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INTRODUCTION 

The importance o f  a romat i c  hydrocarbons i n  t o d a y ' s  p r a c t i c a l  hydrocarbon 

f u e l s  i s  w e l l  known. Th is  f a c t  has r e s u l t e d  i n  seve ra l  new s t u d i e s  o f  t h e  

o x i d a t i o n  and p y r o l y s i s  mechanisms of these compounds. A r e c e n t  r e v i e w  paper1 

has summarized t h e  q u a l l t a t i v e  knowledge of t h e  mechanism o f  o x i d a t i o n  o f  t h e  

s i m p l e s t  aromat ics,  benzene, to luene ,  and e t h y l  benzene. I n  a d d i t i o n ,  many o f  

t h e  i n d i v  

have been 

c o n s t r u c t  

was t e s t e  

dual  r e a c t i o n s  i n  t h e  p y r o l y s i s  and o x i d a t i o n  o f  benzene and t o l u e n e  

s t u d i e d  i n  seve ra l  papers.2-8 Th is  I n f o r m a t i o n  has been used9 to  

t h e  f i r s t  d e t a i l e d  mechanism of benzene o x i d a t i o n .  The mechanism 

u s i n g  a v a i l a b l e  exper imenta l  d a t a  on i g n i t i o n  d e l a y  t i m e s l o  and on 

temperature and composi t ion p r o f i l e s  measured d u r i n g  benzene o x i d a t i o n  i n  a 

h i g h l y  t u r b u l e n t  r e a c t 0 r . l  

de lay  t imes and temperature p r o f !  l e  reasonably  we1 1 and to  s e m i q u a n t i t a t i v e l y  

reproduce some o f  t h e  composi t ion p r o f  i 1 es. 

I t  was found t o  compute t h e  measured i g n i t i o n  

I n  t h e  p resen t  work we develop a d e t a i l e d  mechanism for t o l u e n e  o x i d a t l o n  

u s i n g  t h e  same method as a p p l i e d  p r e v i o u s l y  t o  t h e  benzene o x i d a t i o n .  Recent 

i n fo rma t ion3 -6  on to luene  p y r o l y s i s  and o x i d a t i o n  r e a c t i o n s  was combined w i t h  

t h e  d e t a i l e d  benzene o x i d a t i o n  mechanism. 

compute e x p e r i m e n t a l l y  measured i g n i  t i o n - d e l a y  t i m e s l o  for  shock-heated 

toluene-oxygen-argon m i x t u r e s  and composi t ion p r o f i l e s  for  two toluene-oxygen- 

n i t r o g e n  m i x t u r e s  i n  a t u r b u l e n t  f low r e a c t o r . 3  Most o f  t h e  r a t e  c o e f f i c i e n t s  

f o r  t h e  to luene  r e a c t i o n s  w e r e  used a t  t h e i r  p u b l i s h e d  l i t e r a t u r e  va lues .  

Only  those r a t e  cons tan ts  w i t h  l a r g e  u n c e r t a i n t i e s  were a d j u s t e d .  

The r e s u l t i n g  mechanism was used to  
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r e a c t i o n s  c o n t r o l  1 i n g  the  i g n i t i o n  process and t h e  p r o f 1  l e s  o f  v a r i o u s  species 

c o n c e n t r a t i o n s  were determined by an e x t e n s i v e  s e n s i t i v i t y  a n a l y s i s  u s i n g  t h e  

new NASA Lewis Research Center chemical k i n e t i c s  and s e n s i t i v i t y  a n a l y s i s  

code. l l  ,l2 

I n  t h e  s e c t i o n s  t h a t  follow we p resen t  comparisons o f  computed and 

exper imenta l  r e s u l t s  and d e s c r i b e  t h e  s e n s i t i v i t y  a n a l y s i s  r e s u l t s .  

TOLUENE OXIDATION MECHANISM 

The q u a l i t a t i v e  to luene  o x i d a t i o n  and p y r o l y s i s  paths a l r e a d y  o u t 1  i n e d l  

have been used a long  w i t h  t h e  r e s u l t s  o f  r e c e n t  exper imenta l  work3-6 to w r i t e  

t h e  f o l l o w i n g  i n i t i a t i o n  and c h a i n  p ropaga t ion  scheme i n v o l v i n g  t o l u e n e  and 

1 t s  pyro lys is  f ragments:  

I n i t i a t i o n :  

Chain p ropaga t ion :  

H + C 7 H 8 + C & C H 3  + H2  
methyl  
phenyl 

( 6 )  



C3H4 + M*C3H3 + H + M (13) 

H + C3H4 e C3H3 + H2 (14)  

0 + C7H8 e OHC7H7 
c r e s o l s  

(15)  

(18) 

CgHgCH2 + OH + M +  C7H70H + M 
benzyl  
a1 coho1 

(20)  

OHC7H7 + H2+C6H50H + CH4 (25) 

The species OHC7H7 r e p r e s e n t s  a composite m i x t u r e  of o r t h o ,  para,  and meta 

c r e s o l s .  The r e a c t i o n s  above were combined w i t h  the  benzene o x i d a t i o n  and 

combustion mechanism developed p r e v i o u s l y 9  t o  g i v e  a system of 143 r e a c t i o n s  

among 46 species.  A s  i n  t h e  case of benzene o x i d a t i o n ,  one r e a c t i o n  from t h e  
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hydrogen-oxygen system was found t o  be i m p o r t a n t  i n  t h e  to luene  o x i d a t i o n  

mechani sm, namely: 

H + 02'- OH + 0 (47 )  

This  r e a c t i o n  i s  impor tan t  i n  b o t h  i n i t i a t i o n  and c h a i n  p ropaga t ion .  A 

l i s t i n g  o f  t h e  s i g n i f i c a n t  t o l u e n e  and benzene i n i t  a t i o n  and c h a i n  r e a c t i o n s  

( p l u s  the  H + 02"- OH + 0 r e a c t i o n )  i s  g i v e n  i n  Tab e I along  w i t h  t h e  r a t e  

c o e f f i c i e n t s  used. 

g i v e n  i n  o u r  p rev ious  work.9 Rate c o e f f i c i e n t s  for t h e  p y r o l y s i s  r e a c t i o n s  3 ,  

4 ,  and 6 t o  14 were a l l  taken unchanged from t h e  work o f  Pamidimukkala e t .  a1.4 

S e l e c t i o n  o f  t h e  r a t e  c o e f f i c i e n t s  used for r e a c t i o n s  2, 5, and t h e  o x i d a t i o n  

r e a c t i o n s  i s  desc r ibed  below. 

A l l  o t h e r  r e a c t i o n s  used i n  t h e  computat ions have been 

S E N S I T I V I T Y  ANALYSIS STUDY 

We used t h e  method desc r ibed  p r e v i o u s l y 9  t o  compute no rma l i zed  

s e n s i t i v i t y  c o e f f i c i e n t s  of species c o n c e n t r a t i o n s ,  temperature,  and p ressu re  

w i t h  r e s p e c t  t o  t h e  parameters o f  t h e  mod i f i ed  A r rhen ius  r a t e  c o e f f i c i e n t  

express ion,  k = ATn exp(-E/RT), for each r e a c t i o n .  S e n s i t i v i t i e s  w i t h  r e s p e c t  

to  t h e  p reexponen t ia l  f a c t o r s ,  A,  o f  seve ra l  benzene and to luene  r e a c t i o n s  a r e  

l i s t e d  i n  Tables I 1  and 111. I t  should be no ted  t h a t  s e n s i t i v i t y  c o e f f i c i e n t s  

w i t h  r e s p e c t  to  t h e  a c t i v a t i o n  energy, E ,  a r e  approx ima te l y  equal  i n  s i g n  and 

magnitude t o  those f o r  A under a l l  c o n d i t i o n s  s t u d i e d .  I g n i t i o n  d e l a y  

t i m e s l o  were measured from pressure- t ime t r a c e s  by a method desc r ibed  below. 

Shown i n  Table I 1  a re  p ressu re  s e n s i t i v i t y  c o e f f i c i e n t s  for i g n i t i o n s  o f  two 

shock-heated toluene-oxygen-argon m i x t u r e s .  These a re  the  l owes t  temperature 

l e a n  m i x t u r e  and a h i g h  temperature s t o i c h i o m e t r i c  m i x t u r e .  As shown i n  t h e  

t a b l e  t h e  r e a c t i o n  o f  t o l u e n e  w i t h  mo lecu la r  oxygen ( r e a c t i o n  1) and t h a t  o f  

hydroperoxy l  r a d i c a l  w i t h  benzyl  r a d i c a l  ( r e a c t i o n  21) a re  t h e  most i m p o r t a n t  
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r e a c t i o n s  which c o n t r o l  t h e  i g n i t i o n  d e l a y  t ime .  Also showing s i g n i f i c a n t  

s e n s i t i v i t y  here a r e  t h e  H + 02 c h a i n  b ranch ing  r e a c t i o n  ( r e a c t i o n  471,  oxygen 

atom p l u s  benzyl  r a d i c a l  ( r e a c t i o n  171,  and two i m p o r t a n t  benzene o x i d a t i o n  

r e a c t i o n s  o f  phenyl and c y c l o p e n t a d i e n y l  r a d i c a l  by mo lecu la r  oxygen 

( r e a c t i o n s  38 and 451. The l a t t e r  a r e  o f  equal or  g r e a t e r  Importance than t h e  

oxygen atom p l u s  benzy l  r e a c t i o n  i n  b o t h  o f  t h e  m i x t u r e s  shown i n  Table 11; 

The d i r e c t  r e a c t i o n  o f  benzy l  r a d i c a l  w i t h  mo lecu la r  oxygen i s  i n s i g n i f i c a n t ,  

i n  d i r e c t  c o n t r a s t  to  t h e  dominance of t h e  phenyl  p l u s  oxygen r e a c t i o n  i n  t h e  

o x i d a t i o n  of benzene9 caused by i t s  much h i g h e r  r a t e  c o e f f i c i e n t  and molar 

r a t e .  The conc lus ions  drawn from Table I1 agree c l o s e l y  w i t h  t h e  f i n d i n g s  o f  

p rev ious  i n v e s t i g a t o r s 3  t h a t  r a d i c a l - r a d i c a l  r e a c t i o n s  should be i m p o r t a n t  i n  

t h e  to luene  o x i d a t i o n  and t h a t  t h e  low r a t e  o f  t h e  benzy l -molecular  oxygen 

r e a c t i o n  makes i t  un impor tan t .  We no te  t h a t  r e a c t i o n  5, though un impor tan t  for  

t h e  low temperature m i x t u r e ,  becomes as s e n s i t i v e  as r e a c t i o n  17 i n  t h e  h i g h e r  

temperature s t o i c h i o m e t r i c  m i x t u r e .  

Table I11 presen ts  s e n s i t i v i t y  c o e f f i c i e n t s  o f  seve ra l  spec ies concentra- 

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

These r e s u l t s  show t h a t  t h e  f i v e  r e a c t i o n s  i m p o r t a n t  for i g n i t i o n  d e l a y  t imes 

a r e  a l s o  impor tan t  i n  d e t e r m i n i n g  t h e  c o n c e n t r a t i o n  p r o f i l e s  o f  seve ra l  

spec ies.  I n  a d d i t i o n ,  r e a c t i o n s  4 ,  5 ,  15 ,  16, 20, and 29 have s t r o n g  e f f e c t s  

on the  c r e s o l s ,  benzene, phenol ,  benzyl  a l c o h o l ,  and b i b e n z y l  p r o f i l e s .  The 

phenyl and c y c l o p e n t a d i e n y l  o x i d a t i o n  r e a c t i o n s  38 and 45 have a moderate 

e f f e c t  on the  c o n c e n t r a t i o n  p r o f i l e s  o f  phenol and carbon monoxide. A s  o n l y  

an es t ima te  o f  t h e  r a t e  c o e f f i c i e n t  o f  t h e  h i g h l y  s e n s i t i v e  r e a c t i o n  between 

t o l u e n e  and mo lecu la r  oxygen e x i s t s , 8  we cons ide r  t h i s  r e a c t i o n  t o  be an 

a d j u s t a b l e  parameter t o  be used i n  match ing t h e  computat ions t o  t h e  

exper imenta l  r e s u l t s .  
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The f o l l o w i n g  procedure was used t o  o b t a i n  t h e  b e s t  p o s s i b l e  match ing to  

t h e  exper imenta l  data:  React ion 21 was s e t  w i t h i n  20 pe rcen t  o f  i t s  c o l l i s i o n  

t h e o r y  es t ima te .3  The a c t i v a t i o n  energy and p reexponen t ia l  f a c t o r  for  reac- 

t i o n  1 were a d j u s t e d  t o  c l o s e l y  p r e d i c t  t h e  high-temperature (1343 to  1600 K )  

exper imenta l  i g n i t i o n  de lay  t imes i n  a r g o n - d i l u t e d  m i x t u r e s  and a l s o  g i v e  a 

temperature r i s e  o f  no more than  5 K f o r  t h e  two d i f f e r e n t  m i x t u r e s  i n  t h e  

t u r b u l e n t  f low r e a c t o r  a t  1180 K. I n  these computat ions t h e  r a t e  c o e f f i c i e n t  

o f  t h e  p y r o l y s i s  r e a c t i o n  2 was taken as one h a l f  t h a t  o f  r e a c t i o n  3. 

t h e  r a t i o  g i v e n  by Pamidimukkala e t  a1.4 for t h e i r  lowest  temperature o f  

1600 K and was used w i t h o u t  any at tempted v a r i a t i o n .  

Robaugh and Tsangs was used for r e a c t i o n  5 because i t  i s  a d i r e c t l y  measured 

exper imenta l  va lue  and gave t h e  b e s t  compromise i n  a t t e m p t i n g  t o  match t h e  

h i g h e s t  temperature i g n i t i o n  de lay  t i m e s  and some o f  t h e  t u r b u l e n t  r e a c t o r  

exper imenta l  composi t ion p r o f i l e s .  F i n a l l y ,  t h e  r a t e  c o e f f i c i e n t s  o f  r e a c t i o n s  

15 t o  30 were e i t h e r  es t ima ted  or used a t  or near t h e i r  l i t e r a t u r e  es t ima tes  t o  

g i v e  the  b e s t  p o s s i b l e  agreement w i t h  the  t u r b u l e n t  f low r e a c t o r  da ta .  

those c o e f f i c i e n t s  which had no e f f e c t  on the  computed p ressu re  p r o f i l e s  were 

changed. 

T h i s  i s  

The r a t e  c o n s t a n t  o f  

Only  

DESCRIPTION OF COMPUTATIONAL PROCEDURE 

The same procedures used i n  ou r  benzene mechanism study9 were used i n  

t h i s  work to  model t h e  exper imenta l  i g n i t i o n  de lay  t i m e  measurementslo and t h e  

exper imenta l  composi t ion p r o f i l e  data3 t h a t  have been pub l i shed  for  to luene-  

oxygen m i x t u r e s .  Only  t h e  i m p o r t a n t  d e t a i l s  w i l l  be summarized here.  
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Shock Tube I g n i t i o n  Experiments 

A cons tan t  volume ba tch  r e a c t l o n  model was used for  the  shock-heated 

m ix tu res .  The r e p o r t e d  i n i t i a l  re f lec ted-shock  temperature and pressure  

condi  t i o n s l o  were recomputed, as descr ibed p r e v i o u s l y , g  a p p l y i n g  a smal 1 

c o r r e c t i o n  for a t t e n u a t i o n  of t h e  shock v e l o c i t y  t o  each da ta  p o i n t .  A s  shown 

by Brabbs and Robertson,13 a l l  da ta  p o i n t s  w i t h  i g n i t i o n  de lay  t i m e s  l e s s  than 

100 psec were considered inaccu ra te  and e l i m i n a t e d  from c o n s i d e r a t i o n .  

Exper imental  i g n l t i o n  de lay  t i m e  was determined from each exper imenta l  

pressure versus t i m e  curve as the  t i m e  o f  the  f irst “ s i g n i f i c a n t ”  r i s e  i n  the  

pressure.10 Each computed t i m e  was measured from the  corresponding pressure 

versus t i m e  p l o t  as descr ibed p r e v i o u s l y . 9  The i g n i t i o n  de lay  t i m e  

represented a pressure r i s e  of about 3 t o  6 percent  over  the  i n i t i a l  va lue.  

The thermodynamic da ta  used f o r  a l l  computat ions a re  from the  NASA Lewis da ta  

base, which i s  p a r t  of  the  Gordon and McBride Chemical E q u i l i b r i u m  Code.14 

New, improved da ta  f o r  many aromat ic  species were k i n d l y  p r o v i d e d  by Bonnie J .  

McBride o f  t h i s  l a b o r a t o r y .  

Turbu len t  Flow Reactor 

A s  descr ibed p r e v i o ~ s l y , ~  the t u r b u l e n t  f low r e a c t o r  was modeled as a 

cons tan t  pressure homogeneous ba tch  r e a c t i o n .  

r e a c t o r  i s  g i ven  by Hautman,l5 who i n d i c a t e s  t h a t  t he  r e a c t o r  was r u n  a t  a 

cons tan t  p ressure  of  1 atm. I n  t h i s  apparatus f u e l  i s  I n j e c t e d  i n t o  a 

n i t r o g e n - d i l u t e d ,  h i g h l y  t u r b u l e n t  stream of oxygen. The exac t  ze ro  o f  

r e a c t i o n  t i m e  i s  unknown and was taken as the  p o i n t  o f  f u e l  i n j e c t i o n  i n t o  the  

A d e t a i l e d  d e s c r i p t i o n  o f  the  

h o t  o x i d a n t  stream. 

o f  the  measured flow v e l o c i t i e s  i n  the  r e a c t o r .  

D is tance p r o f i l e s  were conver ted t o  t i m e  p r o f i l e s  by use 
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RESULTS AND DISCUSSION 

Comparison o f  Computed and Exper imental  I g n i t i o n  Delay T i m e s  

Comparisons o f  exper imenta l  and computed i g n i t i o n  de lay  t imes a r e  shown 

fo r  f o u r  d i f f e r e n t  s t a r t i n g  m i x t u r e s  i n  F igs .  1 t o  4 ,  where l o g a r i t h m  o f  

i g n i t i o n  de lay  t i m e  i s  p l o t t e d  a g a i n s t  t h e  r e c i p r o c a l  o f  temperature.  I n i t i a l  

c o n d i t i o n s  a re  g i v e n  i n  Table I V  a long  w i t h  a comparison o f  computed and 

exper imenta l  r e s u l t s  f o r  a l l  d a t a  p o i n t s .  I n c l u d e d  i n  Table I V  i s  an e r r o r  

a n a l y s i s  o f  t h e  r e s u l t s .  

computed i g n i t i o n  d e l a y  t ime  i s  g i v e n  a long  w i t h  t h e  pe rcen t  s tandard d e v i a t i o n  

d e f i n e d  p r e v i o u s l y 9  f o r  each o f  t h e  f o u r  s e t s  of exper imenta l  c o n d i t i o n s .  

The pe rcen t  d i f f e rence  between each exper imen ta l  and 

F igu res  1 t o  4 show f a i r  t o  good agreement between computed and 

exper imenta l  r e s u l t s ,  b e t t e r  f o r  t h e  s t o i c h i o m e t r i c  m i x t u r e s  than  for  t h e  l e a n  

m ix tu re .  Shown a re  t h e  i n d i v i d u a l  computed and exper imenta l  p o i n t s  as w e l l  as 

least -squares l i n e s  for each s e t  of p o i n t s ,  f i t t e d  t o  t h e  e m p i r i c a l  e q u a t i o n  

‘I: = A eAE/RT 

where ‘I: i s  t h e  i g n i t i o n  de lay  t i m e  (exper imenta l  or computed), R i s  t h e  

u n i v e r s a l  gas cons tan t  and AE i s  t h e  a c t i v a t i o n  energy t e r m  for  each s e t  o f  

i n i t i a l  c o n d i t i o n s .  For m i x t u r e s  1 ,  2, and 4 ,  w i t h  i n i t i a l  pressures around 

2 atm, t h e  computed temperature dependence i s  weaker than  t h a t  observed 

e x p e r i m e n t a l l y .  For m i x t u r e  3, t h e  d i l u t e  s t o i c h i o m e t r i c  m i x t u r e  w i t h  i n i t i a l  

pressures around 6 atm, the  computed temperature dependence i s  s t r o n g e r  than  

t h a t  observed e x p e r i m e n t a l l y .  Computed and exper imenta l  a c t i v a t i o n  energ ies  

a r e  t a b u l a t e d  i n  Table V. The exper imenta l  a c t i v a t i o n  energy f o r  m i x t u r e  3 i s  

s i g n i f i c a n t l y  lower than t h a t  for m i x t u r e  2, whereas the  computed a c t i v a t i o n  

energy f o r  m i x t u r e  3 i s  o n l y  s l i g h t l y  lower than t h e  va lue  f o r  m i x t u r e  2.  
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Th is  exper imenta l  r e s u l t  i s  q u i t e  d i f f e r e n t  from t h a t  for  benzene-oxygen 

i g n i t i o n s , 9  which had v e r y  s i m i l a r  i n i t i a l  shock c o n d i t i o n s  t o  those for  t h e  

to luene  exper iments.  

temperature dependences changed w i t h  i n i t i a l  p ressu re .  I n  f a c t  b o t h  t h e  

exper imenta l  and computed benzene-oxygen a c t i v a t i o n  energ ies  changed o n l y  

moderate ly  for  a l l  f o u r  i n i t i a l  m i x t u r e s  used. 

For benzene ne1 t h e r  t h e  exper imenta l  no r  t h e  computed 

A comparison o f  i g n i t i o n  de lay  t ime  measurements for  m i x t u r e s  2 and 4-  

shows t h e  e f f e c t  of argon d i l u t i o n  for a cons tan t  equiva lence r a t i o  o f  1.0. 

F i g u r e  5 shows computed and exper imenta l  r e s u l t s  for these two m i x t u r e s .  Only 

t h e  least -squares l i n e s  from F i g s .  2 and 4 are  shown for c l a r i t y .  Our computed 

r e s u l t s  can be seen t o  s a t i s f a c t o r i l y  match t h e  magnitude o f  t h e  e x p e r i m e n t a l l y  

observed e f f e c t  o f  argon d i l u t i o n .  

 computation^,^ t h e  computed e f f e c t  of argon d i l u t i o n  was much smal l e r  than t h e  

e x p e r i m e n t a l l y  observed e f f e c t .  

I n  o u r  p rev ious  benzene m i x t u r e  

A comparison o f  r e s u l t s  for  m i x t u r e s  2 and 3 shows t h e  e f f e c t  o f  

i n c r e a s i n g  i n i t i a l  molar concen t ra t i ons  by shock-heat ing o f  t h e  same molar  

m i x t u r e  a t  two d i f f e r e n t  i n i t i a l  pressures,  2 and 6 atm. The least -squares 

l i n e s  of F i g s .  2 and 3 a re  r e p l o t t e d  i n  F ig .  6, which shows t h a t  t h e  computed 

magnitude o f  t h i s  c o n c e n t r a t i o n  e f fec t  matches t h e  exper imenta l  magnitude 

b e t t e r  a t  low temperatures than a t  h i g h  temperatures.  

I n  summary, these comparisons have shown t h a t  our proposed t o l u e n e  

o x i d a t i o n  mechanism reasonably  matches t h e  exper imenta l  i g n i t i o n  d e l a y  t ime  

d a t a  ove r  a wide range o f  i n i t i a l  c o n d i t i o n s .  

computat ion and exper iment i s  about t h e  same as t h a t  o b t a i n e d  f o r  benzene 

m i x t u r e s  i n  o u r  p rev ious  s tudy.9 

The agreement between 
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Comparison o f  Computed and Exper imenta l  Tu rbu len t  Reactor Resu l t s  

The t u r b u l e n t - r e a c t o r  t o luene  o x i d a t i o n  exper iments were performed a t  

e s s e n t i a l l y  cons tan t  temperature,  and no temperature versus t ime  p r o f i l e  was 

repo r ted .3  The maximum measured temperature r i s e  was r e p o r t e d  t o  be 5 K i n  

a l l  exper iments.  A s  s t a t e d  p r e v i o u s l y ,  we a d j u s t e d  t h e  r a t e  c o e f f i c i e n t  

parameters o f  r e a c t i o n  1 so t h a t  t h e  computed maximum temperature r i s e  a t  t h e  

o u t l e t  o f  the  r e a c t o r  agreed w i t h  t h e  exper imenta l  va lue.  

F igures 7 t o  14 show computed and exper imenta l  composi t ion versus t i m e  

p r o f i l e s  for t o luene  o x i d a t i o n  i n  t h e  flow r e a c t o r  w i t h  i n i t i a l  temperature o f  

1180 K and a pressure o f  1 atm. 

'p = 0.63 and 1.4, were  used i n  t h e  exper imenta l  s tudy and each m i x t u r e  

conta ined 0.14 mol % to luene .  F i g u r e  7 shows to luene  versus t i m e  p r o f i l e s  for 

bo th  m ix tu res .  

p r o f i l e  w e l l ,  except toward t h e  end of t h e  r e a c t i o n .  

a l s o  ob ta ined  f o r  t h e  'p = 1 .4  m i x t u r e ,  for which t h e  maximum d i f f e r e n c e  i s  

about 15 pe rcen t .  

exper imenta l  and computed slopes of t h e  curves a t  e a r l y  r e a c t i o n  t imes .  

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

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

Our benzene o x i d a t i o n  mechani sm9 p r e d i c t s  much more r a p i d  d e s t r u c t i o n  o f  

benzene than i s  observed exper imenta l  l y .  P r e d i c t i o n  o f  o t h e r  c o n c e n t r a t i o n  

p r o f i l e s  was n o t  as successful .  The computed phenol p r o f i l e  ( F i g .  9) for  

'p = 1.4 g i ves  f a i r  q u a n t i t a t i v e  matching to  the  exper imenta l  p r o f i l e .  

t h e  computed p r o f i l e  f o r  'p = 0.63 and t h e  o t h e r  computed p r o f i l e s  for  c r e s o l s  

( F i g .  8) ,  benzene ( F i g .  101, benzaldehyde ( F i g .  111, carbon monoxide ( F i g .  121, 

benzyl  a l c o h o l  ( F i g .  131, and b ibenzy l  ( F i g .  14) show o n l y  q u a l i t a t i v e  

Two m i x t u r e s ,  w i t h  equiva lence r a t i o s  ((PI o f  

The computed p r o f i l e  for 'p = 0.63 matches t h e  exper imen ta l  

Reasonable agreement i s  

For b o t h  m i x t u r e s  t h e r e  i s  s a t i s f a c t o r y  agreement between 

Th is  

However, 
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agreement w i t h  t h e  exper imen ta l  p r o f i  l e s .  

o b t a i n e d  even though t h e r e  i s  l i t t l e  exper imen ta l  i n f o r m a t i o n  a v a i l a b l e  about 

t h e  r e a c t i o n s  of many o f  these species.  

t h e  o v e r a l l  agreement o f  t h e  species p r o f i l e s  by c e r t a i n  r a t e  c o e f f i c i e n t  

v a r i a t i o n s .  However, i t  was found t h a t  t h e  s i n g l e  changes improved some 

p r o f i l e s  and made o t h e r s  worse. The r e s u l t s  g i v e n  appear to be t h e  b e s t  

compromise u s i n g  t h e  g i v e n  s e t  o f  r e a c t i o n s .  

Th is  qual  i t a t i v e  agreement has been 

Severa l  a t tempts  were made t o  improve 

I n  summary, o u r  proposed mechanism reasonably  p r e d i c t s  t h e  d e s t r u c t i o n  

p r o f i l e  of to luene,  b u t  i s  o n l y  p a r t i a l l y  success fu l  i n  match ing o t h e r  

exper imenta l  c o n c e n t r a t i o n  p r o f i l e s .  

CONCLUDING REMARKS 

We have presented a d e t a i l e d  t o l u e n e  o x i d a t i o n  mechanism which reasonab ly  

computed measured i g n i t i o n  d e l a y  t imes i n  a r g o n - d i l u t e d  m i x t u r e s  o v e r  a wide 

range of exper imenta l  c o n d i t i o n s .  I n  a d d i t i o n ,  t h e  mechanism computed f a i r l y  

good to luene  versus t i m e  c o n c e n t r a t i o n  p r o f i  l e s  for  t h e  n i  t rogen-d l  l u t e d  

o x i d a t i o n  i n  a t u r b u l e n t  flow r e a c t o r .  

c o n c e n t r a t i o n s  were q u a l i t a t i v e l y  matched. 

P r o f i l e s  of seve ra l  o t h e r  species 

S e n s i t i v i t y  a n a l y s i s  shows t h a t  the d i r e c t  r e a c t i o n  o f  t o l u e n e  w i t h  

mo lecu la r  oxygen s t r o n g l y  e f f e c t s  t h e  p r o f i l e s  o f  temperature,  p ressu re ,  and 

many species concen t ra t i ons .  Th is  i s  i n  sharp c o n t r a s t  to  t h e  unimportance o f  

t h e  corresponding r e a c t i o n  i n  t h e  benzene o x i d a t i o n .  A comparison o f  t h e  hea t  

o f  r e a c t i o n  for the  benzene p l u s  oxygen r e a c t i o n  (-60 k c a l / m o l )  w i t h  t h a t  for  

t h e  t o l u e n e  p l u s  oxygen r e a c t i o n  (-35 k c a l / m o l >  j u s t i f i e s  t h e  much lower  

a c t i v a t i o n  energy and h i g h e r  r a t e  c o e f f i c i e n t s  f o r  t h e  l a t t e r  r e a c t i o n .  

Computations show t h a t  t he  molar  r a t e  o f  t h e  toluene-oxygen r e a c t i o n  i s  always 

seve ra l  o r d e r s  o f  magnitude g r e a t e r  t han  t h a t  of t h e  benzene-oxygen r e a c t i o n  
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for s i m i l a r  temperature and molar c o n c e n t r a t i o n  c o n d i t i o n s .  The much h i g h e r  

r e a c t i v i t y  o f  t o l u e n e  w i t h  oxygen accounts f o r  t h i s  r e a c t i o n ' s  b e i n g  a major  

pa th  for to luene  o x i d a t i o n .  

be q u i t e  un impor tan t  i n  t o l u e n e  o x i d a t i o n .  

e f f e c t  o f  t h e  corresponding phenyl-oxygen r e a c t i o n  i n  t h e  o x i d a t i o n  o f  benzene. 

These f a c t s  a re  c o n s i s t e n t  w i t h  t h e  i d e a  t h a t  benzy l  r a d i c a l  i s  c o n j u g a t i v e l y  

s t a b i l i z e d l  and i s  l e s s  r e a c t i v e  than  phenyl r a d i c a l .  

molecular  oxygen i s  endothermic,  whereas the  Corresponding phenyl r e a c t i o n  i s  

ve ry  exothermic.  

and mo lecu la r  r a t e ,  i s  one of t h e  most i m p o r t a n t  r e a c t i o n s  i n  benzene 

o x i d a t i o n ,  whereas t h e  benzyl-oxygen r e a c t i o n  has v e r y  1 i t t l e  e f f e c t  on to luene  

o x i d a t i o n .  Because benzy l  i s  a r e l a t i v e l y  s t a b l e  r a d i c a l ,  i t s  r e a c t i o n s  w i t h  

o t h e r  r a d i c a l s ,  p r i m a r i l y  hyd roperoxy l ,  a r e  i t s  i m p o r t a n t  ones in t h e  o x i d a t i o n  

o f  to luene .  

The benzy l -molecular  oxygen r e a c t i o n  was found to  

Th is  c o n t r a s t s  w i t h  t h e  dominant 

The benzyl  r e a c t i o n  w i t h  

The l a t t e r  r e a c t i o n ,  w i t h  i t s  much h i g h e r  r a t e  c o e f f i c i e n t  

A r a t e  c o e f f i c i e n t  exp ress ion  for  t h e  to luene-molecular  oxygen r e a c t i o n  

was found which p r e d i c t e d  t h e  temperature dependence o f  i g n i t i o n  d e l a y  t imes a t  

h i g h  temperature (1300 t o  1600 K) and a l s o  matched t h e  v e r y  smal l  temperature 

r i s e  r e p o r t e d  for  t h e  t u r b u l e n t  r e a c t o r  a t  1180 K. The r e s u l t s  o f  t h i s  s tudy 

have g i v e n  a to luene  o x i d a t i o n  mechanism t h a t  can be used for  i g n i t i o n  and 

combustion model ing i n  p r a c t i c a l ,  wel l -mixed combustion systems. 
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b e r  
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7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

- 

TABLE I. - TOULENE OXIDATION MECHANISM 

A 
CGS u n i t s a  

3 . 3 0 ~  1 O1 

4 . 4 5 ~ 1  O1 

8.91 x1012 

4.  OOx 1013 

1 . 2 0 ~ 1 0 1 4  

2.51 xlO1 

4 . 3 7 ~  1 0-4 

4 . 3 7 ~ 1  0-4 

1 .OOX10’6 

1 .OOX10’6 

1 .78x1Ol4 

4 . 3 7 ~  

2 .  oox 1017 

2 . 2 0 ~ 1 0 1 3  

1 . 2 0 ~ 1 0 1 3  

1 . 0 0 ~ 1 0 1 3  

1 .00~1017  

6 . 9 2 ~ 1  O1 

3. OOx 1 O1 2 

6 . 3 0 ~ 1  O1 

3 . 6 0 ~ 1 0 ~  

1 .OOX1012 

1 .OOX1016 

n E 
c a l  /mol 

38 000 

72 600 

72 600 

5 120 

8 220 

16 000 

8 300 

12 300 

82 000 

83 000 

84  800 

12 300 

65 000 

1 4  500 

3 800 

3 000 

- - - - - - - 

43 000 

5 000 

- - - -- - - 

- - - - - - - 
- - - - - - - 

82 000 

Reference 

aparameters i n  t h e  exp ress ion  k = ATn exp(-E/RT). 

1 4  



TABLE I .  - Concluded 

w 

- 
Num- 
ber  

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

- 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 
- 

" 

A 
CGS u n i t s  

i . 0 0 ~ 1 0 1 4  

4 . 0 0 ~ 1 0 ~  

1 . oox 1012 

5 .OOx 1 O1 

5 . O O X ~ O ~ ~  

1 . 0 0 ~ 1 0 1 4  

4 .OOx101 

6 .31~1013 

5 . 0 0 ~ 1 0 ~ 5  

2 . 5 0 ~ 1 0 1 ~  

2 . 7 8 ~  io1  3 

2 . 1 3 ~ 1 0 1 3  

3.31 x 1051 

2.51 ~ 1 0 1 1  

4 . 5 0 ~ 1  012 

1 .58~1015 

6 .OOx1 O1 3 

5 . 0 0 ~ 1 0 ~  

a. 00x1 012 

2.00x1011 

7.59~10~3 

2 .OOX1012 

1 .40~1013 

1 .66x1Ol4 " 

" 

E 
ca l  /mol 

- - - - -_- 

5 000 

- - - - - - - 

35 000 

5 000 

5 000 

29 400 

60 000 

l o a  ooo 

16 000 

4 910 

4 580 

63 000 

43 900 

15 000 

a2 ooo 
aa ooo 

10 000 

5 000 

10 000 

15 000 

20 000 

32 900 

16 400 

Reference 
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- 
Num- 
b e r  

- 
1 

2 

3 

4 

5 

15 

16 

17 

18 

20 

21 

23 

29 

38 

45 

47 
- 

TABLE 11. - PRESSURE S E N S I T I V I T Y  COEFFICIENTS FOR SHOCK I G N I T I O N  OF 
TOLUENE-OXYGEN-ARGON MIXTURES 

R e a c t i o n  N o r m a l  i z e d  p r e s s u r e  s e n s i  t i  v i  t y  c o e f f i c i e n t ,  
A / P  ( a p i a A )  

'p = 0.331, T = 1334 K 

0.02506 

-0.00258 

-0.00282 

-0.00461 

-0.00396 

-0.00959 

-0.00762 

0.00842 

0.00005 

-0.00107 

0.01733 

0.00209 

0.00601 

0.00734 

0.01251 

0.01 057 

'p = 1.0,  T = 1535 K 

0.02423 

-0.00056 

0.00068 

-0.0039 1 

-0.00763 

-0.00659 

-0.00493 

0.00732 

0.00009 

0.00013 

0.02058 

0.00402 

0.001 06 

0.00974 

0.00869 

0.01286 
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TABLE I I I ( a ) .  - S E N S I T I V I T Y  COEFFIC IENTS OF FOUR SPECIES I N  A TURBULENT FLOW 
REACTOR A T  EQUIVALENCE R A T I O  0.63 

[Temperature = 1180 K; r e a c t i o n  t ime = 55 msec.1 

Num- 
be r 

1 

2 

3 

4 

5 

15 

16 

17 

18 

20 

21 

23 

25 

29 

35 

38 

45 

47 
- 

React ion  Normal ized s e n s i t i v i t y  c o e f f i c i e n t  o f  
species c o n c e n t r a t i o n  c 

AIC (ac iaA)  

To1 uene 

-0.21 43 

0.0416 

0.0129 

0.0342 

-0.0082 

-0.0101 

-0.0366 

-0.001 6 

-0.0002 

0.0016 

-0.1438 

-0.001 6 

0.0091 

-0.068 1 

-0.01 31 

-0.0238 

-0.0253 

-0.0562 

Creso ls  

0.4324 

0.2706 

-0.0507 

-0.2437 

-0.4349 

0.3538 

-0.2223 

-0.2145 

0.001 1 

0.0183 

0.1514 

0.0543 

-0.1617 

0.2788 

0.1782 

0.1207 

0.1377 

0.3721 

Phenol 

0.4815 

-0.2041 

-0.0574 

-0.4312 

0.5212 

-0.1150 

-0.0858 

0.1175 

0.0008 

0.0354 

0.3644 

0.0906 

0.1740 

0.0959 

0.1280 

0.1272 

0.2049 

-0.0152 

Benzene 

0.1362 

-0.3026 

-0.0255 

0.7074 

-0.1585 

-0.1512 

0.1251 

0.1552 

0.0005 

0.0379 

0.2152 

0.0755 

-0.0231 

-0.0876 

-0.371 2 

0.0069 

0.0719 

-0.1576 
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TABLE I I I ( b ) .  - S E N S I T I V I T Y  COEFFIC IENTS OF FOUR SPECIES I N  A TURBULENT FLOW 

REACTOR A T  EQUIVALENCE R A T I O  0.63 

[Temperature = 1180 K; r e a c t i o n  t ime = 55 msec.1 

Num- 
ber  

1 

2 

3 

4 

5 

15 

16 

17 

18 

20 

21 

23 

25  

29 

35 

38 

45 

47 

React ion Normalized s e n s i t i v i t y  c o e f f i c i e n t  o f  
spec ies c o n c e n t r a t i o n  c 

A / C  ( a c / a A )  

Benzal- 
dehyde 

0.4180 

-0.0890 

-0.0141 

-0.0752 

0.0230 

-0.2460 

0.0769 

0.2867 

0.0009 

-0.0212 

0.8072 

-0.0792 

-0.0144 

-0.3922 

0.0397 

0.0324 

0.0457 

0.1125 

~ C a r b o n -  
monox i de 

0.6536 

0.1193 

-0.0564 

-0.2625 

-0.027 1 

-0.1817 

-0.1 558 

0.1470 

0.0006 

0.0136 

0.3246 

0.0778 

-0.0234 

0.3123 

0.1488 

0.1268 

0.2177 

0.0804 

Benzyl 
a1 coho1 

0.6280 

-0.0686 

-0.0074 

-0.1130 

-0.0010 

-0.0761 

-0.4884 

0.0461 

0.0002 

0.5145 

0.3505 

-0.01 02 

-0.0138 

0.2812 

-0.047 3 

0.0215 

0.0658 

0.1464 

B i  benzyl 

0.1349 

-0.3255 

0.0252 

0.1202 

0.1926 

0.1424 

0.4777 

-0.1727 

-0.0007 

-0.1224 

-0.01 63 

-0.0744 

0.0212 

0.1544 

-0.1053 

-0.0500 

-0.0767 

0.0278 
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T A B L E  V .  - COMPARISON OF COMPUTED AND E X P E R I M E N T A L  A C T I V A T I O N  

E N E R G I E S  FOR TOLUENE-OXYGEN-ARGON I G N I T I O N  DELAY T I M E S  

M i x t u r e -  A c t i v a t i o n  e n e r g y ,  c a l / m o l  
d e s c r  i p t  1 UII 

E x p e r i m e n t a l  C o m p u t e d  

NO. 1:  'p = 0.331 61 8 5 0  43010 
P z 2 a t m  

NO. 2 :  'p = 1.0,  95% Ar 61 7 7 0  53210 
P B 2 a t m  

N o .  3 :  'p = 1 . 0 ,  95% A r  38790 46940 
P z 6 a t m  

P g 2 atm 
NO. 4 :  'p = 1 . 0 ,  85% A r  53260 41 0 2 0  

P e r c e n t  
d i f f e r e n c e  

-30.4 

-13.9 

2 1  .o 

-23.0 

I -+- COMPUTED 
e EXPERIMENTAL. REF. 10 

y 1000 
Y) 
I 

600 

I- 400 
i2 
2 
d 
z 200 
E: 
L 

-e- COMPUTED 
EXPERIMENTAL. REF. 10 

b L I I I I  z 100 6.9 7.1 7.3 7.5 7.7 

10 000/T. K-' 

L 
1430 1390 1350 1315 

TEMPERATURE, K 

SUS RECIPROCAL OF TEMPERATURE FOR 

EQUIVALENCE RATIO = 0.331. I N I T I A L  

FIGURE 1. - IGNITION DELAY TIME VER- 

TOLUENE-OXYGEN-ARGON; MIXTURE 1, 

PRESSURE 3 2 ATM. 

2000 /- 

600 

z 200 
E: 
t. 

60 
6.0 6.4 6.8 7.2 - 

1610 1515 1430 
TEMPERATURE, K 

FIGURE 2. - IGNITION DELAY TIME VERSUS 
RECIPROCAL OF TEMPERATURE FOR TOLUENE- 
OXYGEN-ARGON; MIXTURE 2: EQUIVALENCE 
RATIO = 1.0, 95 PERCENT AR. I N I T I A L  
PRESSURE G 2 ATM. 



y lWF 
% 600 

L 
I? 

-+- COMPUTED 
EXPERIMENTAL, 

REF. 10 

I 
6.2 6.6 7.0 7.4 

10 000/T, K - l  - 
1610 1515 1430 1350 

TEMPERATURE. K 

FIGURE 3. - IGNITION DELAY T I E  VERSUS 
RECIPROCAL OF TEWERATURE FOR TOLUENE- 
OXYGEN-ARGON: MIXTURE 3: EQUIVALENCE 

PRESSURE = 6 ATM. 
RATIO = 1, 95 PERCENT AR. I N I T I A L  

C W U T E D  ---- I -  EXPERIRNTAL. REF. 10 

yu 2000 
v) a 

> 400- 
4 

E: 
k!i 200- 
r 

1 0 0 r  
r - J 6?.i 6.4 6.8 7.2 7.6 

10 000 1. K - l  

u 
1610 1515 1430 1350 

TEMPERATURE. K 

FIGURE 5. - IGNITION DELAY TINE VESUS 
RECIPROCAL OF TEMPERATURE FOR TOLUENE- 
OXYGEN-ARGON: EFFECT OF ARGON DILUTION 
FOR EQUIVALENCE RATIO = 1.0: MIXTURE 
2, 95 PERCENT AR: MIXTURE 4, 85 PER- 
CENT AR: I N I T I A L  PRESSURE = 2 ATM. 

-+- COMPUTED 
2 0 0 0 1  EXPERIMENTAL. REF. 10 

10 000/T, K - l  - 
1515 1430 1350 

TEWERATURE, K 

FIGURE 4. - IGNITION DELAY TIHE VERSUS 
RECIPROCAL OF TEWERATURE FOR TOLUENE- 
OXYGEN-ARGON: MIXTURE 4: EQUIVALENCE 

PRESSURE = 2 ATM. 
RATIO = 1.0, 85 PERCENT AR I N I T I A L  

EXPERINENTAL. REF. 10 
u 2000- 
Y v) 

1 MIXTURE 2 

4 

E: t 100 

% 60 

8 200 
r 

L - - I 
6.0 6.4 6.8 7.2 7.6 

i o  000 T / K - ~  

1610 1515 1430 1350 
TEMPERATURE. K 

FIGURE 6. - IGNITION DELAY TINE VERSUS 
RECIPROCAL OF TEMPERATURE FOR TOLUENE- 
OXYGEN-ARGON: EFFECT OF I N I T I A L  REAC- 
TANT M L A R  CONCENTRATION: EQUIVALENCE 
RATIO = 1.0. MIXTURE 2: 95 PERCENT 
AR: I N I T I A L  PRESSURE= 2 ATM. MIXTURE 
3: 95 PERCENT AR: I N I T I A L  PRESSURE 
P 6 ATM. 
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FIGURE 7. - TOLUENE VERSUS TIME PROFILES 
FOR TOLUENE-OXYGEN REACTION I N  NITRO- 
GEN. p = 1 ATM. T = 1180 K .  

C W U T E D  

EXPERIENTAL, REF. 3 
m 

TINE. MSEC 

FIGURE 8. - CRESOLS VERSUS TIME PROFILES 
FOR TOLUENE-OXYGEN REACTION I N  NITRO- 
GEN. p = 1 ATM, T = 1180 K .  

C W U T E D  

- EXPERIENTAL. REF. 3 
X 
L 

0 40 80 120 160 
TIME, MSEC 

FIGURE 9. - PHENOL VERSUS TIME PROFILES 
FOR TOLUENE-OXYGEN REACTION I N  NITRO- 
GEN. p = 1 ATM, T = 1180 K .  

---- 
EXPERIMENTAL. REF. 3 

3 c II I'"'""" 
8 1 -  
W r W 

0 40 80 120 160 
T I E ,  MSEC 

FIGURE 10. - BENZENE VERSUS TIME PROFILES 
FOR TOLUENE-OXYGEN REACTION I N  NITRO- 
GEN. p = 1 ATM. T = 1180 K .  
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TIME. MSEC 

FIGURE 11. - BENZALDEHYDE VERSUS TINE 
PROFILES FOR TOLUENE-OXYGEN REACTION 
I N  NITROGEN. p = 1 ATH, T = 1180 K .  

0 40 80 
TINE. MSEC 

FIGURE 13. - BENZYL ALCOHOL VERSUS T I E  
PROFILES FOR TOLUENE-OXYGEN REACTION 
I N  NITROGEN. D = 1 ATM, T = 1180 K.  

J 
EXPERIMENTAL, REF. 3 

E: 24 
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H 
V 

0 40 80 120 160 
TIME, MSEC 

FIGURE 12. - CARBON RONOXIDE VERSUS TINE 
PROFILES FOR TOLUENE-OXYGEN REACTION 
I N  NITROGEN, P = 1 ATM. T = 1180 K .  

0 40 80 120 160  
TIME. MSEC 

FIGURE 14. - BIBENZYL VERSUS TIME PRO- 
FILES FOR TOLUENE-OXYGEN REACTION I N  
NITROGEN. D = 1 A m .  T = 1180 K.  
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