considered as pseudo weight per 
cent or simply a compound type percent. SFC and NMR data are in weight per cent. 
The table therefore describes the type of information one can obtain from a 
particular method. Absolute comparison of data were not made for obvious reasons 
and only the correlation trends between these methods are investigated. Linear 
regression data are as follows. 

Methods correlation coefficient slope of the line 
SFC(wt.%) vs FIA(vo1 %) 0.90 0.97 
SFC(wt.%) vs NMR(wt.%) 0.96 0.98 
SFC(wt.%) vs MS (2) 0.92 0.81 

The statistical data indicate generally good agreement between the methods 
with the strongest correlation between SFC and NMR. 
from Laboratory I, from which the NMR weight per cent data are calculated is 

The carbon aromaticity data 



r e p o r t e d  i n  Table  2 .  These v a l u e s  r e p r e s e n t  t h e  p e r c e n t a g e  o f  a romat ic  r i n g  carbons 
’ p r e s e n t  i n  t h e  t o t a l  numbers of  carbon p r e s e n t  i n  t h e  average f u e l  molecule .  The 

c o r r e l a t i o n  of NMR a r o m a t i c i t y  and SFC weight  p e r  c e n t  show a l i n e a r  r e l a t i o n  
w i t h  a c o r r e l a t i o n  c o e f f i c i e n t  of  0.89 and a s l o p e  of 0 .69 .  The a romat ics  by SFC 
a r e  a measure of t h e  amount of molecules  having a t  l e a s t  one aromat ic  r i n g  w i t h  
p a r a f f i n i c  and naphthenic  s u b s t i t u e n t s  a t t a c h e d .  Therefore  t h i s  SFC-NMR c o r r e l a t i o n  
d a t a  w i t h  a s l o p e  of 0.69 i n d i c a t e s  t h a t  on average ,  69% of  t h e  carbon atoms i n  
t h e  a romat ic  molecules  of  t h e s e  samples a r e  conta ined  i n  a romat ic  r i n g s  wi th  t h e  
remainder  i n  t h e  s u b s t i t u e n t s .  

o r a t o r i e s .  The d a t a  i n d i c a t e s  t h a t  Laboratory 2 has  c o n s i s t e n t l y  lower v a l u e s  
t h a n  l a b o r a t o r y  1 f o r  a l l  f u e l s .  Laboratory 2 used  Brown-Ledner equat ion  (15)  
whereas  Labora tory  1 d e r i v e d  r e s u l t s  from d e t a i l e d  r i g o r o u s  c a l c u l a t i o n s  (11 ,12) .  
T h i s  minor d i f f e r e n c e  a l o n e  cannot  be accounted f o r  t h e  l a r g e  d i f f e r e n c e  between 
t h e  two l a b o r a t o r i e s .  O t h e r  v a r i a b l e s  such  a s  ins t rument  c a l i b r a t i o n  and o p e r a t o r  
manipula t ion  t e c h n i q u e s  a r e  more l i k e l y  t h e  cause  of such  d iscrepancy .  

Table 3 c o n t a i n s  t h e  a romat ics  r i n g  d i s t r i b u t i o n  informat ion  provided by 
NMR, W, SFC, and MS-PONA t e c h n i q u e s .  NMR-W p a i r  d e s c r i b e s  r i n g  carbon weight 
p e r  c e n t  whi le  SFC r e p o r t s  a romat ic  breakdown i n  t o t a l  weight  p e r  c e n t .  Since MS 
d a t a  i s  c l o s e r  t o  t o t a l  weight  p e r  c e n t ,  it was p a i r e d  w i t h  SFC d a t a .  I t  should  be 
p o i n t e d  o u t  t h a t  t h e s e  SFC d a t a  a r e  r e s u l t e d  from p r e l i m i n a r y  experiments  and a d d i t i o n a l  
work i s  being c a r r i e d  o u t  c u r r e n t l y .  Monoaromatic v a l u e s  from each p a i r  i n d i c a t e  
a c c e p t a b l e  agreement b u t  none of  t h e  p a i r s  show comparable v a l u e s  f o r  d ia rorna t ics .  
Diaromatics  from t h e  W method a r e  s i g n i f i c a n t l y  lower t h a n  NMR method while  MS 
d i a r o m a t i c s  show lower v a l u e s  t h a n  SFC method t o  a s i m i l a r  degree .  

Table  4 r e p o r t s  a romat ic  r i n g  d i s t r i b u t i o n  i n  o t h e r  s e t  of middle  d i s t i -  
l l a t e  f u e l s .  Opaci ty  X r e a d i n g  is t h e  maximum s o o t  o p a c i t y  measured from a c o l d  
s t a r t  t r a n s i e n t  c y c l e  f rom combustion of each f u e l .  Limited d a t a  i n d i c a t e  t h a t  
b o t h  monoaromatics and d i a r o m a t i c s  from t h e  column chromatographic  method a r e  
lower than  those  from MS method and show no p a r t i c u l a r  r e l a t i o n  t o  t h e  opac i ty .  
The column chromatographic  is normally s u i t a b l e  f o r  f u e l s  having i n i t i a l  b o i l i n g  
p o i n t s  of a t  l e a s t  2OO0C, s i n c e  l i g h t  f u e l  components can be l o s t  d u r i n g  s o l v e n t  
removal p r i o r  t o  weighing of t h e  f r a c t i o n s .  The method was s e l e c t e d  f o r  i n v e s t i -  
g a t i o n  based on its s i m p l i c i t y  r e q u i r i n g  only  common l a b o r a t o r y  equipment. The 
component loss d u r i n g  s o l v e n t  removal can  be e l i m i n a t e d  by ana lyz ing  t h e  l i q u i d  
f r a c t i o n s  by gas  chromatography i n s t e a d  of g r a v i m e t r i c  a n a l y s i s .  T h i s  would 
r e q u i r e  a more compl ica ted  procedure  and t r a i n e d  o p e r a t o r  which o f f s e t s  t h e  
s i m p l i c i t y  of t h e  method. 

Data from column chromatographic  method, monoaromatics a s  w e l l  a s  d ia ro-  
m a t i c s ,  show no a p p a r e n t  t r e n d  of i n t e r r e l a t i o n  w i t h  s o o t  product ion .  F igure  1 
i l l u s t r a t e s  t h e  c o r r e l a t i o n s  between mono- and d i a r o m a t i c  f u e l  components determin-  
e d  by PONA method and o p a c i t y  of  s o o t  e m i t t e d .  Diaromat ic  compounds i n d i c a t e  a 
g e n e r a l  r e l a t i o n  w i t h  c o l d  s t a r t  s o o t  emiss ions  w i t h  t h e  except ion  of few o u t l i e r s .  
Monoaromatics do n o t  e x h i b i t  any p a r t i c u l a r  i n t e r r e l a t i o n .  

Table  2 also compares f u e l  a r o m a t i c i t y  dada provided  by two independent l a b -  

CONCLUSIONS 

1. Based on t h e  informat ion  provided by p a r t i c i p a t i n g  l a b o r a t o r i e s ,  NMR and SFC 
show t h e  s t r o n g e s t  agreement f o r  t o t a l  f u e l  a romat ics  weight  p e r  c e n t .  MS d a t a  
show t h e  lowest v a l u e .  
2 .  Fuel  a r o m a t i c i t y  d e t e r m i n a t i o n  us ing  NMR technique  by two independent  labora-  
t o r i e s  r e s u l t e d  i n  s i g n i f i c a n t l y  d i f f e r e n t  v a l u e s .  Regard less  of  t h e  technique 
used ,  t h e  a n a l y t i c a l  r e s u l t s  seem t o  be more l a b o r a t o r y  dependent  t h a n  method 
dependent .  Due t o  t h e  h i g h l y  complex n a t u r e  of t h e  middle  d i s t i l l a t e ,  l a r g e r  
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discrepancies between laboratories are observed. 
3. For aromatic ring distribution in fuels, no significant trends between the 
methods were observed. Further studies are being planned. 
4. The survey of analytical tec,hniques suggests that MS and NMR are the most 
powerful tools for the detailed structural information in fuel analysis. These 
techniques, however, are not entirely suitable to refinery process quality control. 
5. It appears that supercritical fluid chromatography could be the best candidate 
for a new aromatic standard method for the petroleum industry. The method's 
agreement with NMR indicates good accuracy and it has potential application for 
aromatic breakdown analysis. It can handle higher boiling samples using 
instrumentation of moderate sophistication. 
6. Preliminary studies indicates that fuel diaromatics show greater influence on 
soot production than monoaromatics, in residential combustion. 
7. The critical requirement of a reliable analytical methods for fuel aromatic 
structural information still exists in combustion research. 
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TABLE 1. Total aromatic content of fuels as determined by different methods. 

Fuel NMl7,wt.X SFC,wt.X FIA,Vol.X MS,X 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

41.8 
29.1 
30.6 
37.1 
43.0 
38.2 
33.9 
48.2 
57.5 
42.3 
87.3 
25.2 
29.8 
45.9 
48.2 
40.7 
61.9 
74.6 
30.0 
29.9 
29.8 
30.3 

40.3 
30.7 
34.6 
37.1 
42.9 
39.1 
30.4 
46.8 
55.2 
46.4 
80.8 
23.8 
28.4 
50.2 
49.5 
51.7 
69.6 
79.0 
37.6 
37.6 
37.7 
25.4 

35.0 
28.9 
41.8 
46.7 
37.0 
33.3 
25.0 
39.1 
63.9 
44.7 
74.2 
20.6 
24.1 
44.9 
43.7 
44.2 
64.0 
75.0 
33.3 
33.0 
24.9 
19.6 

28.2 
23.4 
19.9 
16.4 
25.5 
25.1 
19.3 
31.2 
29.8 
37.2 
68.0 
20.6 
16.9 
29.5 
31.7 
35.7 
46.4 
64.7 
21.0 
21.0 
20.8 
17.9 

TABLE 2. Carbon aromaticity X as determined by two different laboratories 

Fue 1 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

NMR,X (Lab.1) NMR,X (Lab.2) 

28.0 
19.1 
20.9 
24.1 
29.8 
27.2 
21.4 
33.5 
35.1 
27.0 
59.9 
22.4 
15.2 
34.6 
33.1 
33.7 
47.2 
51.9 
14.7 
14.6 
19.3 
19.6 

20.0 
13.0 
14.0 
21.0 
24.0 
21.0 
14.0 
24.0 
28.0 
18.0 
50.0 
12.0 
12.0 
27.0 
25.0 
29.0 
42.0 
51.0 
16.0 
16.0 
16.0 
11.0 
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TABLE 3. Aromatics ring distribution in fuels as determined by different methods. 

Fuel Ring carbon wt.% (NMR) vs (W) Aromatics wt.%(SFC) Aromatics X(MS) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

mono--di- poly- 

6.7 18.4 
7.0 9.6 
6.3 11.8 
6.8 14.2 
7.3 18.7 
6.2 17.4 
9.9 8.6 
7.1 22.3 
11.6 19.7 
14.3 8.8 
7.5 46.7 
na na 
na na 
na na 
na na 
na na 
10.6 6.7 
13.0 34.6 
na na 
na na 
10.6 30.8 
9.4 7.4 

mono- di- poly- 

7.8 9.2 1.1 
6.8 4.3 0.3 
6.5 4.4 1.7 
4.7 4.3 1.9 
8.5 10.2 0.9 
6.7 9.7 1.0 
9.1 3.3 0.1 
9.5 11.9 2.2 
8.9 9.1 3.3 
13.8 3.6 0.2 
8.3 38.1 3.1 
5.1 2.1 <0.1 
9.3 2.5 <0.1 
10.4 10.3 1.9 
10.1 8.2 2.9 
10.0 10.1 2.8 
11.4 17.9 6.0 
11.8 22.3 7.5 
10.5 3.8 0.4 
10.5 3.8 0.4 
8.0 3.5 0.3 
5.3 2.6 <0.1 

mono- di- poly- 

16.9 18.4 4.3 
un 28.8 1.1 
un 33.7 0.5 
un 28.8 8.5 
17.3 21.5 2.8 
14.9 19.8 3.4 
un 28.8 1.0 
19.3 20.5 6.0 
un 47.9 6.0 
un 43.8 1.4 
12.7 58.7 7.9 
un 22.7 na 
un 26.8 0.3 
22.1 20.7 6.0 
21.3 17.7 9.5 
20.1 20.5 9.0 
20.3 28.6 1.5 
21.0 36.3 18.3 
un 34.8 2.0 
un 34.9 1.7 
un 29.2 1.5 
un 23.9 un 

mono- di- poly- 

19.9 7.0 1.3 
14.3 7.5 1.3 
12.8 5.4 1.4 
10.3 4.8 1.3 
16.5 8.6 0.4 
17.5 7.6 0.1 
16.7 2.5 0.1 
18.6 12.6 0.1 
19.0 9.6 1.2 
30.0 4.3 2.5 
25.1 40.8 2.1 
27.2 0.9 0.5 
15.6 0.8 0.4 
25.2 3.6 0.7 
21.0 10.1 0.7 
24.8 10.6 0.3 
28.9 17.4 0.2 
39.9 24.6 0.2 
19.0 1.8 0.1 
19.0 1.8 0.1 
9.2 16.4 4.0 
16.0 1.9 <.I 

na is for not available un is for unsatisfactory separation 
value reported under di is for both mono & di 

TABLE 4. Fuel aromatic ring types and their correlation to soot production. 

Fuel Aromatics Wt.% by CC Aromatics Wt.% by MS Smoke opacity % at 
mono- di- poly- mono- di- poly cold start combustion 

C 18.2 16.3 1.3 
D 16.2 7.2 0.2 
E 14.9 7.7 0.7 
F 15.9 13.6 1.9 
G 31.1 31.6 1.0 
L 15.9 13.4 0.3 
M 23.8 23.5 0.6 
N 24.5 6.3 0.4 
0 55.9 22.8 0.8 
P NA 
Q 13.2 6.9 0.8 
S 17.4 6.6 0.9 
V NA 
W NA 
X NA 
Y NA 

29.8 
20.7 
18.1 
28.9 
41.4 
21.3 
43.0 
21.5 
30.6 
41.9 
41.9 
31.5 
21.6 
20.4 
28.3 
23.5 

11,8 0.60 
11.5 0.83 
6.2 0.57 
11.5 0.99 
38.5 0.09 
13.0 1.03 
19.3 2.51 
8.4 0.31 

43.9 1.10 
30.3 1.87 
30.3 1.87 
4.2 0.12 
1.8 0.27 
4.1 0.69 
15.05 0.58 
21.65 0.71 

1.3 
1.2 
1.8 
1.5 

31.7 
1.9 

52.3 
0.7 
16.8 
9.1 
1.6 
NA 
1.6 
2.03 
2.12 
10.45 
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TABLE 4. Fuel aromatic ring types and their correlation to soot production. 
(continued) 

Aromatics Wt.X by CC Aromatics Wt.X by MS Smoke opacity 'I at 
mono- di- poly- mono- di- poly cold start combustion 

z NA 
AA NA 
BB NA 
cc NA 
DD NA 
EE NA 
FF NA 

NA is for not available. 

MOllO AROM4TICS VS OPACITY 
I 

20 40 

MOtlO AROMATICS w U  

16.4 6.6 0.20 
15.7 5.7 0.50 
22.9 13.0 0.00 
33.0 18.0 0.30 
25.0 34.1 0.7 
25.5 18.5 0.0 
18.8 9.7 0.0 

2.37 
14.8 
3.3 
5.0 

15.4 
20.9 
2.3 

DlAl3OMATlCS VS OPACITY 

. -  

2 0  40 

DlAROMATlCS W l  X 

Figure 1. Correlations between fuel monoaromatic and diaromatic 
components and soot production at cold start combustion. 
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