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INTRODUCTION: 

The most important  parameter  in r e p r e s e n t i n g  energy feedback t o  a p a r t i c l e  
du r ing  cha r  combustion concerns t h e  o x i d a t i o n  of CO t o  COz. I f  s u b s t a n t i a l  oxida-  
t i o n  of CO occur s  nea r  a p a r t i c l e ,  then t h e  g r e a t e r  hea t  of combustion f o r  t h e  
complete o x i d a t i o n  o f  carhon t o  Cog (94 .1  kcal /mole VS. 26.4 kcal /mole f o r  oxida-  
t i o n  t o  CO) is a v a i l a b l e  f o r  energy feedback mechanisms. "Energy feedback" is h e r e  
de f ined  as any s i t u a t i o n  in which a n  i n d i v i d u a l  p a r t i c l e  r e c i e v e s  a s i g n i f i c a n t  
f r a c t i o n  of i t s  h e a t  of combustion d i r e c t l y ,  through t h e  l o c a l i z e d  o x i d a t i o n  of 
emi t t ed  combust ible  s p e c i e s ,  i . e .  CO. Conversly,  i f  t h e  o x i d a t i o n  of CO does  n o t  
occur  n e a r  a p a r t i c l e ,  t hen  energy feedback w i l l  on ly  occur  i n d i r e c t l y ,  through 
h e a t i n g  of t h e  bulk gas .  The primary r e a c t i o n  product  a t  t h e  p a r t i c l e  s u r f a c e  
d u r i n g  cha r  combustion is g e n e r a l l y  cons ide red  t o  be CO, and t h e  l o c a t i o n  of t h e  
subsequent  CO o x i d a t i o n  zone p l ays  a ve ry  impor t an t  r o l e  in de te rmin ing  t h e  p a r t i -  
c l e  temperature .  Ayling and Smith ( 1 )  performed expe r imen ta l  and modeling work 
which i n d i c a t e s  t h a t  CO o x i d a t i o n  is not  of major importance under t h e  c o n d i t i o n s  
t h e y  i n v e s t i g a t e d ,  a l though  they noted a need f o r  improved accuracy  in measuring 
c h a r  r e a c t i v i t i e s ,  as we l l  as f o r  b e t t e r  modeling of t h e  g a s  phase CO o x i d a t i o n  
k i n e t i c s .  The modeling work p resen ted  in t h i s  paper  a t t empt s  t o  develop an 
improved unde r s t and ing  of t h e  boundary l a y e r  o x i d a t i o n  of CO through t h e  u s e  of a 
comprehensive s e t  of k i n e t i c s  expres s ions .  It  is hoped t h a t  t h e  use  of a funda- 
mental  set o f  k i n e t i c s  e x p r e s s i o n s  w i l l  more a c c u r a t e l y  r e p r e s e n t  t h e  t r a n s c i e n t  
c o n d i t i o n s  occur ing  around an o x i d i z i n g  c h a r  p a r t i c l e ,  when compared t o  t h e  use of 
g l o b a l  k i n e t i c s  e x p r e s s i o n s .  The t r a n s p o r t  and energy e q u a t i o n s  are s o l v e d ,  gener- 
a t i n g  both s p e c i e s  and t empera tu re  p r o f i l e s  su r round ing  a s i n g l e  p a r t i c l e .  

MODEL DEVELOPMENT: 

The CO o x i d a t i o n  model developed a t  S t an fo rd  c u r r e n t l y  employs a number of 
assumptions,  which a r e  l i s t e d  i n  Table  I .  One c r i t i c a l  assumption used i s  t h e  
r e s t r i c t i o n  t h a t  t h e  on ly  mass f l u x e s  a t  t h e  p a r t i c l e  s u r f a c e  a r e  CO and 02. The 
s p e c i e s  mass t r a n s p o r t  e q u a t i o n  used assume convec t ive  and d i f f u s i v e  t r a n s p o r t  
on ly ,  w i th  sou rce  terms c a l c u l a t e d  from t h e  k i n e t i c s  expres s ions .  The gas  phase 
r e a c t i o n s  are  modeled through t h e  u s e  of a subse t  of a s e t  of e x p r e s s i o n s  deve l -  
oped by Westbrook, et a1 (2 )  t o  s t u d y  t h e  p y r o l y s i s  and o x i d a t i o n  of e thy lene .  
This  subse t  is l i s t e d  in Table 2.  The s u c c e s s  of t h i s  model i n  p r e d i c t i n g  t h e  
p r o p e r t i e s  of a l amina r  e t h y l e n e  flame s u g g e s t s  t h a t  i t  is a l s o  v a l i d  f o r  t h e  more 
s imple  f u e l s  con ta ined  as s u b s e t s  ( i . e .  CO ). 

The b a s i c  equa t ion  f o r  mass t r a n s p o r t  i n  t h e  p a r t i c l e  boundary l a y e r  i s  
below. 

Convect ion Dif fus ion  Source 
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where 
Pi = 

P =  
6.. = 

a =  

Di = 

C 

bi = 

Mass f r a c t i o n  of s p e c i e s  i 

D e n s i t y  of l o c a l  g a s  mix tu re ,  gmfcm 

Carbon flux a t  p a r t i c l e  s u r f a c e .  g m f c m  f s e c  

P a r t i c l e  r a d i u s ,  c m  

D i f f u s i o n  c o e f f i c i e n t  f o r  s p e c i e s  i, cm f s e c  

Source term f o r  s p e c i e s  i (from k i n e t i c s ) ,  gm/cm f s e c  
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2 

2 
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Equat ion 1 i s  non-dimensional ized through t h e  use of t h e  pa rame te r s  below. 

y = a f r  Non-dimensional c o o r d i n a t e  
(PI /P)  

Non-dimensional mass f r a c t i o n  x i =  7q7iTm 
Bi = (pi/p),pDi/(aic) Non-dimensional d i f f u s i o n  c o e f f i c i e n t  

si = abi /  ( y  6:) Non-dimensional s o u r c e  term 4 

The r e s u l t i n g  form f o r  t h e  t r a n s p o r t  equa t ion  is: 

In equa t ion  2a, t h e  term Fi r e p r e s e n t s  a non-dimensional f l u x ,  f o r  s p e c i e s  1. The 
two equa t ions  above a r e  s o l v e d ,  w i t h  t h e  boundary c o n d i t i o n s  being:  

3 ( y = 1 )  = 1 

Fi(y=I) = 0 excep t  f o r :  Fco(y=l) = 28/12 

Fo ( y = l )  = -16f12 
2 

For i = C0,C02,02,Ar,H20,0,H,0H,H2 

The mas8 t r a n s p o r t  e q u a t i o n s  i n  t h e  boundary l a y e r  a r e  so lved  a l o n g  wi th  a s i m p l e  
f o r m  of t h e  energy e q u a t i o n ,  which is s i m i l a r  t o  t h e  t r a n s p o r t  equa t ion  used. 

where Conduction Convect ion Source 

Kg = The ave rage  hulk thermal  c o n d u c t i v i t y ,  ergfcm s e c  K 

C = The ave rage  bulk h e a t  c a p a c i t y ,  ergfgm K g 

As wi th  t h e  s p e c i e s  t r a n s p o r t  equa t ion ,  t h i s  e q u a t i o n  is  t ransformed i n t o  non- 
dimensional  c o o r d i n a t e s .  
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The s o l u t i o n  procedure u t i l i z e d  t o  s o l v e  t h e  mass and energy t r a n s p o r t  e q u a t i o n s  
is  o u t l i n e d  i n  Table  3. The s o l u t i o n  i s  f i r s t  broken down i n t o  two components. The 
f i rs t  wrt ,  xi 1 ( y )  r e p r e s e n t s  t h e  s o l u t i o n  t o  t h e  homogenous p o r t i o n  of equa t ions  
2a and 2b. 1.e: wi th  no g a s  phase r e a c t i o n s  occur ing  (S, = 0). In 
homogeneous s o l u t i o n  t a k e s  a- p a r t i c u l a r l y  s imple  analytical form. 

t h i s  c a s e  t h e  

5) 

The complete s o l u t i o n  i s  then  r ep resen ted  as t h e  sum of t h i s  homogeneous term and 
an inhomogeneous term, x l ( y ) .  The boundary c o n d i t i o n s  on t h i s  inhomogeneous term 
now become p a r t i c u l a r l y  s imple ,  be ing  x i ( y = l )  = 0 . One n i c e  f e a t u r e  of t h i s  s o l u -  
t i o n  technique i s  t h a t  i t  a l lows  t h e  g e n e r a l  c h a r a c t e r  o f  t h e  s o l u t i o n  t o  be c a l -  
c u l a t e d  immediately ( t h e  homogeneous s o l u t i o n )  , whi le  t h e  more d i f f i c u l t  inhomog- 
eneous po r t ion  can be d e a l t  w i t h  s e p e r a t e l y .  The inhomogeneous p o r t i o n  r e p r e s e n t s  
a ve ry  s t i f f  e q u a t i o n ,  and  n r e l a x a t i o n  t echn ique  is a p p l i e d  to  r each  a s o l u t i o n .  
The s p e c i e s  and ene rgy  e q u a t i o n s  are so lved  i n  s e r i e s ,  as i n d i c a t e d  i n  Tab le  3 ,  
and t h i s  procedure is  r epea ted  u n t i l  a d e s i r e d  convergence c r i t e r i o n  has  been 
achieved.  

MODEL RESULTS: 

The inpu t  pa rame te r s  r equ i r ed  f o r  t h i s  model, and t h e  t y p i c a l  "base case"  
va lues  used,  a r e  l i s t e d  i n  Tab le  4. The v a l u e s  f o r  t h e  base case  have been chosen 
t o  match c o n d i t i o n s  measured e x p e r i m e n t a l l y  i n  t h e  S tan fo rd  flow-tube r e a c t o r ,  i n  
which t h e  independent  v a r i a t i o n  of many of t h e  impor t an t  r e a c t i o n  pa rame te r s  i s  
p o s s i b l e ,  i n  p a r t i c u l a r  t h e  bulk gas  t empera tu re ,  t h e  oxygen c o n c e n t r a t i o n ,  and 
t h e  p a r t i c l e  s i z e .  For t h e  c u r r e n t  modeling r e s u l t s  t h e  i n p u t  pa rame te r s  have been 
independen t ly  v a r i e d  around t h e  s i n g l e  base case  determined from t h e  flow-tube 
r e a c t o r ,  without  a t t e m p t i n g  t o  r e p r e s e n t  t h e  in t e rdependenc ie s  of t h e  pa rame te r s .  
The base  case  v a l u e  f o r  t h e  c h a r  r e a c t i v i t y  a t  1800K of 0.03 gm carbon/cm2/sec 
ag rees  ve ry  we l l  w i t h  t y p i c a l  v a l u e s  measured f o r  c h a r  r e a c t i v i t i e s  (Smith ( 3 ) ) .  
a l though  t h e  f r e e  stream s p e c i e s  c o n c e n t r a t i o n s  i n  t h e  S tan fo rd  flow-tube r e a c t o r  
can be s i g n i f i c a n t l y  d i f f e r e n t  t h a t  t h o s e  found i n  t y p i c a l  pu lve r i zed  c o a l  combus- 
t i o n  a p p l i c a t i o n s .  The importance of t h i s  w i l l  be d i s c u s s e d  l a t e r .  

F igu re  1. The lower cu rve  is t h e  s o l u t i o n  wi th  no g a s  phase r e a c t i o n s ,  w h i l e  t h e  
upper curve shows t h e  e f f e c t  of CO o x i d a t i o n  i n  t h e  boundary l a y e r .  The c a s e  
chosen is  one i n  which t h e  g r e a t e s t  e f f e c t  of boundary l a y e r  CO o x i d a t i o n  w a s  
observed.  a l though  a l l  c a s e s  show s i m i l a r  p r o f i l e s .  In bo th  curves t h e  p a r t i c l e  
t empera tu re  is s u b s t a n t i a l l y  above t h e  bulk g a s  t empera tu re  (by about  500K). w i th  
t h i s  temperature  ove r shoo t  i n c r e a s e d  by .abou t  60K when g a s  phase CO o x i d a t i o n  w a s  
i nc luded .  F igu re  1 i n d i c a t e s  t h a t  one way t o  r e p r e s e n t  t h e  e f f e c t  of CO o x i d a t i o n  
on t h e  p a r t i c l e  t empera tu re  would be t o  look a t  t h e  i n c r e a s e  i n  t h e  p a r t i c l e  s u r -  
f a c e  temperature  ove r  t h a t  w t t h  no g a s  phase CO o x i d a t i o n .  This  parameter  has  been 
c a l c u l a t e d  wh i l e  p a r a m e t r i c a l l y  v a r y i n g  t h e  v a r i a b l e s  l i s t e d  i n  Table  4 ,  and t h e  
r e s u l t s  a r e  d i scussed  below. 

A t y p i c a l  t empera tu re  p r o f i l e  i n  t h e  p a r t i c l e  boundary l a y e r  i s  p resen ted  i n  

The dependence of t h e  bulk gas  oxygen c o n c e n t r a t i o n  is seen i n  F igu re  2. The 
dependence i s  a r easonab ly  s t r o n g  one,  a l though  f o r  t h e  c o n d i t i o n s  s t u d i e d  t h e  
t empera tu re  i n c r e a s e  due t o  CO o x i d a t i o n  i n  t h e  boundary l a y e r  i s  f a i r l y  l o w .  Thus 
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t h e  energy feedback due  t o  CO o x i d a t i o n ,  while  not n e g l i g i b l e ,  is not  cons ide red  
t o  be a dominant mrclinnism under these  c o n d i t i o n s .  It i s  important  t o  n o t e  t h a t  
a l though  t h e  base c a s e  chosen i n d i c a t e s  l i t t l e  CO o x i d a t i o n  in t h e  boundary l a y e r ,  
t h e  t r e n d s  observed w i l l  g iven  t h e  r e l a t i v e  importance of t h e  v a r i o u s  pa rame te r s  
s t u d i e d .  

The dependence on t h e  bulk gas water c o n c e n t r a t i o n  is seen  in Figure  3. This 
parameter  is impor t an t  due t o  t h e  l i m i t i n g  gas  phase r e a c t i o n  CO + OH + C02 + H . 
A t  low c o n c e n t r a t i o n s  t h e r e  i s  a s t r o n g  dependence of t h e  t empera tu re  i n c r e a s e  due 
t o  CO o x i d a t i o n  in t h e  boundary l a y e r  on t h e  bu lk  g a s  water c o n c e n t r a t i o n ,  and 
t h i s  dependence t a i l s  o f f  a t  h i g h e r  c o n c e n t r a t i o n s .  One r eason  t h a t  t h e  temper- 
a t u r e  i n c r e a s e  i s  r e i a t i v e i y  iow f o r  t h e  base case cons ide red  in t h e  c u r r e n t  s t u d y  
i s  t h a t  t h e  wa te r  c o n c e n t r a t i o n s  p r e s e n t  in t h e  S tan fo rd  r e a c t o r  a r e  r e l a t i v e l y  
low. The on ly  sou rce  o f  wa te r  in t he  S tan fo rd  flow-tube r e a c t o r  is t h e  moi s tu re  
and hydrogen p r e s e n t  In t h e  c o a l  fed i n t o  t h e  r e a c t o r ,  and t h e  r e l a t i v e l y  low 
p a r t i c l e  c o n c e n t r a t i o n s  p re sen t  ( < 10 par t i c l e s / cm’  ) r e s u l t s  in low wa te r  
c o n c e n t r a t i o n s .  F u t u r e  work w i l l  c o n s i d e r  c o n d i t i o n s  in which t h e  water 
c o n c e n t r a t i o n s  a r e  a t  h i g h e r  v a l u e s ,  s i n c e  t h i s  l ooks  l i k e  a c r u c i a l  parameter  in 
s t u d y i n g  g a s  phase CO o x i d a t i o n ,  and many pu lve r i zed  c o a l  combustion environments  
i n v o l v e  wa te r  c o n c e n t r a t i o n s  s u h s t a n t i a l l y  above t h o s e  s e e n  in t h e  S tan fo rd  flow- 
t u b e  r e a c t o r .  

The dependence o f  t h e  t empera tu re  i n c r e a s e  on t h e  cha r  r e a c t i v i t y  i s  seen  in 
F i g u r e  4. The t empera tu re  i n c r e a s e  is a r e l a t i v e l y  s t r o n g  f u n c t i o n  o f  t h e  c h a r  
r e a c t i v i t y ,  but  e v e n t u a l l y  becomes l e s s  important .  This l e v e l i n g  o f f  of t h e  curve 
i s  t h e  r e s u l t  of twn competlnl! p rocesses .  An t h e  c h a r  r e a c t i v i t y  is  i n c r e a s e d ,  t h e  
amount of CO p r e s e n t  in t h e  p a r t i c l e  boundary l a y e r  i n c r e a s e s .  which i n c r e a s e s  t h e  
ene rgy  r e l e a s e  due t o  CO o x i d a t i o n  n e a r  t h e  p a r t i c l e .  A competing e f f e c t  w i th  t h i s  
is t h e  r e s u l t i n g  i n c r e a s e  of t h e  convec t ive  term i n  t h e  h e a t  t r a n s f e r  equa t ion ,  
which t ends  t o  r educe  t h e  feedback of energy r e l e a s e d  in t h e  boundary l a y e r  back 
t o  t h e  p a r t i c l e  a s  t h e  c h a r  r e a c t i v i t y  i n c r e a s e s .  The n e t  e f f e c t  of t h e s e  two 
p r o c e s s e s  is t h e  l e v e l i n g  o f f  t h e  t h e  cu rve  seen  in Figure  4. 

The dependence on t h e  p a r t i c l e  r a d i u s  is s e e n  in Figure  5 .  It is impor t an t  t o  
n o t e  t h a t  t h e  cha r  r e a c t i v i t y  has  been h e l d  c o n s t a n t  i n  t h i s  pa rame t r i c  run ,  wh i l e  
in r e a l i t y  t h e  c h a r  r e a c t i v i t y  is a s t r o n g  f u n c t i o n  of t h e  p a r t i c l e  r a d i u s ,  and 
t h i s  must be t a k e n  into c o n s i d e r a t i o n  i n  o r d e r  t o  b e t t e r  r e p r e s e n t  t h e  t r u e  e f f e c t  
o f  t h e  particle r a d i u s .  For a f i x e d  r e a c t i v i t y ,  however, t h e  t empera tu re  i n c r e a s e  
due  t o  CO o x i d a t i o n  is a s t r o n g  f u n c t i o n  of t h e  p a r t i c l e  r a d i u s ,  a q u a d r a t i c  type 
of dependence. Th i s  is due p r i m a r i l y  t o  t h e  i n c r e a s e d  h e a t  t r a n s f e r  from a s m a l l e r  
pa‘ t i d e  t o  t h e  s u r r o u n d i n g s ,  which t ends  t o  l e s s e n  t h e  e f f e c t  of boundary l a y e r  
C O i x i d a t i o n .  The a c t u a l  e f f e c t  o f  p a r t i c l e  s i z e  is some combination of t h i s  
e f f e c t  w i th  t h e  s t r o n g  i n c r e a s e  in t h e  p a r t i c l e  r e a c t i v i t y  a s  t h e  r a d i u s  is 
decreased.  These two e f f e c t s  r e s u l t  in opposing t r e n d s ,  s o  t h e  n e t  e f f e c t  of t h e  
p a r t i c l e  r a d i u s  is not c l e a r  a t  t h i s  p o i n t .  

The dependence on t h e  bulk g a s  t empera tu re  i s  seen  i n  F igu re  6. Again t h e r e  
i s  an  in t e rdependence  between t h i s  parameter  and t h e  c h a r  r e a c t i v i t y ,  a ve ry  s tong  
i n f l u e n c e  u i c h  is n o t  r e p r e s e n t e d  in t h e  c u r r e n t  modeling work. As expec ted ,  t h e  

t i o n  Of  t h e  bulk g a s  t empera tu re .  A t empera tu re  i n c r e a s e  of about  60K i s  seen  at  a 
b u l k  gas  t empera tu re  o f  2000K. When t h e  accompanying e f f e c t  of t h e  c h a r  r e a c t i v i t y  
dependence on t he  t empera tu re  is inc luded ,  an even s t r o n g e r  dependence of t h e  
t empera tu re  i n c r q a s e  d u e  t o  CO o x i d a t i o n  is expected.  

e f f e c t  of C 6 o x i d a t i o n  in t h e  houndary l a y e r  is a ve ry  s t r o n g  ( e x p o n e n t i a l )  func- 
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CONCLUSIONS: 

I 

For t h e  c o n d i t i o n s  s t u d i e d .  t h e  e f f e c t  of CO o x i d a t i o n  i n  t h e  houndary 
l a y e r  du r ing  c h a r  combustion does  n o t  appea r  t o  be o f  major importance.  
It i s  impor t an t  t o  n o t e  t h a t  t h e  model i n p u t  parameters  s t u d i e d  were 
designed t o  s i m u l a t e  c o n d i t i o n s  p r e s e n t  i n  t h e  Stanford flow-tube r eac -  
t o r ,  and t h a t  t h e  importance of boundary l a y e r  CO o x i d a t i o n s  i n  t y p i c a l  
pu lve r i zed  c o a l  combustion environments  has  n o t  y e t  been s t u d i e d  wi th  
t h i s  model. 

The i n t e r d e p e n d e n c i e s  between t h e  model i n p u t  parameters  need to be 
modeled i n  o r d e r  t o  b e t t e r  r e p r e s e n t  t h e  a c t u a l  p rocesses  occur ing  d u r i n g  
CO ox ida t ion .  I n  p a r t i c u l a r ,  t h e  parameters  which i n d i c a t e s  t h e  p o s s i b i l -  
i t y  of  a s t r o n g  s y n e r g i s t i c  i n t e r a c t i o n  a r e  t h e  water c o n c e n t r a t i o n ,  
oxygen c o n c e n t r a t i o n ,  and /o r  t h e  bulk g a s  t empera tu re  w i t h  t h e  c h a r  reac- 
t i v i t y .  

The model r e s u l t s  i n d i c a t e  t h e  r e l a t i v e  importance of t h e  v a r i o u s  
parameters .  The wa te r  c o n c e n t r a t i o n  i s  cons ide red  t o  be a c r u c i a l  para-  
meter f o r  t w o  r easons .  F i r s t ,  i t  has  a s t r o n g  i n f l u e u c e  on OH concentra-  
t i o n  i n  t h e  p a r t i c l e  houndary l a y e r ,  which i n  t u r n  p l a y s  a dominant r o l e  
i n  t h e  o x i d a t i o n  k i n e t i c s  of CO. Secondly,  many pu lve r i zed  c o a l  combus- 
t i o n  environments  a r e  expec ted  t o  have s u b s t a n t i a l l y  h i g h e r  wa te r  concen- 
trations than t h a t  chosen f o r  t h e  base case  c o n d i t i o n  used wi th  t h i s  
model. Other  pa rame te r s  which appea r  t o  be v e r y  important  a r e  t h e  bu lk  
gas  t empera tu re  and t h e  oxygen c o n c e n t r a t i o n ,  e s p e c i a l l y  when t h e i r  
i n f l u e n c e  on t h e  c h a r  r e a c t i v i t y  is t aken  i n t o  account .  
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TABLE 1. ASSUMPTIONS 

0 Steady State.  

0 Di f fus ive  and convective transport only. 

Constant par t i c l e  radius. 

0 Spherical symmetry. 

e Surface mas8 f l u x  is  given. 

0 

0 Quiescent atmosphere. 

0 Convective and Conductive gas phase heat transfer only. 

CO and O2 are the only surface f luxes .  

HOg and H 2 0 2  are unimportant a t  the temperatures studied. 

TABLE 2. REACTIONS CONSIDERED 

l . H  + 0 2  * 0 + O H  

2 . H 2 + O  * H + O H  

3.  H 2 0  + 0 * OH + OH 

4. H 2 0  + H * H2 + OH 

5 . H 2 0 + M  t H + O H + M  

6. O + H + H  * OH + M 

7 . 0 2  + M  * O + O + M  
8 . H 2  + M  * H + H + M  

9.  CO + OH t CO2 + H 

10. CO + 0 + M * CO2 + M 
11. co2 + 0 t co + o2 

6 r 



TABLE 3.  SOLUTION PROCEDURE 

I 

SOLVE FOR A "FIRST CUT" VERSION, x i , l ( y )  

with Fi = 0 except FCO = 2 8 / 1 2  , FO2 = -16/12 

NOW WRITE THE SOLUTION AS x i= X i , l+  XIi  

where xi s a t i s f i e s  the equation ..... 

w i t h  a l l  x;(y=O) = 0 

Use x ( y )  and the current temperature prof i le  to  ca lculate  

the terms S ( y )  and : '"(y) from the k inet ics  expressions.  
i 

i 

Integrate Si (y )  to  get a new Fi(y)  

SOLVE EQUATION 2 )  USING THIS F i ( y )  , 4th Order Runge-Kutta Routine Used 

THE SOLUTION I S  THE NEW VALUE FOR x;(y) 

SOLVE THE ENERGY EQUATION, GIVEN d " ' ( y )  (See next page) 

REPEAT UNTIL THE SYSTEM CONVERGES 
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TABLE 3. SOLUTION PROCEDURE (cont.) 

The E n e r g y  E q u a t i o n :  

G i v e n  a p a r t i c l e  t e m p e r a t u r e ,  t h e  t e m p e r a t u r e  g r a d i e n t  a t  t h e  

p a r t i c l e  s u r f a c e  [ - ( y = l )  ] is c a l c u l a t e d  f r o m  a n  e n e r g y  b a l a n c e .  
dT 
d y  

a o  4 am* '  a c o T  

iT T" 
= 2 ( f a c t o r )  - 2 + 

g g 
K 

dr ( y = l )  
g 

dY K 

f a c t o r  = e r g s  r e l e a s e d  p e r  g r a m  c a r b o n  o x i d i z e d  t o  CO 

0 = the  S t e f a n - B o l t z m a n  r a d i a t i o n  c o n s t a n t  

w h e r e  

E = e m i s s i v i t y  o f  t h e  c h a r  p a r t i c l e  ( t a k e n  as 0.9) 

e n  t h e s e  i n i t i a l  c o n d i t i o n s ,  E q u a t i o n  3 is s o l v e d  w i t h  a 
o r d e r  R u n g e - K u t t a  r o u t i n e ,  m a r c h i n g  f r o m  y = 1 t o  y = 0. 

The c a l c u l a t e d  v a l u e  T(y=O) is compared  w i t h  t h e  b u l k  g a s  t e m p e r a t u r e ,  and  
t h e  p r o c e d u r e  i s  r e p e a t e d  u n t i l  c o n v e r g e n c e  is o b t a i n e d .  ( S h o o t i n g  method) .  

TABLE 4. INPUT PARAMETERS 

fig = .01 ,.02 ,*, -04 ,.05 gm/cm2/sec  

Tg = 1600 , 1 7 0 0  ,1800 ,1900 ,2000 K 

a = 10 ,20 ,30 ,% ,50 , 6 0  m i c r o n s  

S p e c i e s  Mass F r a c t i o n s  a t  i n f i n i t y :  

02 = - 0 0 4 0  ,a0820 ,0.124 ,0.167 ,0.211 

H20 =I 

CO2 0.0056 

0 .00046 ,0.0023 ,0 .0046 ,0.0116 ,0 .0236 

C 0 , 0 , H , 0 H , H 2  = C a l c u l a t e d  f rom c h e m i c a l  e q u i l i b r i u m .  

A r  = The b a l a n c e .  

NOTE: The u n d e r l i n e d  q u a n t i t i e s  r e p r e s e n t  t h e  " b a s e  case", 

m e a s u r e d  f r o m  e x p e r i m e n t a l  r e s u l t s  w i t h  t h e  S t a n f o r d  r e a c t o r .  
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DETERMINATION OF OVERALL KINETIC RATES AND 
OXYGEN REACTION ORDER FOR SARAN CHAR COMBUSTION 

B . J .  Waters, R.E. Mitchel l  , R.C. Squires  and N.M. Laurendeau 

Purdue Univers i ty ,  West Lafaye t te ,  I N  47907 
* - Sandia Nat ional  Labora tor ies ,  Livermore, CA 94550 

* 

In t roduct ion  

Recent work by Mi tche l l  and co-workers [1 ,2 ,3]  on a novel 
en t ra ined  flow r e a c t o r  has demonstrated the f e a s i b i l i t y  of e x t r a c t i n g  
k i n e t i c  r a t e  parameters  from the simultaneous measurement of the 
temperature ,  diameter  and v e l o c i t y  of ind iv idua l  coa l  p a r t i c l e s .  
These r a t e  parameters a r e  obtained by solving the conservat ion 
equat ions  f o r  a coa l  p a r t i c l e  a s  it burns i n  a laminar, coflowing gas 
stream. In t h i s  a n a l y s i s ,  assumptions m u s t  be made about the 
d e v o l a t i l i z a t i o n  processes  which occur during p a r t i c l e  heatup. 
S p e c i f i c a l l y ,  t h e  char  dens i ty ,  ash composition and heat  ga in  of the 
p a r t i c l e  due to  homogeneous combustion of v o l a t i l e s  become parameters 
i n  the r e a c t o r  model t h a t  depend on the parent  coa l .  

In  t h i s  work, t h e  en t ra ined  flow r e a c t o r  is used to  i n v e s t i g a t e  
t h e  combustion of Saran char ,  a very low ash ,  high sur face  a r e a ,  
amorphous carbon. The highly i r r e g u l a r  Saran char p a r t i c l e s  o f f e r  a 
c o a l  analog without  the complicating e f f e c t s  assoc ia ted  with 
d e v o l a t i l i z a t i o n  and c a t a l y t i c  impur i t ies .  We r e p o r t  o v e r a l l  p a r t i c l e  
burning r a t e s ,  apparent  r a t e  c o e f f i c i e n t s ,  and the apparent  reac t ion  
order  with r e s p e c t  to oxygen. 

Experimental Procedure 

The combustion of Saran char p a r t i c l e s  is followed i n  a 
t r a n s p a r e n t ,  r e c t a n g u l a r ,  en t ra ined  flow reac tor  which is descr ibed in 
d e t a i l  e lsewhere [4]. B r i e f l y ,  the p a r t i c l e s  a r e  en t ra ined  i n  a cold 
N stream and a r e  then i n j e c t e d  along the c e n t e r l i n e  a t  the  base of 
t ie 40 c m  high r e a c t o r .  
t h e i r  presence has no inf luence on the  free-s t ream gas p r o p e r t i e s .  A 
two-color pyrometer is used to  measure the  temperature of the burning 
p a r t i c l e s  a t  d i s c r e t e  heights  i n  the r e a c t o r .  As the  p a r t i c l e  
t r a v e r s e s  the f o c a l  volume of the c o l l e c t i o n  o p t i c s ,  the r a d i a n t  
emission passes through two d i f f e r e n t  s ized sl i ts .  The f i r s t  s l i t  is 
wider (1000 um) than the  diameter of the l a r g e s t  p a r t i c l e  and the 
second 'is narrower (45 um) than the diameter of the smal les t  p a r t i c l e .  
The r a t i o  of the  i n t e n s i t y  of the r a d i a n t  emission measured in the  
f i r s t  s l i t  to  t h a t  measured i n  the second s l i t  is d i r e c t l y  
propor t iona l  t o  t h e  diameter of the p a r t i c l e .  The temperature 
measurements a r e  c a l i b r a t e d  with a tungsten s t r i p  lamp; the s i z e  
measurements are c a l i b r a t e d  by comparison with the s i z e  d i s t r i b u t i o n  
of Well-character ized Spherocarb p a r t i c l e s .  The p a r t i c l e  temperatures 
measured i n  t h i s  work ranged from 1440 +20 K in 12 kPa 0 to  2100 +150 
K i n  36 kPa 02. The measured p a r t i c l e  diameters ranged $,om 80 to  170 

P a r t i c l e  loadings a r e  kept  low to insure  t h a t  
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U m  which corresponds w e l l  with the -100/+170 mesh (90-150 vm) 
p a r t i c l e s  used to  feed the reac tor .  The v e l o c i t y  of each p a r t i c l e  i s  
determined by measuring the time i t  takes  the p a r t i c l e  to  t r a v e r s e  the 
l a r g e  s l i t .  The p a r t i c l e  v e l o c i t i e s  measured i n  t h i s  work ranged from 
2 - 4 0  t o  3.10 (20.05) m / s  depending on the  gas temperature. 

TO reduce the inf luence  of spurious s i g n a l s ,  200 t o  300 p a r t i c l e s  
were monitored a t  each he ight  and the p a r t i c l e s  were grouped in bins 
approximately 10 v m  a p a r t ,  based on t h e i r  measured diameter. I n  t h i s  
paper ,  a measured p a r t i c l e  diameter r e f e r s  t o  the  diameter a t  the  
c e n t e r  of a bin conta in ing  a t  l e a s t  10 p a r t i c l e s .  A measured p a r t i c l e  
temperature or v e l o c i t y  r e f e r s  t o  the  average temperature or Veloc i ty  
f o r  a l l  of the p a r t i c l e s  i n  a given bin.  

A hot ,  one-dimensional, laminar oxid iz ing  gas environment i s  
generated by a 5 cm x 5 c m  a r r a y  of 0 . 2  c m  diameter  C H 4 / H 2 / 0 2 / N 2  
d i f f u s i o n  f lamele ts .  The t o t a l  pressure i n  the r e a c t o r  1s c o n s t a n t  
and equal  t o  101 kPa. Post  flame 0 p a r t i a l  pressures  from 3 t o  36 
kPa and gas temperatures from 1400 $0 1900 K a r e  a t t a i n e d  by c a r e f u l  
c o n t r o l  of the i n l e t  gas mixture. During a n a l y s i s  of the experimental  
d a t a ,  we found t h a t  Saran char had a n e g l i g i b l e  burning rate i n  3 and 
6 kPa 0 environments. Therefore, i n  the  remainder of t h i s  paper ,  w e  
only present  data  obtained a t  12 ,  2 4 ,  and 36 kPa 02.  
flame p a r t i a l  p resures  of H20 and C02 a r e  16 and 2 kPa, r e s p e c t i v e l y .  

measurements using a Pt-$t/l3%Rh thermocouple. 
t h e  r e a c t o r  can be modeled as,  

2 Typical  p o s t  

Gas temperatures, T , a r e  determined from radia t ion-cor rec ted  
The gas v e l o c i t y  i n  

where z i s  the he ight  i n  the r e a c t o r ,  C 
f i t  t o  the data  f o r  each gas condi t ion , land  the  two T 
account  f o r  the inf luence  of T 
r e p r e s e n t s  the s o l u t i o n  of thegconservat ion equat ion  governing one- 
dimensional flow in a square condui t ,  assuming t h a t  the boundary l a y e r  
a long each wal l  develops independently and t h a t  the f r a c t i o n  of the 
t o t a l  mass flowing i n  the boundary layer  is propor t iona l  t o  the 
boundary layer  th ickness .  C and C a r e  chosen to  give the  b e s t  f i t  
between the measured p a r t i c l e  v e l o c i t i e s  and the  p a r t i c l e  v e l o c i t i e s  
c a l c u l a t e d  by so lv ing  the p a r t i c l e  momentum balance ( see  Eqn. (3)  
below). An important i m p l i c i t  assumption i n  t h i s  a n a l y s i s  is t h a t  the  
d e n s i t y  of the p a r t i c l e s  a r e  approximately independent of burning 
time. This assumption is c o n s i s t e n t  with the results of the k i n e t i c  
a n a l y s i s  discussed below. 

and C a r e  co8s&gnts t h a t  a r e  
terms 2 

on the  gas  v i s c o s i t y . g  Eqn. (1) 

1 

The Saran char  is mahe by hea t ing  Saran co-polymer ( suppl ied  by 
t h e  Dow Chemical Company) to  1300 K i n  flowing N2 f o r  three hours. The 
e x a c t  procedure used t o  manufacture the Saran char  is descr ibed 
elsewhere [ 5 ] .  Saran char  contains  no v o l a t i l e s  and approximately 0.5 
w t %  ash.  I t s  apparent  bulk dens i ty  is 0.35 g/ml and i t s  t o t a l  s u r f a c e  
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2 
a r e a  is 1260 m /g, as determined by C02 adsorp t ion  a t  298 K analyzed 
using the  Dubinin-Radushkevich isotherm. The only impur i t ies  detected 
by Proton Induced X-ray Emission Spectroscopy (PIXE) a r e  2300 ppm C1, 
22-30 ppm T i ,  10 ppm Fe, 7.2 ppm Cu, 1 ppm Zr, and 1 ppm Re. 

Theory 

The equat ions  used t o  fol low the  mass, v e l o c i t y  and temperature 
of a p a r t i c l e  a s  i t  burns in  the laminar flow r e a c t o r  are given below: 

dv 
P mv - = -mg - 3rrud ( v  - v ) 

P dz P P  g 
( 3 )  

(4)  
4 

-mv C dT Zk(T - 
P P + p p H =  T g ) + ~ o  ( T 4 - T w )  

d P P  P 
2 dz 
P 

nd 

The momentum equat ion  (Eqn. (3)) accounts  f o r  g r a v i t a t i o n a l  and Stokes 
f o r c e s  and the  energy balance (Eqn. (4)) accounts  f o r  t h e  thermal 
i n e r t i a  of the  p a r t i c l e ,  the hea t  of r e a c t i o n ,  gas  phase conduction, 
and r a d i a t i o n .  The mass, m ,  of the char particle is determined from 
i t s  apparent  d e n s i t y  and diameter ,  d . The p a r t i c l e  v e l o c i t y  is v 
and p is the p a r t i c l e  burning rate pkr u n i t  e x t e r n a l  s u r f a c e  area. 
The v e l o c i t y  of the gas is given by v and g is the g r a v i t a t i o n a l  
c o n s t a n t .  The h e a t  c a p a c i t y  of the  p a % t i c l e ,  C , is taken t o  be t h a t  
of graphi te  and the phys ica l  p roper t ies  of NZ,'the major component i n  
t h e  gas  s t ream, a r e  used f o r  the free-s t ream gas proper t ies .  The 
v i s c o s i t y ,  u, and thermal conduct iv i ty ,  k, of the  gas are evaluated a t  
t h e  mean temperature  (T ) between t h e  gas  and p a r t i c l e  temperatures. 
The temperatures  of t h e m p a r t i c l e ,  the gas ,  and the  medium t o  which the 
p a r t i c l e  r a d i a t e s  a r e  given by T , T 
The Stefan-Boltzmann cons tan t  is'dengted by u, and E denotes  the 
p a r t i c l e  e m i s s i v i t y  ( taken as 0.85). 
carbon consumed, H ,  is ca lcu la ted  assuming t h a t  CO i s  the primary 
combustion product .  

P 

and Tw (500 K ) ,  r e s p e c t i v e l y .  

The h e a t  releaged per  gram of 

The o v e r a l l  burning r a t e  of the  p a r t i c l e  is descr ibed by: 

where P and P a r e  t h e  oxygen p a r t i a l  p ressures  i n  the bulk  stream 
and a t  %he s u r f a c e  of the p a r t i c l e ,  r e s p e c t i v e l y ,  ks end k a r e  the d chemical r a t e  and d i f f u s i o n  c o e f f i c i e n t s ,  r e s p e c t i v e l y ,  and n is the 
apparent  oxygen r e a c t i o n  order .  The chemical r e a c t i o n  rate 
c o e f f i c i e n t  inc ludes  cont r ibu t ions  from i n t r a p a r t i c l e  d i f f u s i o n  
l i m i t a t i o n s  and the  i n t r i n s i c  r e a c t i v i t y  of the Saran p a r t i c l e .  In 
t h e  Arrhenius form, k, is given a s ,  
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where A is the preexponent ia l  f a c t o r ,  E i s  the a c t i v a t i o n  energy, and 
R i s  the universa l  gas cons tan t .  The e x t e r n a l  d i f f u s i o n  r a t e  
c o e f f i c i e n t  is given by: 

2McDox k =- 
d R T d  ' m e  

(7) 

where M 
c o e f f i c t e n t  of oxygen evaluated a t  T 

is the molecular weight of carbon and Dox is the  d i f f u s i o n  

m'  
The computational scheme employed t o  o b t a i n  t h e  o v e r a l l  p a r t i c l e  

burning r a t e  parameters ,  A ,  E ,  and n ,  is i n i t i a t e d  by s e t t i n g  dT /dz 
equal  t o  zero i n  Eqn. (4)  and then using the measured d 
c a l c u l a t e  p .  Using Eqns. ( 5 )  and ( 7 ) ,  Ps can be ca lcu lg ted  frga P .  
The r a t e  parameters a r e  then obtained from Eqns. ( 5 )  and ( 6 )  by 
f i t t i n g  T and P t o  the  ca lcu la ted  r a t e  using a l i n e a r  leas t - squares  
r o u t i n e .  PThese $arameter values  are used a s  the  f i r s t  guess i n  the  
numerical i n t e g r a t i o n  of Eqns. (Z), (3) and ( 4 ) ,  where p is obtained 
from an i m p l i c i t  expression which is independent of P by 
rearrangement of Eqn. ( 5 ) .  
p r o f i l e .  The i n i t i a l  condi t ions  used f o r  the i n t e g r a t i o n  a r e  T 
K and v 
t o  190!~$) in 5 pm i n t e r v a l s  is used. When t h e  i n t e g r a t i o n  reaches a 
he ight  (z )  where experimental  measurements have been taken,  the  
c a l c u l a t e d  r e l a t i o n s h i p  between dT /dz and d is used t o  f i n d  dT /dz 
f o r  each measured p a r t i c l e  s i z e .  
Eqn. (4)  t o  obta in  a new p ,  from which updated v a l e e s  of the  k i n e t i c  
parameters a r e  obtained for the  next  numerical i n t e g r a t i o n .  
Successive i t e r a t i o n s  of t h i s  s t r a t e g y  are used t o  converge on the  
r a t e  parameter va lues  t h a t  b e s t  descr ibe  the behavior of t h e  Saran 
p a r t i c l e s .  The q u a l i t y  of f i t  can be judged from the  agreement 
between the c a l c u l a t e d  and measured T a s  a f u n c t i o n  of d . Both 
cons tan t  dens i ty  and cons tan t  diametet  burning a r e  considgred a s  
l i m i t i n g  cases f o r  e f fec t iveness  f a c t o r s  of approximately zero  and one 
respec t ive ly .  The p a r t i c l e  i g n i t i o n  temperature is taken as 1000 K 
below which the p a r t i c l e  burning r a t e  i s  s e t  equal  t o  zero.  Changing 
t h e  i g n i t i o n  temperature from 300 K t o  1100 K does n o t  a f f e c t  the 
r e s u l t s  of t h i s  a n a l y s i s .  

Resul ts  and Discussion 

and T eo 

The i n t e g r a t i o n  employs &e measured T 
= 500 

= 0.3 m / s .  A range of i n i t i a l  particle diameters  (frog 90 P m  

Phis  measufed dT /dz is then uged i n  

-- 
Equations ( 2 ) ,  (3) and ( 4 )  can be solved t o  c a l c u l a t e  the 

predicted r e l a t i o n s h i p  between p a r t i c l e  temperature and s i z e  f o r  a 
given gas environment. For the  12 kPa 0 
temperature less than 1700 K and i n  a l l  
kPa, the measured p a r t i c l e  temperatures 
t o  zero. This is in d i r e c t  c o n t r a s t  to  the burning c h a r a c t e r i s t i c s  of 
an hvb-bituminous c o a l  observed by Mitchel l  and co-workers [Z], which 
exhib i ted  apprec iab le  r e a c t i o n  rates in O2 environments a s  low a s  3 
kPa. This may be a t t r i b u t e d  t o  two f a c t o r s :  (1) the  homogeneous 
combustion of the v o l a t i l e  matter (33% by weight) i n  the  coal 
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increases  the temperature  of the  r e s u l t i n g  char  and (2) the c a t a l y t i c  
p r o p e r t i e s  of t h e  a s h  (21% by weight) increase  the burning r a t e  of the 
char. 

1.f t h e  measured p a r t i c l e  temperature does n o t  exceed the  
c a l c u l a t e d  zero-burning temperature by the approximate e r r o r  i n  our 
temperature measurement (+20-150 K ) ,  w e  can n o t  c a l c u l a t e  a 
s t a t i s t i c a l l y  s i g n i € i c a n t  burning r a t e .  Defining x as the r a t i o  of 
t h e  c a l c u l a t e d  burning r a t e  to  the d i f fus ion- l imi ted  burning rate 
(x=p/kd pg) ,  w e  observed t h a t  the d i f f e r e n c e  i n  p a r t i c l e  temperature 
between x s of 0 . 0  and 0.1 approximately corresponds to  the error in  
t h e  measured p a r t i c l e  temperature. Therefore ,  no measurements which 
give a x below 0.1 are considered i n  t h e  de te rmina t ion  of t h e  r a t e  
c o e f f i c i e n t s  and oxygen r e a c t l o n  order .  For the  condi t ions  of these 
experiments, va lues  of x ranged from 0.1 t o  0.6 which indicates t h a t  
the  o v e r a l l  burning r a t e  has a high s e n s i t i v i t y  t o  t h e  k i n e t i c  r a t e .  

For a n  0 pa r t i a l  pressure  of 36 kPa, 100 pm p a r t i c l e s  a r e  
predicted to  Burn o u t  a t  approximately 10 cm i n  the r e a c t o r ,  i f  
cons tan t  diameter  burning is assumed. This c o n t r a d i c t s  the 
experimental  observa t ion  of p a r t i c l e s  as small  a s  90 D m  a t  19 c m  in 
t h e  r e a c t o r .  While a cons tan t  diameter model may be more appl icable  
a t  lower 0 p r e s s u r e s ,  this model was n o t  used i n  our  a n a l y s i s  of the 
combustion k i n e t i c s .  An a n a l y s i s  incorpora t ing  an e f f e c t i v e n e s s  
f a c t o r  i n t o  the p a r t i c l e  burning r a t e  express ion  will be considered in  
f u t u r e  work. 

2 

Constant  d e n s i t y  burning g ives  good f i t s  t o  the experimental data  
a t  bulk oxygen pressures  of 12  and 24 kPa and poor f i t s  to the  36 kPa 
d a t a  (see Figures 1, 2 and 3) .  A l e a s t  squares  f i t  of the k i n e t i c  
r a t e  parameters and oxygen r e a c t i o a  order  t o  t h e  c a l c u l a t e d  r e a c t i o n  
r a t e s  a t  12, 24 and 36 kPa g ives  

-3 -27000 0.8 

P 
P = 6 . 3 ~ 1 0  e x p ( r )  Ps 

where R is given i n  cal/mol K and P is given i n  Pa. An Arrhenius 
p l o t  of t h e  rate c o e f f i c i e n t ,  k , v t r s u s  1 / T  
4. 

is presented i n  Figure 
The r e l a t i o n s h i p  between (psk,) and P, is depic ted  i n  Figure 5. 

A poss ib le  reason  f o r  the  discrepancy between t h e  c a l c u l a t e d  and 
experimental  r a t e s  f o r  the  36 kPa da ta  s e t  is t h a t  the  s i m p l e  
d i f fus ion  model considered here  does n o t  account  f o r  the l a r g e  amount 
of CO which m u s t  d i f f u s e  o u t  of the p a r t i c l e  boundary layer  a t  higher 
burning r a t e s  ( S t e f a n  flow). We do note ,  however, t h a t  when the  36 
kPa data is analyzed a lone ,  the ca lcu la ted  r a t e s  f i t  the data  b e t t e r ,  
bu t  the a c t i v a t i o n  energy is lower ("17000 cal /mol)  which is 
i n d i c a t i v e  of i n t r a p a r t i c l e  d i f f u s i o n  l i m i t a t i o n s .  
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M. A. Serageldin and W. P. Pan 

Department of Chemistry and Chemical Engineering 
Michigan Technological University 

Houghton, MI 49931 

INTRODUCTION 

This work describes the effect of CaCl on coal char reactivity; i t  is the third part in a 
series of studies related to boiler application 8 . 2 )  involving this metal-based salt. The 
information obtained in this work should be useful in  understanding the effect  of similar 
materials on the oxidative behavior of coal-char. The char was combusted in a 
thermogravimetric analyzer, TGA, under different partial pressures of oxygen (0.16 - 70% by 
vol.) in nitrogen and a t  constant temperature. The furnace temperatures (isothermal) varied 
between 673 and 1223 K. The sample mass and volumetric flow rate were close to 2 mg and 5 
ml/s, respectively. This  temperature range should cover the regions where oxidation occurs 
mainly by diffusion and mainly by chemical control (3.4). 

EXPERIMENTAL 

Materials 

Lignite coal f rom Velva Mine, North Dakota, was used in  this work; its proximate and 
ultimate analysis is given in  Table 1. 

c h 3 r  vreonration 

The coal was placed in a boat made of ceramic material and pyrolyzed in a Hoskin 
electric furnace (Hoskin Co.), which was regulated by an Omega 6000 temperature controller. 
The boat was made by splitting a length, I, of high purity alumina tube ( I  = 75  mm and 
I.D. = 10 mm); i t  was positioned in the center of the furnace. A shielded Chrome1 Alumel 
thermocouple (d = 3 mm) was placed approfimafely 5 mm above the boat to measure the sample 
temperature. The sample thermocouple reading (in the absence of a sample) was a few degrees 
lower than tha t  of the furnace set temperature; for  example, at  the set temperature of 1248 K, 
the sample thermocouple (inside the furnace) recorded 1223 K. 

Coal pyrolysis in a constant stream of nitrogen (0.425 ml/s at S.T.P.) was achieved over a 
number of steps ( 5 ) .  The  sample was first purged at  room temperature for 900 s (0.9 ks). The 
furnace was then switched on, setting the maximum temperature to 1248 K (which was reached 
in about 2.58 ks). It was left  for one hour a t  the maximum temperature. The furnace was then 
turned off and  left to cool in  nitrogen for  one hour, after which the remaining part of the coal 
sample, Le. char, was emptied in a clean, dry container which was subsequently stored in a 
dessicator for  later use. 

ADDaratUS 

The char was burned in a DuPont 951 thermogravimetric analyzer (TGA) coupled with a 
DuPont 990 recorder unit. Each sample (2 mg) was spread evenly on the platinum pan to avoid 
establishing a thermal gradient in  the sample. O2 and N2 were mixed by different proportions. 
The total gas flow made by O2 and N2 was maintained a t  5 ml/s. This provided a linear 
velocity of 18 mm/s. The  percentage of O2 in  the 0 /N2 mixture depended on the isothermal 
temperature: a t  the higher isothermal temperature (1323 K), the lower concentration (or partial 
pressure) of oxygen was used, is. 0.16% by volume, whereas a concentration of 70% 0 was used 
when the isothermal temperature was set to the lowest value investigated. Le. 683 K. Such 
combinations were necessary to maintain the value of the time to 50% decomposition, to, , above 
1200 s, thus ensuring that the effect of temperature gradient is negligible (4). Lastly, be?ore 
pushing the sample in to  the furnace, the latter was heated to  the desired isothermal temperature 
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and left to equilibrate for 300 s. This procedure helped to reduce the time-lag before the sample 
reached the desired temperature. 

RESULTS 

Information regarding the influence of CaC12 on char reactivity. reaction mode, and 
kinetic parameters is presented in this section. 

Reactivity 

The influence of oxygen concentrations and temperature on char reactivity is shown in 
Figure 1. A greater effect  (on conversion) was produced as a result of increasing the 
temperature by a small percentage than by an  equivalent increase in oxygen percentage in the 
gas. Treating the char with CaC12 also increased its level of conversion, Figure 2. Considering 
that conversion vs. time plots for  chars under different atmospheres a re  similar in  appearance, a 
more satisfactory representation, in terms of reactivity, can be achieved by replotting conversion 
against a dimensionless time, t/t%5 (6). Such a plot is given in Figure 3 and indicates that CaCI2 
produces an insignificant effect  elow a conversion of -0.58 which would suggest that the 
mechanism of reaction is not altered within this zone. Between 0.58 conversion and  up to -0.68 
the "master curve" separated into two curves, one for  char and  the other for char plus CaCI2 
Above a conversion of 0.68 each of the above curves split into three curves, producing a total of 
six curves. Such a spread was not observed when char from demineralized coal was carbonized 
at  around 1273 (6). However, evidence showing the effect of naturally occurring mineral matter 
in coal-char may be found (beyond a char conversion of 0.7) in  Figure 1 of Tseng and Edgar's 
paper (4). It is, therefore, understandable that in the presence of additional mineral matter (i.e. 
CaCI2), as in this study, a more pronounced effect occurs. This is clearly indicated (Figure 3) by 
a greater shift of the catalyzed reaction to the left, i.e. towards a pore diffusion mode of 
reaction (Figure 4). The spread in the curves may be attributed to the effect of particle 
temperature rise (7). 

Reaction Mode of Control 

To determine the mechanism controlling the reaction the data used to plot Figures 3 and 4 
was replotted in terms of specific rate, dC/dT and to.i. the time to 50 percent conversion. 
Values of dC/dr were obtained using the cubic spline interpolation technique (8) and the cubic 
spline smoothed technique. Figure 5 illustrates tKe extent of scatter when the cubic spline 
smoothed technique was not applied (white circles) to the data from Figure 3. This method was 
previously used by Tseng and Edgar (4) to compare the reactivities of different chars in the 
absence of catalysts. Figure 6 shows a number of curves obtained using this procedure for  char 
combusted at  several of the low temperatures investigated and different oxygen levels. A 
maximum occurred in  all cases a t  around 0.25 conversion, which indicates that the control 
mechanism is chemical (3,4). Beyond 0.58 the curves delineating the different experimental 
conditions separated and were therefore clearly identifiable. From this presentation one can see 
that the maximum specific rate a t  a given temperature was somewhat increased by treatment 
with CaCl 
more d e t a i  than Figure 3. 

Figure 4 was obtained by treating the data corresponding to the runs at  high temperature 
(>I123 K). The data for the six experiments followed very closely the fi lm diffusion theoretical 
curve (dotted line). The theoretical lines in  Figure 4 were calculated using the equations 
provided in reference 4. 

It should be stated that when the conversion was less than 0.5, Figure 6 provided 

Kinetic Parameter$ 

The order of reaction in the kinetic control regime was determined by plotting t 
against oxygen partial pressure (0.16 - 70 KPa) on log-log paper (4) and measuring the spbpe. 
Figure 8 shows such plots obtained at different temperatures for  untreated char. The slope of 
the different lines was practically the same, suggesting that the average value of n for the char 
was 0.84. This figure is somewhat higher than 0.70 reported by a number of workers for lignite 
coal (see ref. 4). The value of n for  char treated with CaCl was 0.73. Both values of n are 
valid for  a limited temperature range, i.e. 683 - 723 K. In  t i e  diffusion control regime n eguals 

21 



one (9). The activation energy was obtained by plotting t*O.;i. against 1/T on semi-log paper as 
is illustrated in Figure 9. The  former value is defined as f o  ows (4): 

t*0,5 = ( P o , / p * 0 2 )  n-tO. 5 1 )  

where to corresponds t o  the value a t  a base of reference partial pressure of oxygen, Po,.. This 
was chosen to be 0.005 MPa in the present study. On the other hand, the values marked wlth a n  
asterisk correspond to char  reacted a t  the same temperature under other partial pressures of 
oxygen. n is the reaction order. Figure 9 illustrates results for  both the high temperature runs 
(lower left of figure) a n d  the low temperature runs (upper right of figure). Each circle shown in 
Figure 9 represents the average of four runs a t  different Po2, ;.e. the points a t  a given 
temperature fall within the bounds of such circles. However, for calculating the activation 
energy, a l l  the points were used. For example, all the runs shown in Figure 8 were used to 
calculate the activation energy, E, in the kinetic regime. This was equal to 154 KJ/mol for char 
and was reduced to 141 KJ/mol when the char was treated with CaCl,. However, for the higher 
temperature runs where the  mode of control was diffusional, the value of E for the untreated 
char was 29.5 k 0.5 and f o r  the treated char was 28.0 k 0.5 KJ/mol. The  fact that  the difference 
is insignificant suggests tha t  char combustion under such a regime is independent of the nature 
of the catalyst, a point made before by others (3,101. The activation energy in the chemical 
control regime may also be obtained using the following equation: 

l o g e ( P o 2 n . t * 0 . 5 )  = l og ,A'  + E/RT 2 )  

where A is a measure of the char reactivity (4) and can be expressed as : 

A in Equation 3 is the Arrhenius pre-exponential factor; S , is the specific surface area at time 
zero and dC is the fraction converted. Values of A I and I! obtained using Equation 2 are shown 
in Table 2 and indicate that the reactivity of the treated char was significantly increased as a 
result of adding CaC12 T h e  higher reactivity can also be deduced from Figure 10. 

To evaluate the mass transfer resistance the Sherwood number of the char samples were 
calculated (Appendix 1) (4) for the data in the fi lm diffusion controlled regime and  summarized 
in Table 3. These values a re  significantly iricreaskd in the presence of CaC12 and by 
temperature; however, they have a value less than 2 which refers to a spherical particle 
suspended in stagnant a i r .  The occurrence of a lower Sherwood number was attributed by Tseng 
and Edgar (4) to a reduction in mass transfer efficiency by the sample pan (4). They also 
concluded that the mass transfer resistance around a single large particle would be lower than 
that around smaller particles on a pan. In the latter case the particle packing is also important. 

DISCUSSION 

This work shows tha t  CaC12 promotes the overall decomposition of coal-char, i.e. it occurs 
during a shorter time, a t  constant temperature. This is in agreement with previous results but 
under temperature programming (non-isothermal) conditions ( 1  1). In this case the same level of 
conversion occurred a t  a lower temperature which indicates agreement between isothermal and 
non-isothermal studies. 

were measured for char prepared from coal and that for  coal mixed with CaCI2 (12). From 
Table 4 we can daduce tha t  there is no significant change in density, total pore volume and 
porosity prior to combustion. Therefore the effectiveness of the additive in promoting char- 
oxygen reaction may be explained in terms of the following carbon-oxygen reactions (13.14): 

Since changes in porosity and density prior to oxidation can influence reactivity, these 

CaO + 1 / 2  O2 -> CaO 
CaOZ + c -> CaO + ~8 4 )  

5) 

In the above model the catalyst promotes the dissociation of the oxygen molecule adsorbed 
making i t  thus more reactive. In other words, dissociative adsorption is promoted (14). Such a 
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methanism could account for the observed decrease in activation energy in the chemical control 
regime. 

In the diffusion control regime E did not vary significantly, which would suggest that the 
above explanation is not applicable in this case. However, the fact  that E was -28 KJ/mol, ;.e. 
higher than the usually accepted range of 8 - 12 KJ/mol (9). would suggest that i t  is possible that 
the regime is not totally fi lm diffusion controlled, but that  pore diffusion may also be important 
during the initial decomposition stage, Figures 7 and 9. (E for  pore diffusion is around half of 
the intrinsic activation energy.) This reasoning could account for  the observed shorter char 
decomposition time, which is indicated by lower values of to 5 .  The significance of the 
Sherwood numbers in Table 3 is now questionable. The results indicate that CaC12 increases this 
number significantly and, therefore, under these conditions, mass transfer resistance was 
reduced. However, we can see that the values of the constant b for the film diffusion controlled 
regime was not significantly altered by CaC12. The theoretical value of b is 0.55 (4). The use 
of this form of the Sherwood number may be misleading considering that we do  not have single 
spherical particles as assumed in the derivation by the authors (4) and considering that we have 
reason to believe that pore diffusion may also be involved. 

CONCLUSIONS 

1. CaCIZ decreased the activation energy and increased the reactivity of coal char in the 
chemical control regime. It did not, however, have a n  important effect the diffusion control 
regime. 

2. In the kinetic control regime the mechanism was not altered below a conversion of 0.58. 
However, at higher conversion the reaction was moved towards the pore diffusion regime. 

3. At the higher temperatures pore diffusion may also play a role during decomposition, which 
explains why the activation energies obtained were higher than that for  a totally fi lm 
diffusion controlled regime. 
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where Xa is the ash yield; P , particle density; ro, initial particle radius; Db, bulk diffusivity; R, 
the gas constant; T, the absoqute temperature; Po2, partial pressure of oxygen; 
decomposition and w =  12, assuming all C -> C02 

time to 50% 

Table 1: Analvs is  of l i s n i t e  coal (-100. + 2 7 0 )  mesh 

Mois tu re  ( w t % )  
F i x e d  Carbc:: 

Proximate ana lvs i s  U l t i m a t e  A n a l v s i s  
A s  received M o i s t u r e - A s h  free 

3 4 . 0 0  Carbon 6 4 . 5 5  
1 -I- 2 7 . 4 6  F y d r o g e i i  t. , I  

V o l a t i l e s  3 2 . 8 6  Nitrogen 1 . 0 2  
A s h  5 . 6 8  S u l f u r  0 . 3 3  

Oxygen*  29 .38  

*by d i f f e r e n c e  

T f l  
o f  char s a m D l e s  
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INFLUENCE OF METAL IONS AND PYROLYSIS CONDITIONS ON 
CARBON DIOXIDE GASIFICATION OF WOOD CHARS 

W i l l i a m  F. DeGroot and G.N. Richards 

Wood Chemistry Laboratory, U n i v e r s i t y  o f  Montana, Missoula. MT 59812 

INTRODUCTION 

The r a t e  o f  biomass g a s i f i c a t i o n  i s  l i m i t e d  by t h e  reaction r a t e  o f  t he  
the rma l l y  s t a b l e  cha r  which forms as a r e s u l t  o f  t he  i n i t i a l  p y r o l y t i c  degradation. 
This cha r  a l so  represents  a l a r g e  p ropor t i on  o f  t he  energy content o f  t he  o r i g i n a l  
biomass (1). and e f f i c i e n t  conversion o f  t he  biomass should recover t h e  energy value 
o f  t h i s  f r a c t j o x .  This  can be achieved by r e a c t i o n  wi th oxygen, steam, o r  carbon 
d iox ide,  and t h e  i n t e n t  o f  t h i s  research was t o  i n v e s t i g a t e  the e f f e c t s  o f  r e a c t i o n  
cond i t i ons  and i n o r g a n i c  c a t a l y s t s  on t h e  g a s i f i c a t i o n  o f  wood chars. These chars 
a l s o  p rov ide  an e x c e l l e n t  model f o r  s tudy ing the  g a s i f i c a t i o n  reac t i ons  o f  coal, 
s ince  sample p re t rea tmen t  and p y r o l y s i s  cond i t i ons  can be va r ied  t o  p rov ide  a wide 
range o f  chemical f u n c t i o n a l i t y  i n  the  r e s u l t i n g  chars. 
s t r u c t u r e  and r e a c t i v i t y  o f  these chars can prov ide important i n s i g h t  i n t o  p a r a l l e l  
reac t i ons  i n  coa l  and o t h e r  carbonaceous mater ia ls .  

Studying t h e  chemical 

Previous work i n  ou r  l a b o r a t o r y  on t h e  g a s i f i c a t i o n  o f  biomass chars i nd i ca ted  
t h a t  the i no rgan ic  species n a t u r a l l y  present  i n  wood were e f f e c t i v e  g a s i f i c a t i o n  
c a t a l y s t s  (2). and t h a t  some o f  t h e  na tu ra l  i no rgan ic  species were exchangeable w i t h  
ca t i ons  o f  s a l t s  added t o  t h e  wood i n  so lu t i on .  We have s tud ied t h i s  i o n  exchange 
process f u r t h e r  and have found t h a t  t he  wood sample used i n  these s tud ies  conta ins 
approximately 8 meq/100 g o f  ca rboxy l i c  a c i d  groups, p r i m a r i l y  as 4-Q-methyl- 
g lucu ron ic  a c i d  groups associated w i t h  t h e  hemicel lu lose f r a c t i o n  o f  t he  wood (3). 
I n  t h i s  s tudy we have added c a t a l y s t s  t o  p rev ious l y  acid-washed wood through i o n  
exchange i n  o rde r  t o  i nco rpo ra te  a s i n g l e  c a t a l y t i c  species i n  a h i g h l y  dispersed 
form and a t  a r e p r o d u c i b l e  l eve l .  
exchange i a p a c i t y  i n  o rde r  t o  d i s t i n g u i s h  the  e f f e c t s  o f  exchanged ca t i ons  as 
opposed t o  adsorbed sa l t s .  

EXPERIMENTAL 

Selected samples were a l so  t r e a t e d  beyond t h e  i o n  

The wood sample used i n  t h i s  study was b lack cottonwood (Populus t r ichocarpa) .  
a low-grade western hardwood. 
sapwood was t h e  p r i m a r y  sample studied. 
t h e  20/3D mesh f r a c t i o n  was re ta ined  f o r  analys is .  

column pe rco la t i on .  The wood was degassed i n  a small  q u a n t i t y  o f  t h e  s o l u t i o n  used 
for  ion-exchange and t r a n s f e r r e d  t o  a g lass  chromatography column. 
t i o n  of t he  ace ta te  s a l t  o f  t h e  c a t i o n  t o  be exchanged ( a t  l e a s t  a ten - fo ld  excess) 
was then washed s l o w l y  through the  column. 
d i s t i l l e d .  de ion i zed  water  t o  remove any o f  t h e  s a l t  which was n o t  bound by i o n  
exchange. 
wood. t h e  wood was soaked i n  a 0.01 M s o l u t i o n  o f  t h e  acetate s a l t  and then 
a i r -d r i ed .  
i n  o rde r  t h a t  t h e  t r e a t e d  samples con ta in  o n l y  a s i n g l e  c a t a l y t i c  species. 

coupled argon plasma (ICP) emission spectroscopy, except f o r  n i c k e l  which was 
analyzed by atomic abso rp t i on  (AA) spectroscopy. 
t h e m g r a v i m e t r y  (TG) a t  550°C i n  a i r .  

The heartwood and sapwood were separated and the  
The wood was ground i n  a Wi ley m i l l ,  and 

Acid-washi ng (H+-exchange) and i o n  exchange t reatments were c a r r i e d  ou t  by 

A 0.01 M solu- 

The column was washed thoroughly  wi th 

I n  o rde r  t o  add c a t a l y t i c  species beyond the  exchange capac i t y  o f  t h e  

A l l  o f  t h e  c a t a l y s t  t reatments were c a r r i e d  out us ing acid-washed wood 

The ino rgan ic  c o n s t i t u e n t s  o f  t h e  wood samples were analyzed b y  i n d u c t i v e l y  

Ash contents were determined by 



Chars were prepared i n  a tube furnace purged wi th f l ow ing  n i t rogen.  The wood 
sample was he ld  i n  a po rce la in  boat  which was p u l l e d  i n t o  the  preheated furnace. 
A f te r  hea t ing  f o r  a p resc r ibed  t ime  t h e  sample was p u l l e d  i n t o  a water condenser a t  
t he  downstream end o f  t h e  furnace tube, where i t  was cooled t o  approximately loot 
before being exposed t o  the  a i r .  
containers. 

spectrometry (CP/MAS 9% n.m.r.) o f  t he  chars was c a r r i e d  out  a t  t h e  Colorado State 
U n i v e r s i t y  Regional N.M.R. Center. 

Samples were s to red  i n  n i t rogen-  o r  argon-purged 

Cross p o l a r i z a t i  /magic angle sp inn ing 1% nuclear  magnetic resonance 

G a s i f i c a t i o n  was c a r r i e d  ou t  i n  t h e  g a s i f i c a t i o n  reac to r /de tec to r  system 
The reac to r  cons is ted o f  a 1/8" I.D. alumina tube (99.8% depic ted i n  F igu re  1. 

alumina) heated by an ex te rna l  nichrome w i r e  c o i l .  
conf ined w i t h i n  a 1.0 cm sec t i on  o f  t he  tube by 1/8" O.D. &hole ceramic i nsu la to rs .  
which a l so  c a r r i e d  gas flows i n t o  and out  o f  t h e  reactor .  The lower i n s u l a t o r  
contained a chromel-alumel thermocouple t h a t  extended 3-4 nun i n t o  t h e  r e a c t o r  and 
prov ided a r e l i a b l e  measure o f  t he  sample temperature throughout t h e  react ion.  
reac to r  was purged w i t h  a 30 cc/min f l o w  o f  N2 f o r  i n e r t  cond i t i ons  and an equiva- 
l e n t  f l ow  r a t e  o f  C02 f o r  g a s i f i c a t i o n .  
temperature were under c o n t r o l  o f  a data a c q u i s i t i o n / c o n t r o l  system. 

The sample (3-10 mg) was 

The 

Switching o f  gas f lows and r e a c t o r  

E f f l uen t  gases from the  r e a c t o r  were mixed w i t h  a 10 cc/min a i r  f low, causing 
the oxygen l e v e l  o f  t he  a i r  f l o w  t o  be reduced by the  s to i ch iomet r i c  q u a n t i t y  o f  
oxygen requi red f o r  combustion o f  any combustible gases formed by p y r o l y s i s  o r  
g a s i f i c a t i o n  o f  t h e  sample. The oxygen concentrat ion o f  t he  combined gas streams 
was monitored by a 1/4" O.D. z i rconium ox ide oxygen sensor tube maintained a t  

output  p ropor t i ona l  t o  t h e  d i f f e r e n t i a l  pressure o f  oxygen across i t s  i n n e r  sur face 
( f l o w i n g  a i r  re ference gas) and ou te r  sur face (combined reac to r  and combustion a i r  
f lows). 
du r ing  data a c q u i s i t i o n  according t o  the  Nernst equation: 

I 

I 900-950°K. This  sensor was enclosed i n  a 1/2" 0.0. quar t z  tube and produced an 

The output  o f  t h e  oxygen sensor was converted t o  oxygen concen t ra t i on  

where R and F have t h e i r  usual meanings, T i s  t h e  de tec to r  temperature (OK) and P 
and Pref are the  p a r t i a l  pressures o f  oxygen i n  the  sample and reference gases. 
respect ive ly .  

For the  purposes o f  t h i s  s tudy i t  was assumed t h a t  a l l  o f  t he  combustible gases 
produced were CO. and t h e  removal o f  one molar equ iva len t  o f  02 f r o m  t h e  gas stream 

o f  g a s i f i c a t i o n  determined i n  t h i s  manner was c o n s i s t e n t l y  w i t h i n  10% o f  t h e  
measured change i n  char weight. 

I was the re fo re  due t o  the  g a s i f i c a t i o n  o f  one molar equiva lent  o f  carbon. The ex ten t  

I 
! 

The r a t e  o f  g a s i f i c a t i o n  o f  a char (HTT 80OOC) prepared from cottonwood i s  
shown i n  F igure 2. 
g i v e  t h e  t o t a l  e x t e n t  o f  gas i f i ca t i on .  o r  i t  can be i n teg ra ted  above t h e  base l i ne  
de f i ned  by the r a t e  o f  p y r o l y t i c  g a s i f i c a t i o n  t o  g i v e  the  ex ten t  o f  g a s i f i c a t i o n  due 

The de tec to r  ou tpu t  can be i n t e g r a t e d  over t h e  e n t i r e  r u n  t o  

/ t o  r e a c t i o n  w i th  C02. 
I 

RESULTS AND DISCUSSION 

The ash contents  and composit ion o f  t h e  i no rgan ic  f r a c t i o n  o f  t h e  samples used 
i n  t h i s  study a re  shown i n  Table 1. The heartwood o f  t he  cottonwood has a ve ry  h igh  
ash content, approximately four  t imes  h ighe r  than t h e  sapwood taken f rom t h e  same 
t ree.  The main components of t h e  n a t u r a l  i no rgan ic  f r a c t i o n  are calcium, potassium. 
and magnesium: i n  a d d i t i o n  t o  these elements t h e  l i g n i t e  sample has a h igh  concentra- 
t i o n  of iron. A l l  o f  these elements are p o t e n t i a l l y  a c t i v e  g a s i f i c a t i o n  ca ta l ys ts .  
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Table 1. Composition of cottonwood, treated cottonwood and l i gn i t e  samples. 

Sample 

COTTONWOOD 
Untreated 

Heartwood 
Sapwood 

Ion-exchanged 
Sapwood 

Acid-washed 
Kt-exchanged 
Mgt2-exchang ed 
Cat2-exchanged 
Cot2-exchanged 
Nit2-exchanged 
Cut2-exchanged 

Acetate Salt-treated 
Sapwood (0.01 M) I 

KAc 
Ca(Ac)2 
Co(Ac)p 

LIGNITE' (PSOC-837) 

Composition o f  Ash (I, dry weight) 
X Ash K Mg Ca Fe Co N i  Cu - 

2.01 0.32 
0.51 0.10 

__ 0.02 
0.41 0.28 
0.17 __ 
0.34 -- 
0.34 __ 
0.33 -- 
0.42 __ 

0.91 0.38 
0.83 __ 
0.89 __ 

11.88 0.04 

__ _- 0.08 0.50 - -- 
0.02 0.12 -- -- __ __ 

_ _  0.0: __ -- n.d.b -- 
0.02 -- -- n.d. -- 

0.09 0.01 -- -- n.d. -- 
0.14 - -- n.d. -- 
0.01 -- 0.23 n.d. -- 

0.21 -- 

_- 

_ _  
-- 

__ -_ __ -- 
__ -- n.d. 0.32 -- -- 

0.02 - -- n.d. -- 
0.36 -- -- n.d. -- 

-- 0.01 -- 0.40 n.d. - 
0.64 1.81 0.39 -- __ _- 

-- 
__ 

aIon-exchanged samples were acid washed (H+-exchanged) prior t o  treatment. 
bn.d. = "not determined"; no value (--) = <50 ppm. 
CLignite sample and analysis provided by the Penn Sta te  Coal Data Base. 

Table 2. Conversion due t o  pyrolysis (P) and gasification (G) o f  chars prepared 
fro3 cottonwood and l i g n i t e  a t  various heat treatment temperatures (HTT) 
and pyrolysis times. 
90.9 kPa CO2. 

Chars were gasified fo r  30 minutes a t  800°C i n  

HTT Time 
Sample ( "C ) (m in )  

COTTONWOOD 800 10 
(Sapwood) 900 10 

1000 10 

800 5 
800 30 
800 60 

LIGNITE 800 10 
900 10 

1000 10 

Char Yield 
( X )  

13.1 
11.5 
10.4 

13.2 
12.6 
12.3 

61.5 
59.0 
58.0 

X Conversion a t  800°C 
P G Total 

1.6 32.5 34.1 
1.7 30.9 32.6 
1.2 15.9 17.1 

3.2 32.9 36.1 
1.7 31.9 33.6 
1.2 34.0 35.2 

3.6 66.5 70.1 
1.9 51.8 53.7 
1.6 34.7 36.3 
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Acid-washing o f  t h e  cottonwood sapwood removed most o f  t h e  i no rgan ic  f r a c t i o n ,  
w i th  the  except ion o f  a small  q u a n t i t y  of res idua l  calcium. When the acid-washed 
wood was t rea ted  by i o n  exchange w i t h  d i l u t e  s a l t  so lu t ions.  t h e  r e s u l t i n g  samples 
contained 7-8 m i l l i equ iva len ts / lOOg w i t h  the  exception o f  t h e  Cd2-exchanged sample. 
which was t r e a t e d  a t  t h e  10 meq/100 g l e v e l .  Th is  i s  i n  agreement wi th the  carboxyl 
content of 8 meq/lOO g found p rev ious l y  f o r  t h i s  sample, and ind i ca tes  t h a t  i o n  
exchange prov ides a h igh  l e v e l  o f  c o n t r o l  f o r  a d d i t i o n  o f  inorganic  ca t i ons  t o  wood. 
The o v e r a l l  ash contents  o f  t h e  t rea ted  samples were a l l  lower than t h a t  o f  t h e  
unt reated sapwood. 
wi thout  removing t h e  f r e e  s a l t s ,  t h e  l e v e l  o f  c a t i o n  a d d i t i o n  was 1.5-2.5 t imes  
h igher  than i n  the ion-exchanged samples. 

When the  s a l t  s o l u t i o n  was d r i e d  onto t h e  acid-washed wood 

Table 2 shows t h e  e f f e c t s  o f  heat treatment temperature (HTT) and p y r o l y s i s  
t ime on the char y i e l d s  and r e a c t i v i t i e s  o f  t h e  r e s u l t i n g  chars toward CO2 
g a s i f i c a t i o n  a t  800°C. 
s i g n i f i c a n t l y  w i t h i n  t h e  temperature range and p y r o l y s i s  t imes studied. 
i s  impor tant  t o  n o t i c e  the  d i f f e r e n c e s  i n  char y i e l d s  between the  wood and l i g n i t e  
samples, e s p e c i a l l y  w i t h  respect  t o  t h e  concentrat ion o f  inorganic  species i n  the  
chars. The char y i e l d s  from w w d  suggest t h a t  t he  ash i s  concentrated by a f a c t o r  
o f  7-10. r e s u l t i n g  i n  an ash content  o f  4-5% i n  the  char. S i m i l a r l y ,  t he  ash 
content o f  l i g n i t e  char  would be concentrated t o  nea r l y  20% o f  t he  weight  o f  t h e  
char. 

The char y i e l d s  o f  t he  wood and l i g n i t e  do n o t  vary  
However, i t  

R e a c t i v i t i e s  o f  both the  wood and l i g n i t e  chars decreased by a f a c t o r  o f  
approximately two as the  HTT was increased from 800°C t o  1000°C. The c o n t r i b u t i o n  
o f  p y r o l y s i s  t o  t h e  gas y i e l d s  i n  both samples was r e l a t i v e l y  small and i t  d i d  no t  
vary s i g n i f i c a n t l y  under the  cond i t i ons  shown. 
approximately l i n e a r l y  between 800" and 1000°C. 
sharp ly  above 900°C i n  the  wood sample. Th is  may i n d i c a t e  t h a t  one o f  t he  na tu ra l  
c a t a l y t i c  species i n  wood undergoes a s p e c i f i c  t ransformat ion above 900°C. render ing 
it inac t i ve ,  and t h a t  t he  r e a c t i v i t y  o f  wood char i s  o therwise l e s s  dependent on HTT 
than i s  t h a t  o f  coa l  char. 
t i m e  o f  p y r o l y s i s  between 5 and 60 minutes. 
found i n  t h i s  study i s  somewhat l e s s  than t h a t  repo r ted  by Hippo et s. f o r  a raw 
l i g n i t e  g a s i f i e d  i n  steam (4). 
r e a c t i v i t y  i n  steam a t  750°C as t h e  HTT i s  reduced from 900" t o  800°C. 

L i g n i t e  char r e a c t i v i t y  decreased 
The r e a c t i v i t y  dec l ined more 

The ex ten t  o f  wood char g a s i f i c a t i o n  i s  independent o f  
The dependence o f  r e a c t i o n  r a t e  on HTT 

These workers r e p o r t  n e a r l y  a th ree - fo ld  increase i n  

The r a t e s  shown i n  Table 2 f o r  t h e  l i g n i t e  char g a s i f i c a t i o n  a re  s i m i l a r  t o  
data repor ted p r e v i o u s l y  by o t h e r  workers f o r  CO2 g a s i f i c a t i o n  o f  l i g n i t e  chars 
prepared under s i m i l a r  cond i t i ons  (5.6). 
s u b s t a n t i a l l y  h ighe r  r e a c t i v i t y  than repo r ted  p rev ious l y  f o r  another 
l i gnoce l l u lose -de r i ved  char g a s i f i e d  i n  CO2 a t  900°C (7). 
n e a r l y  tw ice  as r e a c t i v e  as t h e  wood char  over t h e  temperature range studied, which 
i s  no doubt due i n  p a r t  t o  i t s  h ighe r  ash content. 
char i s  a l s o  expla ined i n  p a r t  by t h e  CP/MAS 13C n.m.r. spectrum o f  t h e  char  
prepared by 10 minutes p y r o l y s i s  a t  600°C. shown i n  F igu re  3. Th is  spectrum 
conta ins a s i n g l e  peak centered a t  130 ppm. corresponding t o  aromatic carbon. 
spectrum i s  nea r l y  i d e n t i c a l  t o  t h a t  o f  an a n t h r a c i t e  coa l  (8). and a n t h r a c i t e  c o a l s  
have been shown t o  be  more than ten  t imes l e s s  r e a c t i v e  than l i g n i t e  under 
g a s i f i c a t i o n  by CO2 (5). 
i n s u f f i c i e n t  hydrogen t o  p rov ide  f o r  t r a n s f e r  o f  sp in  p o l a r i z a t i o n  t o  carbon, as 
requ i red  i n  the  c ross -po la r i za t i on  n.m.r. technique. and they  d i d  n o t  g i v e  
wel l - resolved spectra. However, it i s  c l e a r  t h a t  chars prepared above 600°C are 
h i g h l y  aromatic and t h e i r  g a s i f i c a t i o n  w i l l  r equ i re  e f f e c t i v e  c a t a l y s i s  i f  i t  i s  t o  
be c a r r i e d  o u t  a t  lower  temperatures. These n.m.r. da ta  are somewhat s u r p r i s i n g  i n  
view o f  e a r l i e r  work on the  n.m.r. spectroscopy o f  wood chars which showed a 
s i g n i f i c a n t  a l i p h a t i c  component i n  chars prepared a t  temperatures up t o  400°C (9). 

Rates o f  wood char  g a s i f i c a t i o n  i n d i c a t e  a 

The l i g n i t e  char  was 

The lower r e a c t i v i t y  o f  t he  wood 

The 

Wood chars prepared a t  h ighe r  temperatures conta ined 
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The char yields and reactivities of chars (HTT 800°C) prepared from untreated 
cottonwood and catalyst-treated samples are shown in Table 3. 
added by ion exchange to the acid-washed sapwood as described earlier. Acid washing 
had a dramatic effect on the char yield, reducing it by a factor of more than two. 
Addition of transition metal and alkaline earth metal catalysts had little effect on 
the char yield, but the alkali metal catalysts restored the char yield to near the 
level found for the untreated wood. Acid-washing also resulted in complete loss o f  
the cellular structure of the wood during pyrolysis. All of these effects parallel 
those reported previously for the effects of inorganic species on the carbonization 
of the cottonwood (10). 

Table 3. 

The catalysts were 

Ash content and char yields (HTJ 800°C) of untreated and ion-exchanged 
cottonwood samples and extents of conversicr! due t3 pyrolysis (Pj and 
gasification (G) of cottonwood chars gasified for 30 minutes at 800°C 
in 90.9 kPa C02. 

Ash Content Char Yield Percent Conversion 
Sample (%. d.a.f.1 (%,. d.a.f.) P G Total 

Cottonwood Heartwood 
Untreated 2.01 16.8 (100% in c20 min) 

Cottonwood Sapwood 
Untreated 
Aci d-washed 
Na+-exchanged 
K+-exchanged 
Mg+z-exchanged 
Ca+Z-exchanged 
Co+Z-exchanged 
Ni+z-exchanged 
Cu+z-exchanged 

0.51 14.8 
<o .02 7.1 
0.31 14.0 
0.40 13.9 
0.17 9.4 
0.34 9.7 
0.33 9.5 
0.32 8.0 
0.40 7.3 

2 40 42 
2 c1 2 
4 16 20 
2 13 15 
3 15 18 
5 102 107a 
9 73 82 
3 34 37 
1 3 4  

apercent of conversion determined by integration of combustible gas detector 
signal was consistently 100-110% of weight of samples which gasified completely. 

The most reactive sample was found to be the untreated cottonwood heartwood. 
The reactivity of this char reflects its higher ash content. and further illustrates 
the catalytic properties found previously for the natural inorganic fraction (2). 
The most effective ion-exchanged catalysts were found to be calcium and cobalt, 
which gave reactivities intermediate between the untreated sapwood and heartwood 
samples. Chars containing alkali metal catalysts were supprisingly unreactive in 
view of the excellent catalytic properties of these catalysts for lignite chars 
gasified in steam (4) and in air (11). Alkali metals are known to be lost during 
pyrolysis and gasification at these temperatures (12). but the char from 
potassium-treated wood contained 2.3% of ash by TG. suggesting that a large 
proportion of the catalyst was retained, at least during char formation. 

closely parallel effects reported in the C02 gasification of coal char (5). 
high catalytic activity of calcium suggests that it is the dominant factor 
controlling the reactivity of the untreated cottonwood sapwood and heartwood samples 
(see metals analysis in Table 1). 

although they are often deactivated by oxidation during reaction f13). We have 
previously found this to be the case in the COz gasification of wood chars (HTT 
1000") as well (2). 
gasification of wood chars catalyzed by transition metals could, therefore, 

The catalytic activities of the alkaline earth metals i n  wood gasification more 
The 

The transition metals are known to be active catalysts of CO gasification, 

The wide range of reactivities shown in Table 3 for the 
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represent the inherent ac t iv i ty  of the ca t a lys t  or the ac t iv i ty  of the ca ta lys t  
under these spec i f ic  conditions of pyrolysis and gasification. 
ca t a ly t i c  ac t iv i ty  of the cobalt  indicates the potential  u t i l i t y  of these catalysts.  
and we a r e  continuing t o  investigate the e f f ec t s  of pyrolysis and gasification 
conditions on ca ta lys i s  of wood char gas i f ica t ion  by cobalt. 

reaction r a t e  prof i les  shown i n  Figures 4-6. 
gas i f ica t ion  of char prepared from K+-exchanged wood. 
throughout the reaction, suggesting tha t  the  reaction i s  zero order w i t h  respect t o  
the mass of the char. The reaction does not appear t o  undergo the i n i t i a l  induction 
period which i s  often observed i n  gas i f ica t ion  reactions. 
shows t h a t  the gas i f ica t ion  of the char containing calcium does exhibit  an induction 
period. and the r a t e  decays i n  a more nearly f i r s t  order manner following the 
induction period. The char was completely gasified i n  t h i s  case. 
behavior i s  exhibited i n  ca ta lys i s  by cobalt ,  as shown in Figure 6. 
the reaction i s  very rapid a t  the outset  and decays more rapidly than would be 
expected for  a reaction which is  f i r s t  order w i t h  respect t o  the char. 
approaches zero well before the  char i s  depleted, indicating t h a t  the ca ta lys t  i s  
being deactivated during reaction, and t h a t  a very h i g h  level of ca ta lys i s  could be 
attained i f  t h i s  deactivation could be avoided. 

However, the high 

The e f f ec t s  of d i f f e ren t  ca ta lys t  treatments a re  further i l lus t ra ted  by the 
Figure 4 shows the r a t e  of CO2 

The ra te  is nearly constant 

By contrast, Figure 5 

A th i rd  type of 
In t h i s  case 

The ra te  

We have also determined the ra tes  of gas i f ica t ion  of chars prepared from wood 
treated beyond the exchange capacity w i t h  t he  acetate sal ts  of potassium, cobalt and 
calcium. 
ion-exchanged wood i n  Figure 7. In a l l  three treatments the reac t iv i ty  increased a t  
l e a s t  l inear ly  with the quantity of added ca ta lys t .  
dispersion afforded by ion exchange i s  l o s t  during carbonization, or t h a t  the 
ca t a lys t  added as the  aqueous s a l t  solution was equally well dispersed, presumably 
on the  hydrophilic carbohydrate portions of the  wood ce l l  wall. 

demonstrated in calcium-exchanged coals heated a t  1000°C (14). A l t h o u g h  the  
temperatures employed i n  the  current study were somewhat lower, it i s  possible the  
same processes occur, and the  potential advantage o f  the ion-exchanged ca ta lys t  i s  
l o s t  due t o  ca ta lys t  agglomeration. If  t h i s  is the case. the re la t ive  effectiveness 
of t he  ion-exchanged ca ta lys t  should be enhanced by reducing the carbonization 
temperatures. and studies now underway should provide additional information on the  
nature of these processes. 

Gasification ra tes  of these chars a re  compared t o  those of the chars from 

T h i s  implies t h a t  t h e  ca ta lys t  

Loss.of dispersion of ion-exchanged ca t a lys t s  has been conclusively 

The most surprising feature of Figure 7 i s  t h e  dramatic increase i n  r eac t iv i ty  
of chars prepared from wood treated beyond the  ion exchange capacity with cobalt 
acetate.  

therefore gasified a t  600°C w i t h  s imi la r  resu l t s ,  as  indicated by the dotted l i ne  in 
Figure 7. I t  i s  d i f f i c u l t  t o  envision a mechanism whereby t h e  acetate s a l t  would be 
a more e f fec t ive  ca ta lys t  than ion-exchanged carboxylate s a l t s .  I t  i s  possible t h a t  
the two forms o f  the  ca ta lys t  decompose t o  d i f f e ren t  products, which could have 

forms might be. In any case. the ca t a ly t i c  efficiency of the higher level of cobalt  
treatment i s  very promising. The r eac t iv i ty  a t  600°C i s  much higher than tha t  found 
previously f o r  CO2 gas i f ica t ion  a t  650°C of wood chars treated w i t h  even higher 
leve ls  of iron and nickel s a l t s  (2). and it appears t o  be less  subject t o  
deactivation during gasification. 
t o  i t s  e f fec ts  on COP gas i f ica t ion  of graphite (13) and a highly carbonized 
ce l lu lose  char (HTT 1000°C) (15). 
effectiveness t o  nickel and iron ca ta lys t s .  
unique ca ta ly t ic  capacity f o r  cobalt, which may a l so  indicate unique properties of 
wood chars formed i n  the  temperature range employed i n  t h i s  study. 

T h i s  sample was so reactive tha t  the  reaction rate a t  800°C could not be 
I accurately measured i n  our system. The two cobalt-treated chars (HTT 800°C) were 
, 

I d i f f e ren t  ca ta ly t ic  ac t iv i t i e s .  although it  i s  not c lear  a t  t h i s  time what these 
L: 
) 

5 
Cobalt has previously been studied w i t h  respect 

In each case i t  was found t o  be s imi la r  i n  

1 
The results reported here indicate a 



ACKNOWLEDGEMENT 

This  work was supported by t h e  Gas Research I n s t i t u t e  under Grant No. 
5082-260-0683. 
U n i v e r s i t y  Regional NMR Center, funded b y  Nat ional  Science Foundation Grant No. 
CHE-8208821. 
Data Base. 

REFERENCES 

The CP/MAS l3C n.m.r. spectrum was prov ided by t h e  Colorado State 

The l i g n i t e  sample and ana lys i s  was prov ided by t h e  Penn S ta te  Coal 

1. R.A. Susott, W.F. OeGroot and F. Shafizadeh. J .  F i r e  Flamm.. 6 (1975) 311. 

2; W.F. DeGroot and F. Shafizadeh. e. 63 (!Og4) 210. 

3. W.F. OeGroot. Carbohydr. Res.. 142 (1985) 172. 

4. E.J. Hippo, R.G. Jenkins and P.L. Walker, Jr.. w. 58 (1979) 338. 

5. E.J. Hippo and P.L. Walker, Jr., w. 54 (1975) 245. 

6. L.R. Radovic. K. Steczko. P.L. Walker, Jr. and R.G. Jenkins, Processing 
Technology!. 10 (1985) 311. 

7. O.M. Mackay and P.V. Roberts, Carbon, 58 (1982) 105. 

8. G.E. Maciel.  V.J. Bartuska and F. Miknis. E. 58 (1979) 391. 

9. Y. Sekiguchi. J.S. Frye and F. Shafizadeh. J .  @. Polym. x.. 28 (1983) 
3513. 

W.F. OeGroot and F. Shafizadeh. J .  Anal. and Appl. w,, 6 (1984) 217. 

L.R. Radovic. P.L. Walker, Jr. and R.G. Jenkins, w. 63 (1984) 1028. 

O.A. Sams. T. Ta l ve rd ian  and F. Shadman, w. 64 (1985) 1208. 

Carbon. Vol 4 (P.L. Walker, Jr. ed.). Marcel Dekker. New York. 1968. pp. 

L.R. Radovic. P.L. Walker, Jr. and R.G. Jenkins, w. 62 (1983) 209. 

10. 

11. 

12. 

13. P.L. Walker, Jr.. M. Shelef  and R.A. Anderson i n  Chemistry and Physics o f  

287-383. 

14. 

34 



I Cm.r.bust.ion a i r  11w 

F L W  CONTROL W I FlCAT103 

I Cm.r.bust.ion a i r  11w 

F L W  CONTROL W I FlCAT103 

p m g r a n  d i g j t l z e d  
data  flow 

time 

PLOTTER 
HP 98165 DISC . * STORAGE 

RICROCO>:PLIIER 

Figure 1'. Schematic diagram of gasification reactor and combustible gas detector 
.system. 
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Figure 3. CP/MAS 1.3C n.m.r. spectrum of char prepared f r o m  untreated cellulose 
(HlT 600'C). 
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Figure 4. Reaction rate profile for the COP gasification of char (HTT 8OO0C) 
prepared f r o m  K+-exchanged cottonwood. 
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I 

Figure 5 .  Reaction ra te  pro f i le  for  the C02 gasif ication o f  char ( H l l  80OOC) 
prepared from Ca+*-exchanged cottonwood. 
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I Figure 6. Reaction ra te  prof i le  for the CO gasification o f  char ( H l l  800OC) 
I prepared from C&-exchanged coteonwood. 
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Figui-e 7. Average r a t e  o f  CO2 g a s i f i c a t i o n  a t  800°C o f  chars prepared f r o m  
cottonwood t r e a t e d  w i t h  inorganic c a t a l y s t s  a t  t h e  ion  exchange 
c a p a c i t y  (open symbols) and beyond t h e  i o n  exchange capacity 
( s o l i d  symbols): potassium (D,.); coba l t  (A+); calcium ( 0 , O ) .  
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OXYGEN-ENRICHED COMBUSTION OF A COAL-WATER FUEL 
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Department of Mater ia l  Science and Engineering 
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INTRODUCTION 

Several  successfu l  t e s t  f i r i n g s  have been performed with c o a l r a t e r  f u e l s  

However, even wi th  advances i n  a tomizat ion and (CWF's) in i n d u s t r i a l  bo i le rs .  

burner design,  t h e r e  a r e  s t i l l  inherent  l i m i t a t i o n s  assoc ia ted  with CWF's which 

cause decreased combustor performance. These include: 

1) Temperatures and heat  l i b e r a t i o n  from CWF flames are lower than those  of o i l  

flames. This  is due, mainly, t o  the  high water  concentrat ions,  which must 

be vaporized. 

2) Successful  i g n i t i o n  and flame s t a b i l i z a t i o n  of CWF'a usua l ly  requi re  high 

primary a i r  preheat temperatures and/or a p i l o t  flame. 

3) I g n i t i o n  delay and burnout times of CWF d r o p l e t s  a r e  longer than those of 

o i l  d rople t s .  The res idence  time of CWF d r o p l e t s  in o i l  f i r e d  b o i l e r s  is 

usual ly  not  s u f f i c i e n t  f o r  complete carbon burnout. Thus, the  CWF f i r i n g  

r a t e  must be reduced, r e s u l t i n g  i n  a d e r a t i n g  of the boi le r .  

One means of overcoming, o r  a t  least reducing, t h e  combustion problems 

associated with CWF's is oxygen enrichment of the  combustion air. Moderate amounts 

of oxygen enrichment. usua l ly  between 1-4 volume percent ,  have been used i n  indus t ry  
\ 

t t o  e i t h e r  boost production l e v e l s  o r  improve combustion e f f i c i e n c y  in pulver ized 

coa l  and o i l  f i r e d  b o i l e r s  (1). 

oxygen leading t o  acce lera t ion  of the combustion rate and, thus,  the  r a t e  of char  

burnout of the CWF drople ts .  Correspondingly, t h e r e  is a decrease in t h e  t o t a l  

Oxygen enrichment increases  the  p a r t i a l  pressure of 
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amount of n i t rogen  i n  t h e  combustion air ,  which reduces the volume of the  a i r  and 

f l u e  gases. This  i n  turn ,  causes  an increased residence time of the CWF d r o p l e t s  

because of lower g a s  v e l o c i t i e s .  

residence time w i l l  help o f f s e t  some of the  d e r a t i n g  assoc ia ted  with converting t o  

CWF's. 

oxygen content  of t h e  primary combustion a i r  w i l l  have on the combustion 

c h a r a c t e r i s t i c s  of a CWP. 

Both increased combustion r a t e  and longer 

This  s tudy i s  aimed a t  determining t h e  e f f e c t  t h a t  a 2% increase  i n  t h e  

EXPERIMENTAL 

A hor izonta l ly  f i r e d  labora tory  s c a l e  combustor. designed and b u i l t  st Penn 

S t a t e  t o  f i r e  f u e l  o i l ,  was modified t o  f i r e  CWF's ( 2 . 3 ) .  

e f f e c t  of enr iching the  oxygen content  of the  primary a i r  on the  hea t  d i s t r i b u t i o n  

in the  furnace,  t h e  q u a n t i t y  of unburned carbon i n  t h e  f lyash  and pol lu tan t  

formation (NO 

Using t h i s  combustor, the 

and SOz) were invest igated.  

The CWF used was suppl ied  by The A t l a n t i c  Research Corporation. Fredericksburg, 

Virginia. Analyses of the CWP and parent coa l  a r e  given i n  Table 1. The o r i g i n  of 

TABLE 1 
ANALYSES OF THE CWP 

AS RECEIVED ( w t % )  DRY BASIS (wt%) 
C 57.4 80.8 
H 3.4 4.8 
N 1.1 1.6 
S 0.5 0.7 
0 (by d i f f e r e n c e )  4.3 6.0 

ASH 4.3 6.1 
H20 28.9 - 

Higher Heating Value 2.44 x lo7 J/kg (10.500 BTU/lb) 

PROXIMATE ANALYSIS (DRY BASIS) 

VM ASH FIXED CARBON 

30.9% 6.1% 63.0% 
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the  parent coa l  is unknown but the  analyses  a r e  t y p i c a l  of a high v o l a t i l e  e a s t e r n  

bituminous coal. 

of 2-44 x lo7 J/kg (10,500 BTU/lb). 

a r e  cur ren t ly  under cons idera t ion  by industry.  

r a t e  of 48 kW (164,000 BTU/lb). 

stream of pure oxygen wi th  t h e  combustion a i r  in order  t o  increase the oxygen 

content t o  t h e  des i red  23% concentrat ion.  

t o  115% t h e o r e t i c a l  oxygen. Center l ine  furnace temperatures were measured a t  

vsr ious  a x i a l  d i s tances  a long  t h e  combustor using shielded thermocouples. 

gases  were cont inuously monitored f o r  0 2 ,  C02. CO, NOx, and SO2. 

were analyzed f o r  carbon content .  

The CWF has a s o l i d s  loading of 70 w t %  and a higher hea t ing  value 

Thus, t h e  CWF is t y p i c a l  of many of those t h a t  

The furnace was operated a t  a f i r i n g  

Oxygen enrichment was achieved by combining a 

The o x y g e d f u e l  r a t i o  was var ied  from 95% 

Stack 

Flyash samples 

Furnace preheat and CWF i g n i t i o n  were achieved by a methane p i l o t  flame. It 

should be noted that s t a b l e  CWF flames were not  able  t o  be maintained without  p i l o t  

flame support. Thus, t h e  methane p i l o t  flame was maintained during a l l  t r i a l s  and 

provided approximately 25% of the  t o t a l  heat  input  t o  the  combustor. 

RESULTS 

Combustion t r ia l s  were performed on the  CWF with normal a i r  and a i r  enriched 

t o  23% oxygen (2% oxygen enrichment). 

primary combustion a i r  provided an 8.7% decrease in the  volume of combustion a i r  

required and a 7.9% decrease i n  the  volume of f l u e  gases  produced. 

higher furnace temperatures f o r  the oxygen enriched case. 

60 K increase a t  5% excess  oxygen. 

constant  over the  length  of the  combustor. The amount of carbon in the  f l y a s h  was 

A 2% increase  in oxygen content  of t h e  

Figure 1 shows 

There was approximately a 

This  increase  in temperature appears t o  be q u i t e  

1 reduced by about 5% a t  t h i s  excess  oxygen leve l .  The oxygen enriched flames a l s o  

I appeared v i s u a l l y  b r i g h t e r  and c l o s e r  t o  the burner (i.e. a s h o r t e r  i g n i t i o n  delay). 

Sulfur  oxides  a r e  formed when s u l f u r  in t h e  f u e l  is oxidized dur ing  t h e  

combustion process. 

(normalized t o  a 0% excess  a i r  bas is  and tak ing  i n t o  account t h e  reduced volume of 

f l u e  gas in the  oxygen enriched cases). It was found that SO2 concentrat ions were 

Figure 2 shows SO2 emissions a s  a funct ion of exceas a i r  
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v i r t u a l l y  independent of amount of excesa a i r  or oxygen enrichment f o r  the  f u e l  l e a n  

flames. 

enriched f u e l  r i c h  flame. 

However, t h e  SO2 COnCentKatiOnS appear t o  be increased f o r  the  oxygen 

A s  is w e l l  known, NOx i s  formed i n  two ways during combustion; t h a t  is by 

oxidat ion of atmospheric n i t rogen  (thermal NOx) and oxidat ion of n i t rogen  i n  the  

f u e l  ( f u e l  NOx). 

nor: considered t o  be a si&n;i:fican: S W G K C ~  of NOx f o m a t i e a  a t  

about 1770 K ( 4 ) .  

about 1450 K therefore .  most of t h e  NO 

the  v a r i a t i o n  of NOx w i t h  percent  excesa a i r  f o r  both the  normal and oxygen enriched 

combustion. NO concent ra t ions  were approximately 70 PPM higher  i n  the f u e l  lean 

oxygen enriched flames. 

i n  the  oxygen enriched flames somewhat approach the  concentrat ions found i n  the  

embient a i r  flames. 

The formation of thermal NO is very temperature dependent and i s  

temperatures below 

The maximum temperature reached i n  the  experimental combustor was 

was assumed t o  be f u e l  NOx. Figure 3 shows 

A s  t h e  flames become more f u e l  r i c h  the  NO concentrat ions 

CONCLUSIONS 

Oxygen enriched combustion of a CWF was s tudied  i n  a small s c a l e  (48  kW) 

combustor. It was found t h a t  8 2% increase i n  oxygen content  of t h e  combustion a i r  

produced : 

1) Increase  of about  60 K i n  furnace temperature. 

2) More luminous flame wi th  Shorter  i g n i t i o n  delay. 

3) Approximately a 5% reduct ion of carbon i n  the  f l y a s h  

4 )  No e f f e c t  on  SO formation i n  f u e l  lean flames. 

5 )  Somewhat h igher  NO 

2 

emissions f o r  f u e l  l e a n  flames but only s l i g h t l y  higher  

NO concent ra t ions  f o r  f u e l  r i c h  flames. 
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Secondary Atomization of Coal-Water Fuel Droplets Resulting from 
Exposure to Intense Radiant Heating Environments 

Daniel J. Maloney and James F. Spann (ORAU) 

U.S. DOE, Morgantown Energy Technology Center 
P.O. Box 880, Morgantown, WV 26505 

Introduction 

The use of coal-water fuels (CWF) for direct firing in heat engines presents 
some challenges because conventional turbine combustors and diesel engines 
require short duration, intense combustion processes. It is generally under- 
stood that burning times required for efficient carbon utilization in these 
systems is a function of the fuel droplet size. For CWF droplets, the early 
stages of heating are critical. Under certain heating conditions, water is 
evaporated from a droplet leaving a relatively slow burning agglomerate of coal 
particles. Under other heating conditions, however, fuel droplets may boil 
explosively producing many small fragments having characteristically shorter 
combustion times. The behavior of CWF in a combustor depends on a number of 
factors including droplet size, the amount and size distribution of coal parti- 
cle inclusions, and the primary mode and rate of droplet heating. A detailed 
knowledge of slurry droplet evaporation mechanisms is required, therefore, for 
accurate prediction of slurry droplet combustion times and for the design of 
CWF-fired heat engines. 

The objective of this work is to determine the radiant energy flux conditions 
required to achieve explosive boiling of CWF droplets. Radiant heating is 
important because, when considering coal particle sizes typical of highly bene- 
ficiated micronized CWF (2  to 3 microns mean radius) proposed for use in heat 
engine applications, the black body radiation prevalent in combustion environ- 
ments can penetrate into the droplet. The resulting internal heating of coal 
particles can result in superheating of the water within the droplet and thereby 
establish conditions necessary for explosive boiling. 

Experimentally, conditions required to achieve explosive boiling were deter- 
mined by electrodynamically suspending and irradiating single CWF droplets with 
well characterized radiation pulses. Droplet behavior in these experiments was 
monitored using high-speed cinematography. The energy flux required for explo- 
sive boiling was determined at ambient temperature and pressure as a function 
of incident radiation intensity and CWF droplet size and composition. The 
results were then compared with theoretical predictions of the explosive boil- 
ing threshold for CWF droplets in high-temperature black body radiation fields. 
The primary question we wish t]o address is: do sufficient conditions exist, OK 
can they be made to exist, to cause explosive boiling of CWF droplets ranging 
from 20 to 200 microns in diameter in realistic combustor configurations? 

Experimental 

Single CWF droplets were isolated and held in an electrodynamic balance appara- 
tus which was designed and fabricated based on the work of Davis and Ray (1). 
The balance, as illustrated in Figure 1, is a quadrupole trap consisting of two 
hyperboloidal endcap electrodes and a central ring electrode. When an AC volt- 
age is applied between the ring and the two endcap electrodes the resulting 
field has a well defined null point at the geometric center of the balance. 
charged droplet in the electric field is subject to a time averaged force 
directed toward the null point. The droplet is held at the null point by 

A 
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applying a DC f i e l d  ac ross  t h e  endcap e l ec t rodes  t o  counterbalance g r a v i t a -  
t i o n a l  f o r c e s .  

CWF drop le t s  a r e  de l ive red  t o  t h e  ba lance  chamber from a CWF d r o p l e t  genera tor  
developed s p e c i f i c a l l y  f o r  use  i n  these  experiments.  The b a s i c  device c o n s i s t s  
of a c y l i n d r i c a l  p i e z o e l e c t r i c  t ransducer  element wi th  a c a p i l l a r y  tube  a t tached  
t o  one end and a f u e l  supply l i n e  a t t ached  t o  t h e  o the r .  The ope ra t ing  p r i n c i -  
p l e  i s  the  same a s  t h a t  used i n  i n k - j e t  p r i n t e r s .  Voltage pu l ses  appl ied  t o  
the  t ransducer  cause sudden volume con t r ac t ions  which fo rce  f u e l  through t h e  
c a p i l l a r y  o r i f i c e .  The ex t ruded  f u e l  forms a monodisperse stream of d rop le t s  
of uniform composition wi th  t h e  d r o p l e t  s i z e  being determined by the  c a p i l l a r y  
diameter and by t h e  amplitude and du ra t ion  of t h e  vo l t age  pu l ses .  D e t a i l s  of 
t he  design and ope ra t ing  c h a r a c t e r i s t i c s  of t he  CWF d r o p l e t  genera tor  a r e  pro- 
vided elsewhere ( 2 ) .  Drople ts  a r e  induc t ive ly  charged by pass ing  the  d rop le t  
stream through an  o r i f i c e  i n  a charged p l a t e  p r i o r  t o  de l ive ry  i n t o  t h e  e l ec -  
trodynamic ba lance  chamber. 

The droplet  marr t c  charge  r a t i o  (m/q) is d i r e c t l y  p ropor t iona l  t o  t he  DC voi- 
t age  required t o  b r i n g  t h e  d r o p l e t  t o  t h e  n u l l  p o i n t .  For CWF d rop le t s  the  
mass (and so m/q) i s  cont inuous ly  changing due t o  water evapora t ion  and the  
balance vol tage  must be ad jus t ed  t o  hold t h e  d r o p l e t  a t  t h e  n u l l  po in t  during 
an  experiment.  To f a c i l i t a t e  d r o p l e t  p o s i t i o n  c o n t r o l  and t o  provide  accura te  
and p rec i se  measurements of changes i n  d r o p l e t  s i z e  and mass, a microprocessor 
con t ro l l ed ,  d r o p l e t  imaging system (DIS) was developed. The DIS u t i l i z e s  a 
Vidicon (video camera) d e t e c t o r  t o  monitor d r o p l e t  p o s i t i o n  and s i z e .  
p rocessor  scans  t h e  v id i con  every  1 7  m s  and image process ing  techniques a re  
employed t o  determine the  d r o p l e t  l o c a t i o n  and s i z e .  A c o n t r o l  s i g n a l  i s  then 
generated t o  main ta in  d r o p l e t  p o s i t i o n  a t  t h e  balance n u l l  p o i n t .  D i g i t a l  
va lues  corresponding t o  d r o p l e t  c ros s - sec t iona l  a r e a  and ba lanc ing  vo l t age  
(propor t iona l  t o  d r o p l e t  mass) a r e  genera ted  a t  a r a t e  o f  60 Hz. The d rop le t  
s i z e  information is used t o  t r i g g e r  t h e  high-speed camera and t o  a c t i v a t e  the  
pulsed r a d i a t i o n  ( l a s e r )  source .  I n  a d d i t i o n ,  d r o p l e t  d iameter ,  mass and com- 
p o s i t i o n  (percent  c o a l  by mass) a r e  determined from t h e  d r o p l e t  s i z e  and 
balance con t ro l  d a t a .  F igure  2 i l l u s t r a t e s  t he  c a p a b i l i t i e s  of t h e  DIS f o r  
d r o p l e t  s ize  and mass de te rmina t ion .  The da ta  shows t h e  s t rong  dependence of 
t he  d rop le t  mass wi th  changing d r o p l e t  r ad ius .  Since d r o p l e t  dens i ty  increases  
a s  water evapora tes  from t h e  CWF, t h e  d r o p l e t  mass dependence dev ia t e s  s l i g h t l y  
from the  r3 r e l a t i o n s h i p  expected f o r  a cons tan t  d e n s i t y  d r o p l e t .  
dence i n t e r v a l  (95 percen t )  f o r  d r o p l e t  s i z e  r e so lu t ion  wi th  t h e  DIS is  
f 3 microns f o r  d r o p l e t s  ranging i n  diameter from 50 t o  200 microns. The 
confidence i n t e r v a l  f o r  mass r e s o l u t i o n  i s  2 50 nanograms. 

The CWF used i n  these  experiments was a phys i ca l ly  bene f i c i a t ed  (3 percent  ash) 
micronized (3 micron mean p a r t i c l e  r ad ius )  s l u r r y  having a composition of 
62 percent  c o a l  by mass. 
(1 t o  20 percent  coa l  by mass) d r o p l e t  was de l ive red  t o  t h e  balance chamber. 
The d rop le t  s i z e  and weight were monitored by t h e  DIS u n t i l  a p re se l ec t ed  s i z e  
was a t t a i n e d .  
pu lsed .  

CWF d r o p l e t s  d e l i v e r e d  t o  t h e  ba lance  chamber were on t h e  order  of 250 microns 
i n  diameter.  Droplet  size and composition were c o n t r o l l e d  by changing t h e  
i n i t i a l  coa l  composition i n  t h e  d r o p l e t  and by c a r e f u l l y  monitoring t h e  water 
evaporation. In t h i s  manner d r o p l e t  s i z e s  (50 t o  200 microns i n  diameter) and 
compositions (50 t o  70 percen t  coa l  by mass) of i n t e r e s t  f o r  combustion appl i -  
ca t ions  could be e a s i l y  accessed .  

A micro- 

The confi-  

During a t y p i c a l  experiment a water  o r  d i l u t e  CWF 

The high-speed movie camera was then  a c t i v a t e d  and the  l a s e r  was 
A schematic of t h e  experimental  conf igu ra t ion  is provided i n  Figure 3 .  

, 
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Resul t s  

Experiments were conducted us ing  an eximer l a s e r  (wavelength 0 . 2 4 8  microns) t o  
determine explos ive  b o i l i n g  th re sho lds  f o r  water and CWF d r o p l e t s  a t  r a d i a t i o n  
Pulse  times of 10 nanoseconds. 
composition and r a d i a t i o n  i n t e n s i t y .  S ing le  d r o p l e t s  of water and CWF (25  and 
50 percent  coa l  by mass) wi th  r a d i i  of 2 5 ,  5 0 ,  and 75 microns were i r r a d i a t e d  
from two s i d e s  ( see  F igure  3 ) .  
then  was twice A r 2  and t h e  inc iden t  r a d i a t i o n  i n t e n s i t y  was va r i ed  from 
2 . 5  x lo7  W/cm2 t o  5 x 10' W/cm2 by defocussing t h e  l a s e r  beam. 
in t ense  r a d i a n t  hea t ing  condi t ions  t h e  beam c ross  s e c t i o n  was l a r g e r  than 
300 microns so t h a t  i n  a l l  cases  t h e  d rop le t s  were completely b lanketed  by the  
inc iden t  r ad ia t ion .  

The r e s u l t s  of experiments performed on CWF d r o p l e t s  conta in ing  5 0  percent  coa l  
by mass a r e  presented  i n  F igure  4 .  
context  o f  F igure  5 .  
i o r  var ied  from o s c i l l a t o r y  d i s t o r t i o n s  t o  v i o l e n t  fragmentation a s  t h e  r ad ian t  
i n t e n s i t y  was increased .  The onse t  of fragmentation occurred over a narrow 
range of i n t e n s i t i e s  from about 5 x l o 7  t o  1 . 5  x 10' W/cm2 . Figure  5 shows 
high speed f i lm  records  f o r  75 micron r ad ius  d r o p l e t s  conta in ing  50 percen t  
coa l  by mass. The framing r a t e  was 5 , 0 0 0  frames p e r  second. F igure  5A i l l u s -  
t r a t e s  t h e  o s c i l l a t o r y  behavior observed f o r  t hese  d r o p l e t s  when i r r a d i a t e d  a t  
an i n t e n s i t y  of 2 . 5  x l o7  W/cm2. 
mentation was observed. Lower r a d i a t i o n  i n t e n s i t i e s  r e su l t ed  i n  no observable 
fragmentation o r  o s c i l l a t i o n .  
5 x lo7 W/cm2 (Figure 5B)  d r o p l e t  fragmentation was observed. The f i r s t  frame 
i n  sequence 5B shows t h e  CWF d r o p l e t  p r i o r  t o  i n i t i a t i o n  of t h e  r a d i a t i o n  pu l se .  
The second frame of t h e  sequence shows t h e  d r o p l e t  0 . 2  m s  l a t e r ,  a f t e r  t h e  
l a s e r  pu l se .  
poss ib l e  growth of vapor bubbles wi th in  t h e  d r o p l e t .  However, t h e  time reso lu-  
t i o n  ava i l ab le  was no t  s u f f i c i e n t  t o  conclus ive ly  show t h e  ex i s t ence  of vapor 
bubbles.  
sphere  and the  formation of f u e l  "ligaments" a t t ached  t o  a c e n t r a l  d r o p l e t  
core .  This i s  followed by t h e  breakup of t h e  d r o p l e t  t o  form t h r e e  fragments.  
A t  t h i s  r ad ian t  hea t ing  i n t e n s i t y  we c o n s i s t e n t l y  observed t h e  formation of one 
o r  two smal l  s a t e l l i t e  fragments and a l a r g e r  core  d r o p l e t .  Af t e r  breakup, the  
fragments moved with a minimum v e l o c i t y  of 1 m / s .  F igure  5 C  i l l u s t r a t e s  t h a t  
a s  t h e  r ad ian t  i n t e n s i t y  was increased  t o  1 . 2  x 10' W/cm2 t h e  fragmentation of 
t h e  d rop le t s  was more v i o l e n t  r e s u l t i n g  i n  t h e  formation of many smal l  f u e l  
d rop le t s  having minimum v e l o c i t i e s  ranging from 0 . 5  t o  2 m / s .  A t  h ighe r  r ad i -  
a n t  i n t e n s i t i e s  (Figure SO) ,  fragmentation was ev iden t ,  however, d r o p l e t  f r ag -  
ments had v e l o c i t i e s  i n  excess  o f  3 m / s  and r e s o l u t i o n  of d r o p l e t  fragments was 
poor.  

Based on t h e  d i f f e r e n t  behavior ev ident  i n  t h e  high-speed f i lm  records  modes of 
d rop le t  behavior have been a r b i t r a r i l y  def ined  as :  NF, no f ragmenta t ion  of t he  
d r o p l e t s ,  F ,  fragmentation of t h e  d rop le t s  t o  form a few r e l a t i v e l y  l a r g e  drop- 
l e t  fragments, and EF, explos ive  fragmentation of t h e  d r o p l e t  t o  produce many 
small  d rop le t  fragments. F igure  4 summarizes the  r e s u l t s  of experiments us ing  
CWF d rop le t s  conta in ing  50 percent  coa l  by mass. 
r ep resen t s  t h e  t h e o r e t i c a l  p red ic t ions  of S i t a r s k i  ( 3 - 5 )  f o r  explos ive  b o i l i n g  
th re sho lds  f o r  CWF d r o p l e t s  exposed t o  high-temperature b l ack  body r a d i a t i o n .  
The t h e o r e t i c a l  p red ic t ions  i l l u s t r a t e d  i n  F igure  4 have been modified t o  
r e f l e c t  t h e  f a c t  t h a t  t h e  d rop le t s  were i r r a d i a t e d  from two s i d e s  wi th  a geo- 
metric c ross  s e c t i o n  of 2 A r 2 .  F igure  4 i l l u s t r a t e s  t h a t  explos ive  b o i l i n g  
th re sho lds  decreased a s  d r o p l e t  s i z e  was reduced. Experiments performed on 
drop le t s  with 25 percen t  coa l  by mass showed a s i m i l a r  t r end  wi th  decreas ing  

The t e s t  v a r i a b l e s  included d r o p l e t  s i z e  and 

The geometric c ros s  s e c t i o n  of t he  d rop le t s  

A t  t h e  most 

The r e s u l t s  can b e s t  be descr ibed  i n  t h e  
Over t h e  range of condi t ions  employed CWF d r o p l e t  behav- 

A t  t h i s  r a d i a n t  i n t e n s i t y  no d r o p l e t  f r ag -  

When the  r a d i a n t  i n t e n s i t y  was increased  t o  

The d r o p l e t  appears t o  be a l a r g e  p ro la t ed  sphere  sugges t ing  the  

The t h i r d  frame i n  t h e  sequence shows t h e  co l l apse  of t h e  p ro la t ed  

The dashed l i n e  i n  t h e  f i g u r e  

47 



drop le t  s i z e .  Within t h e  e r r o r  of t h e  experiment t h e r e  was no observable d i f -  
fe rence  between t h e  behavior  of CWF d r o p l e t s  a s  t h e  coa l  loading  was increased  
from 25 t o  50 percen t  c o a l  by mass. The presence of coa l  i n  t h e  d rop le t  d i d  
p lay  an important r o l e ,  however. Pure water  d r o p l e t s  showed no evidence of 
o s c i l l a t i o n  o r  f ragmenta t ion  a t  r a d i a t i o n  f luxes  o f  5 x lo8 W/cm2 and below. 
This observa t ion  is  c o n s i s t e n t  wi th  t h e  f a c t  t h a t  pure water i s  e s s e n t i a l l y  
t ransparent  t o  r a d i a t i o n  a t  0.248 micron wavelength. 

Discussion 

The theory developed by S i t a x s k i  ( 4 )  assumes t h a t  e lec t romagnet ic  r a d i a t i o n  i s  
absorbed uniformly w i t h i n  t h e  d r o p l e t  caus ing  s t r o n g  superhea t ing  of t h e  l i q u i d  
a t  t h e  center  of t he  d r o p l e t  where thermodynamic condi t ions  approach those on 
t h e  spinodal l i n e .  
temperature then l e a d s  t o  d i s r u p t i o n  of t h e  d r o p l e t .  The experimental  observa- 
t i o n s  a re  cons i s t en t  w i th  t h i s  phys i ca l  d e s c r i p t i o n  of t h e  explos ive  b o i l i n g  
phenomena and t h e  agreement between the  exper imenta l ly  determined thresholds  
f o r  explosive f ragmenta t ion  a r e  i n  e x c e l l e n t  agreement wi th  t h e  explos ive  b o i l -  
iug thresholds p red ic t ed  by S i c a r s k i .  

Two a l t e r n a t i v e  mechanisms f o r  d r o p l e t  breakup were a l s o  cons idered .  They were 
the  e f f e c t  of r a d i a t i o n  p res su re  and t h e  p o t e n t i a l  f o r  s i g n i f i c a n t  i on iza t ion  
and plasma formation. Ca lcu la t ions  were performed t o  eva lua te  t h e  r a d i a t i o n  
pressure  a s soc ia t ed  w i t h  t h e  l a s e r  pu l se .  The momentum imparted t o  t h e  d rop le t  
due t o  the  l i g h t  p re s su re  was found t o  be t w o  o rde r s  of magnitude lower than  
t h e  observed momentum (determined from t h e  v e l o c i t y  of t h e  fragments).  There- 
f o r e ,  the  c o n t r i b u t i o n  due t o  r a d i a t i o n  p res su re  was i n s i g n i f i c a n t .  A t  r ad ia -  
t i o n  i n t e n s i t i e s  s i m i l a r  t o  those  employed i n  the  p re sen t  s tudy ,  plasma 
formation has been observed f o r  ae roso l  p a r t i c l e s  i n  a i r  (6, 7 ) .  The accom- 
panying l a s e r  breakdown depends on a number of f a c t o r s  inc luding ,  t he  r a d i a t i o n  
wavelength, i n t e n s i t y  and pu l se  time and t h e  o p t i c a l  p r o p e r t i e s  and s i z e  of the  
ae roso l  p a r t i c l e s .  Plasma formation and growth i s  usua l ly  accompanied by a 
c h a r a c t e r i s t i c  f l a s h  of l i g h t  followed by a n  a c o u s t i c  p re s su re  pu l se  (shock 
wave) as  t h e  plasma c loud  expands a t  a r a t e  of 2 t o  3 km/s. 
r ad ian t  hea t ing  cond i t ions  repor ted  i n  F igure  4 t h e r e  were no observa t ions  
supporting t h e  formation of a plasma cloud. A t  r a d i a t i o n  i n t e n s i t i e s  above 
lo9  W/cm2, however, t h e  c h a r a c t e r i s t i c  s i g n s  of plasma formation were ev ident .  

The sudden b u r s t  of vapor bubbles produced a t  t h e  sp inodal  

Over the  range of 

Conclusion 

Capab i l i t i e s  have been developed t o  determine r a d i a n t  i n t e n s i t i e s  required t o  
achieve explos ive  b o i l i n g  (secondary a tomiza t ion)  of CWF d r o p l e t s  of w e l l  
def ined  s i z e  and composition. 
b o i l i n g  th re sho lds  f o r  CWF drop le t s  a t  s h o r t  du ra t ion  h igh  i n t e n s i t y  r ad ian t  
hea t ing  condi t ions .  
t i t a t i v e l y  i n  good agreement wi th  t h e o r e t i c a l  p r e d i c t i o n s  f o r  explos ive  bo i l ing  
thresholds .  A t t e n t i o n  has now been d i r e c t e d  toward applying these  techniques 
t o  make measurements o f  explos ive  b o i l i n g  th re sho lds  a t  r a d i a t i o n  wavelengths 
i n  t h e  in f r a red  r eg ion  of t h e  energy spectrum wi th  mi l l i second hea t ing  t imes t o  
address  condi t ions  which a r e  r ep resen ta t ive  of combustion app l i ca t ions .  

The system has been used t o  determine explosive 

The experimental  r e s u l t s  a r e  both q u a l i t a t i v e l y  and quan- 
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Figure 1 .  Electrodynamic Balance Apparatus 
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Figure 2 .  Droplet Mass and S ize  Resolution Capabi l i t ies  
for an Evaporating CWF Droplet 
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Figure 3. Experimental Configuration for Explosive Evaporation Studies 

EF’ 

F 

NF 

/ 

I 

25 50 75 

DROPLET RADIUS (microns) 

Figure 4. CWF Droplet Response as a Function of Radiant 
Heating Intensity at 10 ns Heating Time 
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! 

Figure 5 .  High-speed Motion Picture Records of CWF Droplet Response t o  
Radiant Intens i ty:  High-Intensity Radiant Heating. A - 2 . 5  x IO’ W/cm2, 

B - 5 x lo’ W / c m P ,  C - 1 . 2  x IO8 W/cm2, D - 2 . 5  x lo8 W/cm2. 
Framing Rate of 5000 f p s .  
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INTRODUCTION 
Bi-dimensional fluidized beds have been since long adopted for studying 

fundamentals of fluidization. Optical accessibility has been a valid tool for 
analysis of bubbles and their interaction, in spite of the existing behavioural 
difference between three and two dimension experiments. A bi-dimensional bed 
has been recently used for application of mass spectrometric analysis of gas 
concentration profiles in single bubbles rising through a bed kept at minimum 
fluidization velocity (1). 

Coal combustion and gasification in fluidized bed is now actively and 
intensively studied. Models of coal combustion process, including 
volatilization have been proposed. However lack of optical access into 
traditional fluidized bed combustors. renders difficult the comparison between 
model prediction and experimental result. 

The idea of developing a bi-dimensional combustor, fitted with mass 
spectrometric probe seemed very appealing, though of not easy design and 
construction. 

In this paper design and construction of a bi-dimensional fluidized bed 
combustor (F.B.C.) and result of first experiments performed are reported. 

F.B.C. DESIGN 
Very crude and preliminary calculations show that it is not possible to 

operate steadily a bi-dimensional fluidized bed coal combustor normally exposed 
to ambient. Assuming for a quartz sand bed (70-600 pm size) a temperature of 
1150-1200 K, radiant heat transfer reaches values of 80 kW/sqm. which cannot be 
carried by enthalpy of fluidizing gas. Generation of this substantial power is 
not possible by means of combustion itself, owing to the small amount of coal 
in the bed. Consequently it is necessary to feed the F.B.C. with extra power in 
order to Obtain a steady operation. Hypothesis of adopting Vycor’klica glass 
covered wifh thin tin oxide layer has been discarded, since its application at 
these temperatures are not known. neither it was possible to assess the 
semiconductivity properties at high temperature of tin oxide layer. 

The obvious solution to the problem was to design a furnace, fitted with 
windows, in which the bed had to be enclosed. The furnace essentially consists 
of a parallelepipedic enclosure, the dimension of which are 1070 mm height, and 
890 mmxl4 0 mm base. Starting from the inside. furnace walls are made of Triton 
Kaowall (.A, which is particularly suitable for high temperature, of Calsil (rfi), 
which has good insulating properties and is asbestos free and. for the 
outer layer, but can 
stand lower temperatures. The bottom has been made of CER 21/M tTM) which 
presents good mechanical properties even at high temperature. Thickness of 
insulation has been calculated on the basis of following assumption: outer vall 
temperature <333 K, inner wall temperature equal to maximum operation 
temperature, linear temperature gradient through walls. Constant thermal 
conductivity for each material. averaged on temperature has been used in 
calculations. Front, rear and top walls are removable. Furnace top possesses a 
slot. which coincides with highest level of bed free-board and can be connect d 
to an exhaust line. A square window, 250 1mnx250 mm, made of polished Vycor d 
glass as been made on front and rear panel. Windows are parallel to the 
bed and permit its optical observation. Four electrical resistances, each 
providing 3.6 kW. are immersed into a ceramic support, which is 50 mm thick, 
300 mm wide and 600 mm high. These resistances give the necessary power t o  
furnace, for every possible regime of operation, since several series and 
series-parallel insertions are possible. Calculations show that at steady state 
about 4 kW are necessary for keeping furnace at 1223 K. However resistances are 

- Dipartimento di Ingegneria Chimica - Univeroit5 - 80125 Napoli 

of Monolux 500,” which has good mechanical properties, 
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capable of producing 14.4 kW. which are useful for shortening apparatus start 
UP. 

A proportional, integral temperature controller has been designed which 
features a thyristor power unit, and safety set points which can be triggered 
by maximum and minimum temperature and which can be overridden during start up 
procedure. For safety reasons, thermocouple failure triggers the power off. 
Owing to large heat capacity of furnace and prevalent radiant heat transfer 
within enclosure. uniform temperature is achieved throughout the bed. 

glass walls, 18 
mm apart, inserted into slots created on furnace sides. The transparent walls 
are made of a double layer of sheets mm thick, 300 mm wide and 300 mm high. 
Owing to the limited size of Vycor ('4 sheets the two layers are skintle 
order to prevent air and solid materials leakage during operation. Vycor LTr 
glass walls continue up to the top of furnace, consequently free board is kept 
at the same temperature of the bed. Figure 1 shows the apparatus. 

Even gas distribution at bottom of bed is achieved by means of a 
distributor made of aluminum silicate, which practically consists of a porous 
plate (140-2OOpm pore size) 20 mm thick. Great care has been taken to seal he 
junction between distributor and bed. To this end a special Triton ~aowall~flt) 
cement has been used. 

Flow of fluidizing gas is measured by means of conventional rotameter. 
Inlet gas pressure is measured by conventional open tube manometers. 
Temperature of bed is measured by means of thermocouple. On each side of the 
bed at different heightsthree channels have been drilled and fitted with 12 mm 
alumina tubes for coal feeding and gas sampling. 

Arriflex cine camera, 16 mm, at 50frames per second has bees used for 
optical observation and recording of F.B.C. behaviour. Analysis of single 
frames has been carried out by means of a graphic tablet hooked to an Apple IIe'" 
personal computer. Bubble areas were evaluated by means of specific software. 
Time variation of dimension of coal and char particles was also analyzed by 
means of the same technique. 

A continuous sampling C02 analyzer was also used for monitoring coal 
combustion. 

The whole apparatus performed as expected. The bed could be kept steady at 
temperature of 1223 K as long as necessary. 

RESULTS 
To the best of authors' knowledge. the bi-dimensional F.B.C. is the first 

that has been ever constructed. Consequently it seems that up to now no direct 
optical teat has been made yet on general fluidodynamics behaviour of fluid 
beds at high temperatures. Results reported in the sollowing refer to a bed 260 
mm wide and 140 mm high of sand (density 2.6 g/cm ). Mass of solids was kept 
constant at 1 kg. The first set of experiments that has been run was aimed at 
assessing the possibility of testing these fundamental aspects of fluidization. 

Minimum fluidization velocity Umf has been experimentally evaluated for 
sand of two different sizes: 300t.400 p and 850+1000 p .  In fig. 2 U values 
measured at experimental conditions are reported against temperature.qor both 
sizes U decreases with increasing temperature. Results are in accord with 
those attained by Botterill and Teoman (2) and can be easily explained on the 
basis of viscosity increase with increasing temperature. Comparison with 
available theoretical models has not been fully accomplished yet, owing to the 
limited number of data. However first trials seem to indicate that for smaller 
size. available theory extrapolated at operation temperatures underestimate 
Umf, whereas for larger size U is nearly correctly estimated at temperatures 
lower than 673 K and is overes&ated at higher temperatures. 

Several films have been shot by means of cine camera with the aim of 
measuring bed expansion and bubble volume fraction at different temperatures. 
Results refer to bed of sand 300+400pm size. In fig. 3 bed voidage is reported 
against relative fluidization velocity U/U for different bed temperatures. 
Bed voidage was evaluated by measuring on ? h m  frame bed height at different 
U/Umf. Data show that bed voidage depends on temperature. 

The bed is confined by means of two polished Vycor pN) 

4 In 
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Experimental technique features the possibility of measuring bubble size 
on film frame by means of graphic tablet digitization. In fig. 4 an example 
of digitized frame is reported. Bubble fraction at different U/U and 
temperatures have been measured by means of the above technique. Resugs are 
reported in fig. 5. 

Combustion at 1123 K of batch of five particles of South African char, 
approximately spherical, of 130 mg mass and 6 mm diameter each, has been 
followed by cine camera recording and by monitoring C02 concentration in 
exhaust gases. Burn-out time has been determined by observation of particle 
disappearance and by CO monitoring. Same experiment has also been performed 
with batch of three particles of South African coal, each of 400 mg mass and of 
9 mm diameter. Data are reported in fig. 6. Cine camera was run at immission of 
particles into the bed and after 228 s and 552 S. In fig. 7 char particle 
diameter against time is reported as evaluated by the two methods. Data 
obtained by film frame analyses and data obtained by calculation of particle 
diameter reduction from CO concentration measurement, to compare fairly well. 
On the same diagram theoregical variation of char particle diameter with time 
has been reported. Curve is drawn assuming shrinking particle model and 
diffusion control. 

Combustion of a batch of three South Africa1 coal particles tested also 
apparatus capabilities of following devolatilization. Coal particles were 
spherical with 9 mm diameter and with a weight of 400 mg each. Devolatilization 
phase could be followed at ease and flamelets generated by gas combustion were 
observed. 

CONCLUSIONS 
The first results confirm that the apparatus that has been developed can 

be a powerful tool for studying high temperature processes in fluidized beds. 
Specifically fundamental fluidodynamics of beds can be investigated and 
combustion process of coal can be followed, even during devolatilization phase. 
Hypotheses of current models can also be checked, though with the limitation 
deriving from bi-dimensionality. 
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Fig. 1 - Furnace encloses F.B.C. 
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Fig. 2 - Minimum fluidization velocity vs temperature. 
Bed solids: sand; V 300 i 400 p; 850 I 1000 pm. 
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Fig. 3 - Bed voidage vs relative fluidization velocity for different temperatures. 
Bed solids: sand; 300 + 400pm. 

Fig. 4 - Example of digitized film frame showing a bubble rising thry,the bed. 
Solid displacement caused by bubble ascenk is evident. 
Bed solids: sand; 300 + 4 0 0 p ;  1123 K. 
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Fig. 5 - Bubble fraction vs relative fluidization velocity for different temperatures. 
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Fig. 6 - Burn out time vs particle diameter. 
Bed solids: sand; 300 t 400 pm. 
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I n t r a - P a r t i c l e  S u l f u r  Capture During B a t t e l l e  Treated Coal 
Combustion Under Simulated Turbine Condi t ions 

J. J .  Reuther, H. N. Conkle, and H. F. Feldmann 

BATTELLE 
Columbus D i v i s i o n  

505 King Avenue 
Columbus, Ohio 43201 

I n t r o d u c t i o n  

For  the l a s t  several years, B a t t e l l e  Columbus Labora to r ies  has been a c t i v e l y  
conducting research o n  the  development of a p r a c t i c a l ,  c o s t - e f f e c t i v e  process 
f o r  improving bo th  t h e  f ixed-bed g a s i f i c a t i o n ( 1 )  and t h e  b o i l e r  combustion(2) 
c h a r a c t e r i s t i c s  o f  h igh -su l fu r ,  agglomerating, l o w - r e a c t i v i t y  bituminous coal .  
The product  o f  t h i s  research i s  a calcium-impregnated coal  c a l l e d  B a t t e l l e  
Treated Coal (BTC), g i ven  the acronym BTC. The p r o p e r t i e s  o f  BTC are much 
d i f f e r e n t  from those o f  the raw coal f rom which i t  i s  processed(l.2). Spe- 
c i  f i c a l l  y, these d i f f e r e n c e s  are:  

0 Increased ASTM v o l a t i l e  ma t te r  content. 
0 Higher char  r e a c t i v i t y .  
0 Reduced t a r  f o rma t ion  tendency. 

Ho t te r  ash f u s i o n  temperatures. 
Diminished coa l  p a r t i c l e  agglomeration tendency. 
Enhanced s u l f u r  r e t e n t i o n  by the  ash. 

As near-term markets f o r  g a s i f i e r  and b o i l e r  coa l  d i m i n i s h  o r  s t a b i l i z e ,  respec- 
t i v e l y ,  B a t t e l l e  has expanded t h e  search f o r  o t h e r  o l d  o r  new a p p l i c a t i o n s  
f o r  bituminous coal  t h a t  would a l so  b e n e f i t  f rom the a l t e r a t i o n s  t h a t  could 
be given i t  by the  B a t t e l l e  ca lc ium impregnation process. Recent p lann ing  
s tud ies  by  the Un i ted  States Department o f  Energy (U.S.  DOE) have fo recas t  
a need f o r  c o a l - f i r e d  combustion tu rb ines  f o r  t he  repowering o f  e l e c t r i c  u t i l i t i e s  
when they  become c a p a c i t y - l i m i t e d  o r  d e f i c i e n t  i n  the  ea r l y - to -m id  1990s(3). 
The purpose o f  t h e  program repor ted here i s  t o  demonstrate the  promise o f  u t i l i z i n g  
BTC as a fuel i n  advanced, coal-capable combustion tu rb ines .  

This paper i s  t h e  second(4) i n  a se r ies  t o  present  t he  r e s u l t s  o f  a U.S. DOE- 
sponsored program designed t o  determine the i n t r a - p a r t i c l e  s u l f u r  capture e f f i c i e n c y  
o f  BTC under s imulated combustion t u r b i n e  condi t ions.  The BTC consis ted o f  
e i t h e r  of two h i g h - s u l f u r  (>4 percent  by weight )  I l l i n o i s  No. 6 coals  t h a t  
had been impregnated w i t h  ca lc ium-conta in ing c a t a l y s t s  us ing a p r o p r i e t a r y  
B a t t e l l e  process. 
super-atmospheric pressure, u l t r a - h i g h  excess a i r  l e v e l s ,  average f i r i n g  temperatures, 
and near-quanti  t a t i v e  carbon conversion. Combustion t e s t  r e s u l t s  repo r ted  
here w i l l  focus on t h e  parametr ic  and comparative e f f e c t s  o f  r a w  coal organic  
s u l f u r  content, ca l c ium source, and ca lc ium impregnation technique on s u l f u r  
Capture e f f i c i ency .  
e f f i c i ency ,  as w e l l  as on i g n i t i o n ,  burnout, and ash deposi t ion,  were the  subjects  
o f  t he  e a r l i e r  r e p o r t ( 4 ) .  

The s imulated t u r b i n e  combustion cond i t i ons  cons is ted  o f  

The e f f e c t s  o f  pressure and temperature on s u l f u r  capture 
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Experimental 

A c o a l - f i r e d  combustion t u r b i n e  s imu la to r  was const ructed a t  B a t t e l l e  by conver t ing 
a continuous high-pressure r e a c t o r  f rom a g a s i f i e r  t o  a combustor(4). 
of the combustion t u r b i n e  s imu la to r  i s  shown i n  F igu re  1. 
of simulat ing(3,4) the f o l l o w i n g  combustion t u r b i n e  cond i t i ons :  

0 Super-atmospheric pressure: 4 atmospheres. 
0 Maximum coal  f lame temperature: 2600 F. 
0 Maximum f i r i n g  temperature: 1900-2100 F. 
0 Maximum l i n e r  temperature: 1000-1500 F. 
0 Primary f u e l / a i r  r a t i o :  20 percent  excess a i r .  
0 Overa l l  residence t ime:  150-300 m i l l i seconds .  
0 Carbon conversion e f f i c i e n c y :  99+ percent .  

A schematic 
This  dev ice i s  capable 

A premixed methane/air p i l o t  f lame was f i r s t  used t o  i g n i t e  the down-flowing 
pu lve r i zed  coal feed a t  atmospheric pressure. The coal  f i r i n g  r a t e  was then 
adjusted t o  about 40,000 Btu/hour. Primary a i r  amounted t o  20-30 percent  o f  
the t o t a l  a i r  requ i red  f o r  combustion a t  20 percent  excess a i r .  Secondary 
a i r  made up the remainder. Temperatures were cont inuously  monitored down the  
v e r t i c a l  a x i s  o f  t he  combustor a t  l o c a t i o n s  i n  the  pre- to-post  f lame zones 
us ing  Inconel-sheathed Chromel-Alumel thermocouples. F i r i n g  temperature was 
ad jus tab le  over a 200 F range by e i t h e r  va ry ing  the  amount o f  t e r t i a r y  d i l u t i o n  
a i r  in t roduced o r  by oxygen e n r i c h i n g  the secondary a i r  t o  va r ious  l e v e l s .  
A f t e r  combustion was completed w i t h i n  the 12- foot  long, 6- inch diameter combustion 
chamber, samples o f  gaseous and s o l i d  products  were c o l l e c t e d  us ing an uncooled 
s t a i n l e s s  s tee l  probe o r  a cyclone mounted i n  the exhaust, respec t i ve l y .  F lue 
gases were analyzed f o r  C o p ,  CO, 02, and SO2 us ing  convent ional  a n a l y t i c a l  
inst rumentat ion(4) .  Once the d iagnosis  o f  atmospheric-pressure combustion 
cond i t i ons  was completed, the system was pressur ized t o  65 pounds pe r  square 
i n c h  absolute ( p s i a )  and the gas /so l i d  sampling procedure repeated. 

The combustion t e s t  p lan  consis ted o f  experiments designed t o  determine the  
comparative i n  s i t u  s u l f u r  capture e f f i c i e n c y ,  under s imulated combustion t u r b i n e  
cond i t i ons  o f :  
from t h i s  raw coal ,  and ( c )  a phys i ca l  m ix tu re  o f  the raw pu lve r i zed  coal  and 
pu lve r i zed  l ime  w i t h  the same amount o f  ca lc ium added as f o r  the BTC. 

The two raw bituminous coals  used were both from the I l l i n o i s  No. 6 seam. 
As Table 1 shows, both had t o t a l  s u l f u r  contents  o f  g rea te r  than 4.50 weight  
percent. 
organic, whereas the o t h e r ' s  cons is ted o f  a near-equal s p l i t  between organic  
and ino rgan ic  s u l f u r .  

The raw coals  were f i r s t  d r i e d  t o  about 2 percent  mois ture,  pu l ve r i zed  t o  85-90 
percent  minus 200 mesh (75 microns) ,  and then f i r e d .  

To produce BTC, coarse raw coal ,  100 percent minus 20 mesh (850 microns), was 
f i r s t  t rea ted  v i a  the p r o p r i e t a r y  B a t t e l l e  ca lc ium impregnation process (1) 
t o  increase i t s  molar  Ca/S r a t i o  t o  the  l e v e l s  l i s t e d  i n  Table 1. E i t h e r  commercial 
grade o r  t echn ica l  grade l i m e  was used as t h e  source o f  the calcium. The d i f f e rence  
between these ca lc ium sources i s  p u r i t y  and cos t  w i t h  the  commercial grade 
being l e s s  pure and l e s s  expensive. The BTC was then d r i e d  t o  2-3 percent  
moisture, pu l ve r i zed  t o  85-90 minus 200 mesh, and then f i r e d .  

( a )  raw pu lve r i zed  bituminous coal ,  ( b )  pu l ve r i zed  BTC prepared 

The d i f f e r e n c e  between them was t h a t  one 's  t o t a l  s u l f u r  was predominately 
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For  the t h i r d  f u e l ,  f i n e l y - p u l v e r i z e d  (85-90 percent  minus 200 mesh) raw coal  
was p h y s i c a l l y  mixed w i t h  e i t h e r  the  commercial o r  the techn ica l  grade l ime, 
each having a p a r t i c l e  s i z e  o f  100 percent  minus 325 mesh (45 microns), and 
then  f i r e d .  The p h y s i c a l  m ix tu res '  molar  Ca/S r a t i o s  were adjusted t o  be as 
equ iva len t  as poss ib le  t o  t h a t  o f  the BTCs (see Table 1). 

Resul ts  

The f o l l o w i n g  are the  s i g n i f i c a n t  new r e s u l t s  regard ing s u l f u r  capture o f  these 
l a t e s t  combustion tes ts ,  t he  r e s u l t s  o f  which are documented i n  Table 1: 

0 Inhe ren t  s u l f u r  capture by  raw I l l i n o i s  No. 6 seam coal appears t o  

0 S u l f u r  capture by I l l i n o i s  No. 6 seam coal t r e a t e d  v i a  the  B a t t e l l e  

be independent o f  s u l f u r  form, i . e . ,  organic  E inorganic .  

ca lc ium impregnat ion process (BTC) apepars t o  be independent o f  s u l f u r  
form and grade o f  l i m e  a t  both l o w  and h igh  Ca/S r a t i o s .  

50 percent  more e f f i c i e n t  than t h a t  achievable upon p h y s i c a l l y  m ix ing  
raw coal and e i t h e r  grade o f  l ime.  

0 Sul fur  capture by BTC a t  l ow  l e v e l s  o f  ca lc ium impregnat ion e x h i b i t s  
a p o s i t i v e  pressure dependence ove r  the e n t i r e  range o f  pressures studied. 

0 S u l f u r  capture by BTC made from I l l i n o i s  No. 6 seam coal i s  a t  l e a s t  

0 A l l  o the r  p o s i t i v e  e f f e c t s  o f  B a t t e l l e  ca lc ium impregnation on raw 
coa l  combustion performance(4) -- h igher  ash f u s i o n  temperatures, lower  
f ree -swe l l i ng  i nd i ces ,  smal ler  f l y  ash, negat ive pressure dependence 
f o r  NOx -- a re  observed f o r  the organic  s u l f u r  enr iched I l l i n o i s  No. 
6 seam coal .  
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Mechanism Of Radical-Radical Reactions: 
The Reaction Of Atomic Hydrogen With The Formyl Radical 

Lawrence B. Harding and Albert E Wagner 
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Abstract 
The addition and abstraction reaction pathways on the potential energy surface for H+HCO have 
been characte- by an ab initio four electron, complete active space, self-consistent field 
elemonic structure calculation. The elimination pathway to go from the excited adduct H$O* to 
products Hz+CO has already been characterized by others[l]. All this information is used in 
variational fmnsition state theory and RRKM calculations to calculate a rate constant as a function of 
temperature and pressure. The mom tempera- value agrees with the lowest of three expenmental 
measurements. The results indicate that abstraction is the dominant process. 

I. Introduction 
While the dissociative dynamics of H2CO have been well studeid[l2], the reverse reactions of the 

dissociation products are less well known. In particular the three measurements[3-5] of the rate of 
H+HCO differ by almost an order of magnitude and have only been done at mom temperature. Like 
many radical-ra9cal reactions, H+HCO has several possible pathways to reaction: 

H + HCO + H2 + CO 
H + HCO + H~CO* H~ + co 

L H 2 C O  
Frl 

Reactions (la) and (lb) are disproportionations by either direct, bimolecular abstraction or 
addition-elimination. Reactions (IC) is recombination by pressure stabliztion of buffer gas [M3. In 
this theoretical study, the reaction pathway of abstraction (la) and of adduct fomtion in (lb) and (IC) 
are characterized by electronic structure calculations. Then this information along with the 
characterization of the elimination of (lb) are used in dynamics calculations of the rate constant 

II. Potential Surface Calculations 
The calculations reported here employ the Dunning[@, valence, double-zeta contractions of the 

*Work performed under the auspices of the Office of Basic Energy Sciences, Division of Chemical 
Sciences, U. S. Department of Energy, under Contract W-31-109-Eng-38. 
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Huzinaga[7] (9s,5p) sets of oxygen and carbon centered primitive Gaussians. For the hydrogens the 
(4s/2s) conwaction was used with a scale factor of 1.2. In addition sets of d polarization functiions 
were centered on the carbon and oxygen (-0.75, %=0.85) and one set of p polarization functions 
on each of the hydrogens (-1.0). 

(CASSCF) calculations were carried out In this wavefunction the four electrons invloved in the two 

CH bonds of formaldehyde are correlated with all possible orbital occupations of four orbitals, a total 
of 20 configurations. The remaining electrons are not correlated With the exception of minor 
differences in the basis set, this is the same wavefunction used by Dupuis et al[1]. 

UEXP. An average calculation on a planar point took approximately 11 minutes on the FPS-164 while 
a typical nonplanar p i n t  required 16 minutes. The energy was evaluated at a total of appoximately 300 

Initially it was assumed that the addition and abstraction reaction coordinates could be approximated 

With this basis set, four electron, four orbital complete active space, self-consistent field 

The calculations were carried out with the Argonne QUEST-164[8] programs, SOINTS and 

points. 

by the distance between the carbon and the incoming hydrogen. The grids of points were calculated at 
0.5 au increments in this CH distance along the two paths. A total range of CH distances from 5 to 10 
au was covered. Variations in the inactive geometrical parameters of 0.05 au for bond lengths, 5"-lo" 
for bond angles and 10"-20" for the dihedral angle were used. These grids of points were then fit 
separately to Simons-Pan-Finlan type expansions, using the program SURVIB[9], inorder to obtain 
local representations of the potential surface in the region of the abstraction and addition reaction paths. 
The dependence of the energy on the angle of approach is depicted in Figure 1. From this figure it 
can be seen that there are two distinct reactive channels, one corresponding to abstra,ction and one to 
addition. The calculations predict no significant barrier in eitha channel. 

The two reaction paths were then obtained by following steepest descent paths in mass-weighted, 
atomic carksian coordinates. The starting points for the two paths were obtained by freezing the '33 
distance at 8 au and optimizing the remaining geometrical parameters. Two minima were found in this 
procedure (see Figure l), one in which the incoming hydrogen is trans to the HCO hydrogen and a 
second in which the two hydrogens are cis, these were used as starting points for the addition and 
abstraction paths respectively. A plot of the energy along the two reaction paths is given in Figure 2. 
Vibrational frequencies were obtained along the reaction paths by numerically calculating the second 
derivative matrix in mass-weighted atomic Cartesian coordinates, projecting out the translations, 
rotations, and gradient vector, and then diagonalizing the resulting 5 dimensional ma&. plots of the 
vibrational frequencies along the two reaction paths m given in Figures 3 and 4. 

IU Rate Constant Calculations 

path can be used directly in a variational transition state theory (VTST) calculation to produce the 
abstraction rate constant, ie., for Reaction (la). In this calculation, the rate constant at each 
temperature is that one which is a minimum with respect to position along the reaction path. TWO of 

The calculated frequencies, structures and energetics as a function of distance along the reaction 
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the vibrational frequencies go to free rotations of the HCO in the reactant asymptote. The partition 
function used in the VTST expression for these two degrees of freedom is approximated as the 
minimum of the vibration or free rotation partition function. Subsequent calculations will include the 
hindered rotor effects. The resulting abstraction rate constant is shown in Fig. 5 along with the three 
rate constants measurements refered to in the introduction. 

The measurements include both abstraction and addition processes. The VTST rate constant for 
addition is also in Fig. 5. This rate constant was determined in the same way as for abstraction, only 
with the calculated addition frequencies, structures and energetics. However, unlike abstraction, this 
rate constant can not be directly compared to experiment because it is only an adduct formation rate 
constant to form metastable, highly vibrationally excited H2CO*. H2CO* may decay back to 
reactants, may go on to products by eliminating H2, ie., Reaction (Ib), or may be s t a b W  by buffer 
gas to thermalized H2C0, ie., Reaction (IC). That fraction of the adduct formation rate constant that 
corresponds to elimination or stablization is what is needed for comparison to experiment To 
determine that fraction, characterizations of the potential energy surface in the region of the H2CO 
equilibrium and the elimination transition state H...H.CO are required. Then the stablization rate 
constant and variational RRKM theory can be used to calculate the rate constant for Reactions (lb) and 

(IC). 

s ~ c t u r e  and frequencies of both H2CO at equilibrium and the H..H..CO elimination @ansition state. 
The calculated properties at the equilibrium are very close to the experimental values and for 
consistency are used in the rate constant calculations. In a careful study of the energetics, the best 
estimate of the calculated barrier height to elimination is 8133 kcallmole with the zero point energy 
correction. Experimental values[2] for the energetics give a number of about 84k1 kcal/mole. The 
expeimental value for the energetics of H2CO dissociation to H+HCO is about 8W kcallmole and is 
due to thermochemical measurements with the uncertainity from the heat of formation of HCO[lO]. 
These experimental values for the enegetic placement of asymptotes and bamier heights will be used in 
the rate constant calculations. 

With the transitition states selected at each temperature by the VTST calculation for formation of the 

In electronic shucture calculations of comparable quality, Dupuis et al.[ I] characterized the 

adduct, chemically activated RRKM calculations were be. performed to determine the subsequent fate 
of the adduct These calculations are of a standard form[l I] with total angular momentum 
approximately included only as a thermally averaged value. A direct count Beyer-Swinehart 
algorithm[ 121 is used. Tunneling through the elimination barrier is included in in an Eckhart 
manner[l3]. The final pressure dependent rate constant produced is in the high pressure limit the 
adduct formation rate constant in Fig. 5. 

The calculations require as input the rate constant for stablization of the H2CO* by buffer gas. In 
the he experiments, the buffer gas differs. CO, H2C0, and Ar were used at pressures ranging from 
a few torr to atmospheric. Under these conditions, stablization of the adduct turns out to be an 
unlikely event and the calculations are not particularly sensitive to detailed specifications of the 
stabliatjon rate constant. The rate constant used is the the Lennard-Jones gas kinetic rate constant 
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times an efficiency factor for stablization. The Lennard-Jones parameters are taken from the tabulation 
of Ref. 14 with the values for ethylene used for H2CO*. The efficiency factor is determined in a way 
to empirically mimic a master equation solution[ 151 and requires as input the average energy dE> 
transferred between buffer gas and metastable adduct per up and down collision. This value used (-20 
cm-l) were those measured[ 161 for CSz, the only matomic where direct measurement of 4E> have 
been published. CAE> was presumed to be independent of temperature[l7]. 

To complete the input for the chemically activated RRKM calculations, the external rotations of the 
equllibnum and saddle points must be classified as either active or adiabatic. The external rotations are 
przsom-.' SLTAZ tc these of a sy.m~etric top. The consend total angdx momentum and its 
projection on a space fixed axis are associated with the two larger moments of inertia and are mated 
adiabatically. The projection of the total angular momentum on the molecular axis is associated with 
the smallest moment of inertia and is not necessarily a conserved quantity. If there is substantial 
vibration-rotation interaction through cenaifugal stretching or Coriolis coupling, the energy associated 
with this projection becomes active[l8]. The amount of vibration-rotation interaction in H+HCO is 
unlcnown and so in the calculations this degree of freedom was treated both ways, either actively or 
adiabatically. Fortunately the results are not pariiculady sensitive to the choice and only those for the 
active treatment will be discussed. 

In Fig. 5 the final calculated rate constant for reactions (lb) and (IC) as a function of pressure in Ar 

buffer gas is displayed for two different choices of the energetics of dissociation of formaldehyde. As 

mentioned above the experimental uncertainties in both the height of the elimination barrier and the 
H+HCO asymptote relative to the bottom of the H2CO well are a few kcallmole. The two cases in 
Fig. 5 are for the difference between the asymptote and barrier (ie., AE) being as large or as small as 
these uncertainties allow. The pressure dependence of the calculated i d t e  constants show that 
stabilization (IC) is a minor process relative to elimination (lb) although, as expected, it is more 
important if the elimination barrier and the H+HCO asymptote are. very close to one another. The 
importtsc uf elhination should increase with changing the buffer gas to CO or H2CO but not so as 
to qualitatively change the results. The figure also shows by comparison to the adduct formation rate 
that the most likely fate of the adduct is to decompose back to reactants. This is due to the fact that the 
elimination transition state is a tight, constricted configuration and the lifetime of the adduct (which 
controls stablization) is short because it is only a 4 atom system. As a result, direct abstraction is the 
dominant process. The sum of abstraction, addition-elimination, and stablization rate constants gives a 
total rate constant at or slightly below (depending on the choice of energetics) the lowest and most 
recent experimental value[5]. 
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Abstract 

We use ab i n i t i o  potential energy surfaces, including new pararnetrizations of 
the bending potentials f o r  the two lowest e lectronic  s ta tes ,  to  calculate  the ra te  
constants for  the reaction O(3P) + H2. 
variational t ransi t ion s t a t e  theory with multidimensional semiclassical tunneling 
corrections. We present resu l t s  f o r  the temperature range 250-24OOK. In general 
the calculated ra te  constants f o r  the thermal reaction a re  i n  excel lent  agreement 
with available experiments. 
H2 t o  the f i r s t  excited vibrational s ta te .  
excited H2 the ra te  constant i s  based on a dynamical bottleneck of 7.2 kcal/mol, 
as  compared t o  a saddle point value of 12.6 kcal/mol, and i t  i s  in good agreement 
with experiment. 
s t a t e  ra te  provides a dramatic demonstration of the r e a l i t y  of dynamical bot t le-  
necks a t  locations f a r  from the saddle point. 

The dynamics calculations are based on 

We also calculate  the enhancement e f fec t  f o r  exciting 
For the reaction of vibrat ional ly  

The good agreement of theory and experiment f o r  the excited 

1 .  Introduction 

Theoretical advances in chemical kinet ics  often require integrat ion of several 
kinds of information. The combination of e lectronic  s t ructure  and chemical dyna- 
mics calculations provides one par t icular ly  f r u i t f u l  way to  gain a detai led under- 
standing of the forces responsible f o r  observed kinet ic  phenomena. 
work we have made several calculations of chemical reaction ra tes  based on 
potential energy surfaces derived in  whole o r  in par t  on ab i n i t i o  e lectronic  
s t ructure  theory. 
F + H 2 ,  and O+H2. 

low-lying potential energy surface. 
does n o t  correlate  adiabat ical ly  t o  the 3P s t a t e  of 0,  there a re  two 3A' surfaces 
and a 3A" one tha t  do. 
s t a t e  for  a l l  col l inear  goemetries but have d i f fe ren t  bend potent ia ls :  The 3A" s t a t e  
has a s ignif icant ly  broader bending valley, and hence i t  dominates the thermal ra te  
a t  most temperatures of in te res t ,  although the 3A' s t a t e  may make a non-negligible 
contribution a t  high temperature (1,Z). The second 3A' s t a t e  i s  unimportant f o r  the 
thermal reaction rate .  
contributions from reaction on the lowest-energy 3A" surface. The co l l inear  par t  
of t h i s  surface was t reated by the modified rotated Morse o s c i l l a t o r  spl ine f i t  of 
Lee e t  a l .  ( 5 )  t o  the ab i n i t i o  calculations of Walch e t  a l .  (1,2,6) and the bend 
p o t e x i n  was t reated 5 m i - M o r s e  bend model (7-9)wXh one parameter adjusted 
t o  reproduce the harmonic bend potential a t  the saddle point f o r  the same ab i n i t i o  
calculations. 
potential energy surfaces a re  t rea ted  by an improved parametrization. The improved 
parametrization consis ts ,  for  each of the two surfaces, of a three-parameter f i t  to  
the bend potential so t h a t  i t  agrees with the newest ab i n i t i o  calculat ions (10) 

In our own 

Systems studied have included the r e a c E o m H 2 ,  O H +  H2, O +  O H ,  

The O + H 2  reaction, unlike a l l  the others on the above l i s t ,  has more than one 
I n  addition t o  the 1A' water surface,  tha t  

One 3A' surface and the 3A" surface form a degenerate Il 

I n  our previous calculations (3,4) we included only the 

In the present paper we include both electronic  s t a t e s ,  and the 
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f o r  large-amplitude (45")  'bends a t  three points along the reaction path, including 
both t h e  saddle point and a point close t o  the vibrat ional ly  adiabatic ground- 
s t a t e  barr ier  maximum. We use the PolCI calculat ions of Walch e t  a l .  (1,6,10) 
because ( i )  they a r e  ava i lab le  a t  enough geometries to  de te rminrbxh potential 
energy surfaces in the regions important for the reaction ra te  and ( i i )  they appear 
reasonably accurate. We note tha t  in our previous study (4) of the O + H 2  reaction, 
we calculated r a t e  constants for  f ive  potential energy surfaces. 
cal led surfaces P and M ,  were based on the PolCI calculat ions,  and the resul ts  
appeared to  show tha t  these were the most accurate of the f ive.  

specif ic  example of a s t ra tegy tha t  may be very useful in many cases ( l l ) ,  namely 
the f i t t i n g  of a globally defined potential i n  the  wide v ic in i ty  of a reaction path 
w i t h  speciai eltiphasis on dynaiiiical bottleneck locations (12) as  determined by 
variational t rans i t ion  s t a t e  theory (13,14) o r  the adiabatic theory of reactions 
(15) .  

ted both thermal ra te  constants and s ta te-selected ra te  constants for  vibrationally 
excited H2 by var ia t ional  t ransi t ion s t a t e  theory with semiclassical ground-state 
transmission coeff ic ients  (3,16-18). These methods have been shown t o  provide 
reasonably accurate estimates of the q u a n t u m  mechanical local-equil ibrium and s ta te -  
selected reaction r a t e s  for most chemical reactions (3,13,14,19,20). 
believe we can use these methods t o  calculate  ra te  constants t h a t  are  re l iable  for  
a g i v e n  potential energy surface to  within a fac tor  of two o r  bet ter  a t  room tem- 
perature and above. 
experiment, t o  t e s t  ab  i n i t i o  potential energy surfaces, and t o  draw useful conclu- 
sions about which f e z u r n  the potential energy surface a re  s ignif icant  for  
determining the magnitudes of observed ra te  constants and kinet ic  isotope effects .  

Two of these, 

The procedure used t o  f i t  the bend potential in the present study i s  a 

Having obtained a representation of the potential energy surface, we calcula- 

In general we 

This i s  suf f ic ien t  to  compare computed r a t e  constants t o  

2. Potential Energy Surfaces 

The 3n potential energy surface i s  represented by the rotated Morse osc i l la tor  

The parameters of the bend potential are  adjusted 
spl ine function of Lee e t  a l .  (5 )  for  col l inear  geometries augmented by a n  an t i -  
Morse bend ( A B )  p o t e n t i n v - 9 ) .  
t o  ab i n i t i o  calculat ions (1,6,10) i n  the  region near the saddle point and the 
v i b x t m y  adiabat ic  ground-st'ate bar r ie r  maximum {the maximum of Vg(s) in the 
notation used previously (12,17)}. Further de ta i l s  a re  given elsewhere (21) .  

3. Dynamical Calculations 

We calculated a separate ra te  constant for  each potential energy surface. 
Denoting these r e s u l t s  by k ~ "  and kA8 respectively, the thermal ( i . e . ,  canonical 
ensemble) ra te  constant i s  

k = kA1 + kA" 1 )  

Each of the single-surface ra te  constants includes a multiple-surface coefficient 
(22)  equal t o  3/Qi1 where 3 i s  the electronic  degeneracy of the generalized transition 
s t a t e  and i s  he electronic  par t i t ion  function of atomic 0. 

tional transition-state-theory (ICVT) with semiclassical ground-state transmission 
coeff ic ients .  The methods a re  described in de ta i l  elsewhere (3,16-18). Firs t  we 
calculate  the minimum energy p a t h  (MEP) by following the negative gradient of the 
Potential in mass-scaled coordinates. 
calculate  the improved generalized standard-state f ree  energy of act ivat ion 
AGIGT$O(T,S) for  a generalized t rans i t ion  s t a t e  a t  t h i s  s, where T i s  the tempera- 
ture. The hybrid ICVT r a t e  constant f o r  temperature T i s  then given by 

The single-surface ra te  constants were calculated by improved canonical varia- 

Then f o r  each distance s along the MEP we 
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kICVT(T) = min Kf'oexp[-AG'GT'o(T,s)/iT] 
S 

where k i s  Boltzmann's constant, h i s  Planck's constant, and K" i s  the reciprocal 
of the standard-state concentration. This r a t e  constant i s  a hybrid because the 
reaction coordinate i s  t reated c lass ica l ly  but other degrees of freedom are  a l l  
t reated quantally. 
a t e  by a ground-state (G) transmission coeff ic ient  KG(T): 

In the f inal  s tep we add quantal e f fec ts  on the reaction coordin- 

klCVT/G(T) = KG(T)kICVT(T) 3) 

We consider two methods t o  approximate & T ) :  the  minimum-energy-path semiclassical 
adiabatic method (MEPSAG) (17) and the least-action method ( L A G ) ( l B ) .  
accounts for  the shortening of the tunneling path due t o  the system "cutting the 
corner" of the curved MEP through mass-scaled coordinates by finding the dynamically 
optimal tunneling p a t h  by evaluating an imaginary-action functional along a one- 
parameter sequence of t r i a l  paths. 
extreme and a s t ra ight  l i n e  through mass-scaled coordinates from the t ranslat ional  
turning point on the MEP i n  the entrance channel t o  the t ranslat ional  turning point 
on the MEP in the e x i t  channel a t  the other extreme. 

The l a t t e r  

These vary l inear ly  between the MEP a t  one 

Anharmonicity i s  included as discussed elsewhere (3,17). 

The evaluation of state-selected ra te  constants for  H2 i n  the n = l  excited 
vibrational s t a t e  requires fur ther  assumptions. Figure 1 shows the vibrat ional ly  
adiabatic potential curves f o r  n=O and 1 f o r  the  3A" surface. 
in Fig. 1 are  defined by 

The potential curves 

where V M E P ( S )  i s  the Born-Oppenheimer potential on the MEP, E s t r ( n , s )  i s  the local 
vibrational energy of the stretching mode orthogonal to  the MEP and in quantum s t a t e  
n ,  and 2Ezend(s) i s  the local zero point energy of the twofold-degenerate bending 
mode. 
a l so  show the curvature K ( S )  of the MEP through mass-scaled coordinates (17). 
will consider two l imi t s  f o r  the exci ted-s ta te  ra te  constants. The f i r s t  i s  the 
adiabat ic  l imi t  (4,16,18,23), in which case we perform calculations identical t o  
those for  the thermal reaction ra te  except t h a t  in b o t h  AGIGT,O(T,s) and the 
tunneling calculation we neglect a l l  s t re tching vibrational s t a t e s  except the n = l  
s t a t e .  The second treatment i s  a sudden nonadiabatic model explained elsewhere 

Figure 2 shows the same quant i t ies  f o r  the 3A' s ta te .  In both cases we 
We 

(21 ) .  

We will consider three reactions: 

0 + H 2  + OH + H 

0 + De + O D  + D 

0 + H D  -+ OH + D and OD + H R3 1 

4. Results 

Table I shows resu l t s  f o r  two methods of calculat ing transmission coeff ic ients .  
The MEPSAG resul ts  a r e  based on a semiclassical adiabatic treatment of tunneling 
along the minimum energy path (17). 
mates the ra te  constrant by a factor  of 24 a t  200K and a factor  of 3.3 a t  300K. 

As compared to  the LAG method t h i s  underesti- 
This 
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confirms, as  f i r s t  discovered for  the H + H 2  reaction ( 2 4 )  and then found i n  many 
cases (4,13,16-19,25-31), t h a t  mu1 tidimensional e f fec ts  on the tunneling probabi l i t ies  
a r e  very important and reduction t o  a one-dimensional problem by simply straightening 
out  the minimum-energy reaction p a t h  seriously underestimates the extent of tunneling. 

Table I a lso compares the f inal  thermal ra te  constants of t h i s  study for  reac- 
t ion  R 1 )  t o  a select ion of experimental (32-34) resu l t s .  For 297-472K, the table  
shows only the most recent experimental data (32) .  The ICVT/LAG ra te  constants a r e  
usually la rger  than these resu l t s  but agree within 25%. 
tu re  range are very sensi t ive t o  the  bar r ie r  height, and the uncertainty i n  the ab 
i n i t i o  potential energy surface i s  cer ta inly great  enough t o  yield larger  errors- 
T h u s  the agreement of the present calculations with experiment i s  bet ter  t h a n  could 
have been expected. Furtherlllore the other- recent experimental measurements in t h i s  
range do not a l l  agree with those of Presser and Gordon within a factor  of two. 
most recent evaluation (33) of experimental data f o r  the O + H 2  reaction concludes 
t h a t  for T2400K the expression of Baulch sal. (34) f i t s  most of the data within 
experimental e r ror .  We use t h i s  expression for  the  experimental values a t  600-1500K. 
In t h i s  temperature range the present calculated ra te  constants a re  a l l  larger than 
these experimental r e s u l t s ,  b u t  the  ICVT/LAG resu l t s  are  high only by factors  of 1.2- 
1 .5 .  

and t h e  kinet ic  isotope e f fec ts  and compared them t o  experimental (32,34-37) resul ts .  
Because of space l imitat ions we simply point o u t  here t h a t  the calculated resul ts  
agree with the experimental ones within the r e l i a b i l i t y  of the l a t t e r .  We also cal-  
culated kinet ic  isotope e f fec ts  by conventional t rans i t ion  s t a t e  theory (TST). These 
a r e  qual i ta t ively s imi la r  t o  the ICVT/LAG resu l t s ,  and hence also t o  the experimental 
resu l t s ,  b u t  t h a t  is a t  l e a s t  par t ly  for tui tous s ince TST greatly underestimates the 
individual isotopic  ra te  constants. 
s t a n t  is  a factor  of  9.3 lower than the ICVT/LAG one a t  300K and a factor  of 2.5 
smaller a t  400K. The LAG transmission coeff ic ients  a re  even larger ,  12.6 a t  300K and 
3.1 a t  400K, but the lack of quantal e f fec ts  on reaction-coordinate motion in con- 
ventional TST i s  par t ly  compensated by the lack of variational minimization of the 
hybrid r a t e  constant with respect t o  the location of the generalized t ransi t ion s t a t e .  
Then a fur ther  cancellation of errors  occurs in the kinet ic  isotope e f fec t  ra t io .  

The adiabat ic  and sudden nonadiabatic ra te  constants for  reaction R1) with 
vibrat ional ly  excited H2 a re  very similar for the present potential energy surface; 
thus we tabulate  only the adiabatic values. The ra te  constants calculated by the 
adiabatic theory f o r  reaction R 1 )  when HZ is  excited t o  the n=l vibrational s t a t e  
a r e  given i n  Table 11. We see t h a t  the transmission coeff ic ients  ( r a t i o s  of ICVT/LAG 
tunneling-corrected ra te  constants t o  ICVT hybrid ones) a re  2.6-2.7 a t  302K, which 
a r e  very s igni f icant  factors  b u t  a re  smaller than f o r  the thermal reaction rate .  
A t  302K the calculated vibrational enhancement fac tor  in the ICVT/LAG approximation 
iS 1 . 4 ~ 1 0 3  by Light (38), b u t  i t  i s  only 8 . 2 ~ 1 0 2  times larger  t h a n  the interpolated 
vaule of Presser and Gordon (32). 
factory. 

Table 111 shows some of the properties of the dynamical bottlenecks for  the 
vibrat ional ly  excited reaction. The variational t rans i t ion  s t a t e s  a re  fa r ther  from 
the saddle point (s=O) f o r  the vibrat ional ly  excited reaction t h a n  for  the  thermal 
reaction. Similar resu l t s  have been found previously f o r  H + H2 (23) and OH + He (39) 
f o r  vibrationally excited reactants. This means t h a t  the improved parametrization 
of the bend potential f o r  geometries f a r  from the saddle point becomes more important 
for  n.1. 
d i c t s  a vibrational enhancement fac tor  of 2 . 5 ~ 1 0 5  a t  302K, which i s  two orders larger  
than the accurate values. The good agreement of the ICVT/LAG values with experiment 
provides a dramatic demonstration of the r e a l i t y  of dynamical bottlenecks a t  locations 
f a r  from the saddle point. 

Rate constants in  th i s  tempera- 

The 

A t  2400K the agreement with experiment (35) i s  excel lent .  

We a l so  calculated thermal r a t e  coeff ic ients  f o r  the isotopic analog reactions 

For example f o r  reaction R1) the TST rate con- 

The agreement of theory with experiment i s  sa t i s -  

I t  a lso means tha t  conventional TST becomes worse. Conventional TST pre- 
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TABLE ‘I .  Thermal r a t e  constants ( ~ m ~ m o l e c u l e - ~ s - ~ )  f o r  O+H2 + O H + H .  

T ( K )  I CVT ICVT/MEPSAG ICVT/LAG Exp. 

... 250 2.94(-20) 2.35(-19) 1.77(-18) 

318 2.76(-18) 8.85(-18) 2.38(-17) 1.9(-17)a 
370 2.93(-17) 6.66(-17) 1.20(-16) 1.1(-16)a 

297 8.45(-19) 3.32(-18) 1.15(-17) 1.0(-17)a 

422 i.75(-16) 3.24i-16j 4.70(-16j 3.8(-16ja 
472 6.84(-16) 1 .lo(-15) 1.43(-15) 1.2(-15)a 
600 8.21 (-15) 1.09(-14) 1.24(-14) 1.0(-14)b 

1000 3.89(-13) 4.28( -1 3) 4.45( -1 3)  3.4( -1 3)b 
1500 3.31 (-12) 3.43(-12) 3.52(-12) 2.3(-12)b 
2400 2.10(-11) 2.07(-11) 2.15(-11) 2.1(-11)C 

a Presser and Gordon (32). 
Baulch fi. (34). 
Pamidimukkala and Skinner (35) 

3 Rate constants (cm molecule-’s-’) f o r  the s ta te-selected reaction 
O+Hz(n=l) + O H t H .  

TABLE 11. 

T(K) I CVT ICVTILAG  EX^.^ 
... 250 1.03(-15) 4.25( -1 5) 

7.31 (-1 5)  1.89(-14) 1 .O(-14) 302 
7.68( - 14) 1.31 (-13) 400 
8.58( -1 2 )  9.33( -1 2 )  1000 

2400 7.73( -1 1 ) 7.84( -1 1 ) 

... ... ... 

a from Light (38). 
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TABLE 111. Bot t leneck p roper t i es  a t  conventional and canonical v a r i a t i o n a l  
t r a n s i t i o n  s ta tes  f o r  0 + Hz(n=l) +. OH + H.a 

Surface T s r12 r23  "MEP v:(n=l) Estr(n=l) 2cgbend 

(K)  (ao) (a,) (a,) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) 

3A" e.. 0.00 2.29 1.74 12.58 19.07 4.89 1.61 
300 -0.55 2.95 1.45 7.22 23.02 14.74 1.07 

1000 -0.51 2.91 1.45 7.64 22.96 14.22 1.10 

3p,u . .. C.OC 2.2'3 1.74 i2.56 20.00 4.89 2.53 
300 -0.54 2.93 1.45 7.36 23.92 14.57 1.98 

1000 -0.51 2.90 1.45 7.69 23.87 14.14 2.04 

a r 1 2  and r23 a r e  t h e  nearest-neighbor OH and HH distances a t  t he  saddle po in t  
(s=0) o r  the v a r i a t i o n a l  t r a n s i t i o n  s t a t e  f o r  t h e  temperature i nd i ca ted .  
1 a 0 = 1  bohr=0.5292 8.  
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Figure capt ions 

F ig.  1. V i b r a t i o n a l l y  ad iaba t i c  p o t e n t i a l  curves ( s o l i d  curves w i t h  s a le  a t  l e f t )  
de f i ned  by eq. 4) f o r  n=O and 1 and cu rva tu re  o f  t h e  r e a c t i o n  path 
(dashed cu rve  w i t h  sca le  a t  r i g h t )  as func t i ons  o f  t h e  d is tance s along 
the minimum energy path through mass-scaled coord inates f o r  t he  3A" 
p o t e n t i a i  energy surface. The saddle p o i n t  i s  a t  s=O. 
marks on t h e  o rd ina te  scales denote the  energ ies o f  O+HZ(n=l ) ,  l e f t  
side, and OH(n=l) + H, r i g h t  side. 

The iong  t i c k  

F ig .  2 .  Same as F ig.  1 except f o r  3A' sur face.  
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FUNDAMENTALS OF NITRIC O X I D E  FORMATION I N  FOSSIL FUEL COMBUSTION 

Thomas J. Houser, Michael E. McCarv i l le  and Gu Zhuo-Ying 

Chemistry Department, Western Michigan U n i v e r s i t y  
Kalamazoo. M I  49008 

INTRODUCTION 

Combustion o f  f o s s i l  f u e l s  i n  l a r g e  s t a t i o n a r y  furnaces causes the  
emission o f  n i t r o g e n  oxides, a la rge  f r a c t i o n  o f  which a r i s e  from the  
n i t rogen-conta in ing  components i n  the f u e l ,  producing a major p o l l u t i o n  problem 
which i s  expected t o  increase i n  s e v e r i t y  i n  the f u t u r e .  The r e s u l t s  being 
reported i n  t h i s  paper are p a r t  o f  those obtained from a cont inu ing  study 
t o  determine the mechanism by which these oxides may form. Because s tud ies  
have shown t h a t  most o f  the  n i t rogen i n  heavy o i l s  i s  i n  the  form o f  
heterocycles (1-3). and i t  i s  bel ieved t h a t  the  n i t r o g e n  components o f  coal  
are s i m i l a r ,  p y r i d i n e  was selected as representa t ive  o f  these components. 
I t  was assumed t h a t  t h e  r a d i c a l  fragments formed dur ing  p y r i d i n e  p y r o l y s i s  
and r i c h ,  low temperature o x i d a t i o n  would be s i m i l a r  t o  those obtained from 
the same r e a c t i o n s  o f  f o s s i l  f u e l s  t h a t  occur dur ing  the pre-flame stages 
o f  combustion. L a t e r  experiments emphasized HCN o x i d a t i o n  s ince several 
studies i n d i c a t e d  t h a t  i t  was the  key v o l a t i l e ,  n i t rogen-conta in ing  
intermediate formed d u r i n g  f u e l  n i t rogen combustion (4-8).  I n  add i t ion ,  
HCN used w i t h  several  f u e l  a d d i t i v e s  al lowed a grea ter  c o n t r o l  o f  the  chemical 
nature o f  the r e a c t i o n  environment. We have p r e v i o u s l y  reported on the  i n e r t  
p y r o l y s i s  k i n e t i c s  o f  p y r i d i n e  (9). the  r a t e  o f  format ion o f  HCN dur ing  
pyr id ine  p y r o l y s i s  ( l o ) ,  the  ox ida t ion  k i n e t i c s  o f  cyanogen ( l l ) ,  and o f  
pyr id ine  (12) and HCN (13) a t  low temperatures. 

EXPERIMENTAL 

A f l o w  system designed t o  operate a t  atmospheric pressure was constructed 
f o r  the  study o f  t h e  o x i d a t i o n  o f  the p e r t i n e n t  n i t rogen-conta in ing  reactants.  
The system i s  s u i t a b l e  f o r  the  i n t r o d u c t i o n  o f  v o l a t i l e  l i q u i d s  ( reac tan ts  
and s o l u t i o n s  w i t h  a d d i t i v e s )  i n t o  a heated hel ium stream through the  use 
o f  a syr inge pump t o  d r i v e  a c a l i b r a t e d ,  t u b e r c u l i n  syr inge. The system 
can a l s o  u t i l i z e  gaseous species; these reac tan ts  and add i t i ves .  mixed w i t h  
helium a t  t h e  des i red  concentrat ions,  a re  maintained i n  s t e e l  storage tanks. 
The f l o w  stream i s  examined by a quadrupole mass analyzer equipped w i t h  
c a p i l l a r y  probe atmospheric sampler which funct ioned as an on stream monitor 
f o r  the consumption o f  reactants.  Helium i s  used as the c a r r i e r  gas because 
i t  i s  chemica l l y  i n e r t  and has a very h igh  thermal c o n d u c t i v i t y ,  thus  prov id ing  
rapid heat ing  and quenching. The system has a group o f  removable Vycor 
reac tors  heated by  an e l e c t r i c  furnace. One r e a c t o r  was a s t i r r e d - f l o w  design 
(40  C C )  which had been p r e v i o u s l y  t e s t e d  f o r  s t i r r i n g  e f f i c i e n c y  (14) ,  the  
others were p lug- f low type (10 t o  40 cc) .  A f l o w  l i n e  which bypasses the 
reac tor  was used so t h a t  entrance and e x i t  concentrat ions o f  reac tan ts  could 
be measured. A Thermo E lec t ron  Chemiluminescent NO/NOx analyzer w i t h  on 
stream sampling was used f o r  the  o x i d a t i o n  s tud ies  o f  pyr id ine ,  HCN and N20. 
A mod i f i ca t ion  o f  the f l o w  stream was requ i red  t o  ob ta in  d i r e c t  samples from 
the r e a c t o r  e f f l u e n t  t o  measure the l i g h t  gases w i t h  a gas chromatograph. 
A l i n e a r  sw i tch ing  valve was used t o  p rov ide  a series-bypass c a p a b i l i t y  w i t h  
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constant back pressure f o r  the two columns. A molecular sieve 5A column 
was used f o r  02, N2 and C O  while a porous polymer Chromosorb 101 column was 
used for  CO2 and N20. I n  order t o  determine the amounts of HCN and NH3 
produced from the o x i d a t i o n  o f  pyridine and H C N ,  d i lu te  solutions of NaOH 
or  HC1 in the bubble towers were used in separate experiments t o  t rap  the 
HCN or NH3 respectively, f o r  ion-specific electrode analysis .  A second bubbler 
in se r ies  with the f i r s t  was found t o  be unnecessary. 

RESULTS AND DISCUSSION 

The current study has shown t h a t  in order t o  produce s ignif icant  yields  
of NO from the oxidation of pyridine or HCN-fuel mixtures, conditions which 
promote a flame must ex is t  in the flow reactor. The existence of a flame 
was confirmed by visual observation in several ,  b u t  n o t  a l l ,  experiments. 
The capabi l i ty  of producing a flame depends on the nature of the fuel (Tables 
1, 2 and 3, a l l  d a t a  are s t i r red-f low),  temperature (Tables 1, 2, 3 and 5), 
concentrations (Tables I-5),  reactor design ( s t i r r e d  - o r  plug-flow, Table 
51, and flow rate (Tables 1 and 5) .  The conditions which promoted N O  formation 
where characterized by complete consumption of fuel-nitrogen a t  a l l  flow 
rates  in the stirred-flow reactor ,  however, the plug-flow reactor exhibited 
a n  inverse consumption a t  intermediate temperatures, a t  f i r s t  decreasing 
from complete consumption a t  h i g h  flows, passing through a minimum then 
increasing again (Table 5 ,  CgHgN and HCN/C6H6 mixtures a t  800 C and HCN/CO 
a t  700 C )  while the NO yield continually decreased. After a threshold 
temperature was reached in the plug-flow reactor ,  the NO yield did not appear 
t o  depend on temperature s ignif icant ly  (Table 5 ) .  The non-flame conditions, 
a t  re la t ively low temperatures and/or concentrations of f u e l s ,  were 
characterized by a flow ra te  dependent consumption of fuel-nitrogen which 
was converted essent ia l ly  completely t o  N2 and N20 (maximum yield of about 
50% of the l a t t e r )  ( 1 2 ,  13). This was observed in b o t h  types of reactors ,  
however, the flame condition persisted t o  a much lower temperature in the 
entrance of the plug-flow reactor a s  evidenced by visual observation and 
NO production. The observed dependence of NO yields  on flow r a t e ,  f i r s t  
increasing t o  a maximum then decreasing (Tables 1, 2 and  5) in the s t i r red-f low 
reactor was no t  observed with plug-flow, thus i s  thought t o  be a n  anomaly 
due t o  reactor-induced flame ins tab i l i ty .  However, other yield dependencies 
are  qual i ta t ively the same in b o t h  types of reactors. The t rans i t ion  between 
flame and non-flame reaction was abrupt as  evidenced by a rapid increase 
in fuel nitrogen consumption and s h i f t  in products, t h u s  i s  a t t r ibu ted  t o  
a change in mechanism rather  t h a n  a sequential process. 

Specifically i t  was found t h a t  pyridine and benzene/HCN mixtures give 
s imilar  resul ts  (Tables 1, 2 and 5) while CO (Tables 2 and  5) and  acetylene 
(13) added t o  HCN promoted N O  formation a t  lower temperatures and 
concentrations (on an atom o r  heat equivalent bas i s ) ,  t h a n  the other  fuel 
combinations. Mixtures of Hz/HCN were very different  from other  fuel 
combinations, producing lower extents  of HCN consumption and  very low t o  
negligible yields of NO a t  conditions which normally gave high y ie lds  of 
NO w i t h  other fuels  (Table 1). Finally, i t  has  been c lear ly  established 
tha t  N20 was the prevalent oxide o f  nitrogen a t  low temperatures (Table 5 
and Reference 15) and/or equivalence ra t ios  (Table 4 ) ,  whereas NO became 
prevalent a t  higher temperatures and fuel concentrations ( u p  to  stoichiometric 
mixtures) and t h a t  t h e i r  concentrations were inversely related.  In order 
t o  fur ther  check the poss ib i l i ty  of NO/N20 interconversion experiments were 
performed by adding NO2 (NO did n o t  e x i s t  in our reactant storage t a n k )  t o  the 
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reaction mixture a t  low temperatures and by oxidizing N 2 0  in the presence 
of various fue ls  (Table 7) .  The resu l t s  w i t h  NO were somewhat inconclusive 
since some experiments showed some increase i n  N 2 0  and others did n o t  (16 ) .  
The re la t ive ly  small increases observed indicate t h a t  N O / N 0 2  could n o t  be 
a major source of N20 a t  those conditions. The resu l t s  with N 2 0  c lear ly  
show t h a t  NO i s  not formed from N 2 0  i n  large yields .  

In addition t o  the vola t i le  products observed, i t  was noted t h a t  a 
white solid was formed (about a 3% yie ld)  a t  non-flame conditions with lean 
mixtures of H C N / C 0 / 0 2  and H C N / H 2 / 0 2 .  Samples of these sol ids  were examined 
by infrared and elemental analyses which indicated that  those from H C N / C O  
were NH NCO, Whereas most, but not a i l ,  of those f r m  t i C N / H 2  were Wea 
(Table 84. I t  was a l s o  found t h a t  a room temperature sublimate from N H 4 N C O  
was urea, indicat ing an easy conversion was possible. These sol ids  show 
the presence of N H 3  and H N C O  i n  the  reactor a t  non-flame conditions. I n  
an attempt t o  determine the nature of the intermediate t h a t  leads t o  N 2 0  
formation, oxidation s tudies  of methylisocyanate and dimethylhydrazine, with 
and without addi t ive fue ls ,  were made. N o  increase in N 2 0  formation was 
noted from these over tha t  obtained from H C N .  

C O N C L U S I O N S  

The conclusions reached from the above observations are: (1)  T h a t  
N 2 0  and NO a re  probably formed from a common precursor i n  the mechanistic 
chain, although possibly n o t  the same immediate intermediate, and neither 
a re  formed from each other. The d a t a  strongly shows tha t  NO does not form 
a t  those lower temperatures which promote N 2 0  .formation and N 2 0  does n o t  
oxidize t o  N O .  In addition, the equivalence r a t i o  dependence shows t h a t  
N 2 0  forms a t  leaner  conditions than does N O ,  which i s  most l ike ly  due t o  
maintainance of flame conditions a t  the more r ich  condtions. T h u s ,  the 
reported mechanism s teps  f o r  the formation of N 2 0  from N O ,  a t  l eas t  a t  our 
conditions, are  not applicable (17). ( 2 )  T h a t  N O  formation cannot occur 
primarily by an  interact ion between NH or N and O H ,  as usually assumed in 
mechanisms (17) ,  because of the observed influence of d i f fe ren t  fuels  on 
the conditions necessary t o  produce N O .  
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TABLE 1 Fuel Type E f f e c t s  on NO Yields ( %  o f  Reacted N) a t  950 C 
Reactants - I n i t i a l  Concentrations (mole X )  

.9CgHgN/702 1HCN/ .5C&/702 lHCN/3C0/702 lHCN/3H2/702 1HCN/3H2/60zb 
.54 .46 

-- 0.4 0.375 13 18 42 
0.5 12 26 35 0.5 0.3 
0.75 27 67 34 -- 

66 32 0.3 0.2 1 .o 69 
42 19 2.0 44 

4.0 6 14  5 

- - .46 - Time( s e c ) p a  .87 .79 

_-  
-- -- 
-- _-  

.5CgHgN/702 .2HCN/.25CgH6/3.502 2HCN/5C0/702 2HCN/1402 2HCN/702 
.50 

0.375 17 
0.5 24 24 70 2.0 2.1 
1 .o 32 26 60 2.2 5.0 
2.0 44 52 35 1.1 5.5 
4.0 24 29 14 0.5 2.8 

- .25 -- - .86 -- - Time(sec)\ERa fi .64 -- -- 

(a )  
( b )  These were run a t  900 C 

Equivalence r a t i o s  were ca lcu la ted  on the  basis o f  C02, H20 and NO as products 

TABLE 2 Temperature E f f e c t s  on NOx Y i e l d  ( X  o f  Reacted N) f o r  Various Fuels 

.9CgHgN/702( .87)a 
Time(sec) 900 C 950 C 

0.5 6 12 

6 4.0 -- 

0.5 
1 .o 
2.0 
4.0 

-- 15 24 
15 26 96 
12 52 80 
-- 29 44 

lHCN/6C0/1202( .40) 

700 'C 800 C 900 C 

.5C5H5N/702(.48) 1HCN/.25C&/702( .52) 
900 C 950 C 900 c 

13 24 5 

13 32 6 

9 44 5 
12 24 3 

--  -_  _-  
-- 56 -- 

2HCN/4C0/702( .79) 
800 C 900 C 1000 C 

8 40 56 
8 41 52 
2 30 48 

26 -- -- 
lHCN/8C0/1202(. 48) 

700 C 800 C 

0.5 2 29 70 
1 .o 4 62 66 
2.0 2 56 56 .. .. 

20 20 -. 4.0 -- 
(a) Reactant concentrat ions and (equivalence r a t i o s )  a re  the same bas is  as i n  Table 1 

7 46 
27 80 
70 69 

1 27 
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TABLE 3 Fuel  R i c h  NOx Y i e l d s  ( %  Reacted N )  

Time( sec)  

0 .5  
1 .o 
2 .0  
4.0 

0 .5  
1 .o 
2.0 
4.0 

.65CgHgN/3.502( 1 .25)a  lHCN/8C0/302( 1 . 9 2 )  

1000 Cb 800 C 900 c 
12 
22 
22 
12 

6 55 
7 51 
1 30 
0.2 8 

IHCN/4C0/202( 1.88)  lHCN/5C0/402( 1 . 0 6 )  

1000 c 800 C 900 c 
3 
4 
2 -- 

l o  
33 
24 

3 

48 
44 
32 
10 

( a )  
( b )  

See Tab le  1 f o o t n o t e  ( a )  f o r  ER c a l c u l a t i o n  
Y i e l d s  were n e g l i g i b l e  f o r  t h i s  m i x t u r e  a t  900 C 

TABLE 4 Equ iva lence R a t i o  E f f e c t s  on NOx/N20 Y i e l d s  

Y i e l d  NOX/N2Ob 

% C6Hga ER S t i r r e d  (775 C) P l u g  (800 C )  

0 0.25 0.7/29 0.2/30 
0.12 0.38 0.5/39 -- 
0.25 0.52 0.4/40 0.2/28 
0.5 0.79 0.5/34 12/14 
0.75 1.05 1 .1 /23  26/2 
1 .oo 1.32 2.5/1.2 24/ - -  

( a )  

( b )  

Reactan ts  a r e  1HCN/702 p l u s  benzene i n  mole % - ER as i n  
Table 1, f o o t n o t e  ( a )  
Both s t i r r e d  and p l u g  f l o w  r e a c t o r s  were u s e d , w i t h  one second c o n t a c t  
t i m e  f o r  a l l  exper iments  
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Time( sec) 

0.25 
0.5 
1 .o 
2.0 
4.0 

0.25 
0.5 
1 .o 
2.0 
4.0 

0.25 
0.5 
1 .o 
2.0 
4.0 

TABLE 5 Comparison o f  P l u g  and S t i r r e d - F l o w  Data:  
NO/N20 Y i e l d s  i n  % Reacted N i t r o g e n  

1HCN/. 25C&j/702a 

aoo c 900 c 

P l u g  S t i r r e d  P l u g  S t i r r e d  

40 /13  -- 39/22 -- 
16 /25  n /45  16/22 5/41 
11/30 n/40 3/45 6/39 
n /34  11/43 n/a 5/33 
n /28  11/40 n /8  3/31 

.5CgHgN/702 

7 2 5 c  aoo c 900 c 

P l u g  P l u g  S t i r r e d  P l u g  S t i r r e d  

n/n 34/18 n/-- 42/12 13 /28  

3/32 n/37 -- 4/26 9/30 
5/43 11/40 -- -- 12/26  

-- -- -- -- 56/6 

4/3 9/33 -- 18/24 13/30 

lHCN/4C0/60$ 

950 C 

P lug  S t i r r e d  

39/10 l o / - -  
29/13 15/--  
10/15 46/-- 

n /5  11/ - -  
1/11 2 8 ~ -  

950 C 

P l u g  S t i r r e d  

56/6 -- 
19/13 32/--  
5/10 44/--  
1 /5 24/--  

4o/a a/-- 

700 C 750 C 

P l u g  S t i r r e d  P l u g  S t i r r e d  

40/5 17/11 n / - -  21 /7 1 /37 
3/26 11/28 21/11 2/37 
11/32 n/27 n / l 4  1 /40 

-- -- -- 

aoo c 
P lug  S t i r r e d  

35/1 -- 
32/3 9/13 

11/36 23/22 
16/22 33/18 

1-1/22 n/25 n/-- -- n/23 2/22 

( a )  
( b )  

Composi t ions i n  mole %, n i s  f o r  n e g l i g i b l e  amounts 
F o r  CO added f u e l s  be low 700 C t h e  HCN consumpt ion  dropped d r a s t i c a l l y  
and was t i m e  dependent,  whereas, above 700 C t h e  HCN was more t h a n  90% 
consumed a t  a l l  f l o w  r a t e s  
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TABLE 6 Low Temperature - Pyridine Oxidation (Plug Flow Reactor) 
% Yields o f  HCN/NzO 

.5C~jHgN/702~ 

Time( sec) 750 C 725 C 

0.25 66/11 -- -- 
0.5 11 /48 30/n -- 
1 .o 2/55 58/3 47/11 
2.0 -- 16/32 9/50 
4.0 -- 2/43 7/48 

E 
NO, hiah a t  .25 and . 5  sec. HCN neal ia ib le a t  a l l  flows 

(a) Concentrations i n  mole % 

TABLE 7 N20 Oxidation Data 
% N20 Reacted /NOx Yield ( %  o f  Reacted N2O)a 

2.2N20/702b 2.2N20/8C0/702 2.2N20/. 5C&/702 

Time(sec) 900 C 1000 C 900 C 1000 C 1000 c 
0.5 10/13 53/12 84/14 94/18 -- 
1.0 20/9 80/9 79/11 91/14 91 /9 
2.0 33/9 91/7 76/9 98/8 -- 
4.0 54/3 92/5 83/5 99/6 99/3 

(a) 
(b) Concentrations i n  mole % 

Similar low yields o f  NO, were found a t  800 and 750 

TABLE 8 Solids Formation 

XN-Fuel Reacted Temperature (C) Principal Sol id Product 

2HCN/EC0/702 

15 
18 
17 
40 

650 
650 
650 
67 5 

NH4NCO 
NH4NCO 
NH4NCO 
NH4NCO 

50 
29 
20 

650 
700 
600 

Urea 
Urea 

NH4NCO 

97 750 NH4NCO 
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Kinetics of the Reaction of NCO with Ethene 2nd Oxygen 
Over the Temperature Range 295-662K 

Robert A. Perry 

Sandia National Laboratories 
combustion Research Facility 
Livermore, California 94550 

Introduction 

from fuel-bound nitrogen in combustion systems."* In order to 
model nitrogen chemistry in combustion systems, it is essential 
to explore the possible chemical reactions that might enter into any 
extensive model of nitrogen chemistry in these systems. While little 
has been done toward understandi g the detailed chemistry of the NCO 
radical with combustion certain reactions can be 
anticipated to occur based upon analogous electrophilic radical/molecule 
reactions. One of these reactions is the reaction of NCO with ethene. 

The NCO radical is intimately connected v'th nitric oxide formation 

NCO + C2H4 + H i products 1) 

Unsaturated hydrocarbons are found extensively in combustion, vith 
ethene being a major component after pyrolysis of larger fuels. 
This reaction was chosen to facilitate predictions of NCO radical 
reactions with unsaturated hydrocarbons and hence to understand more fully 
nitrogen chemistry in rich combustion systems. 
reaction occurs at combustion temperatures, i t  is a pathway to 
recycle reactive nitrogen radicals back into fuel-bound nitrogen i.e., 
HCN. 

exothermic reactions of NCO vith oxygen. 

To the extent that this 

Other possible important reactions, if they occurred, are the 

NCO + O2 i NO + CO 2a) 
NCO + O2 + NO2 + C8 2b) 

Besides being of potential importance in combustion systems, these reactions 
could be important in atmospheric oxidation of HCN. 
has been placed on the exothermic, although sterically restricted, 
reactions between NCO and oxygen. 

In this paper current research that employs a laser 
photolysis/laser-induced fluorescence technique to measure absolute rate 
constants for the reaction of NCO radicals vith ethene and oxygen over the 

An upper limit 
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temperature range 295-662K is discussed. In addition, the pressure dependence 
of the reaction betveen NCO and ethene is explored at room temperature. The 
implications for combustion modeling will be addressed. 

EXPERIHENTAL 

The technique is essentially identical to tha which vas 
developed to study the products of the reaction of O( P) vith EM.6 NCO 
radicals are produced from the excimer laser photolysis of ENCO that vas 
introduced along vith the reactant of interest in a floving gas mixture of 
HNC0:Ar:reactant at total pressures (primarily argon) of 10-372 Torr. The NCO 
radicals result gither directly from the photolysis of HNCO or, as suggested by 
Drozdoski et al. , from the rapid reaction of NH('Li) vith ENCO. 
(Recent experiments at 157 nm and 193 nm suggest that the latter is the 
dominant mechanism.') Both 193 nm and 157 nm radiation are used to 
photolyze HNCO in order to check for interference due to photolysis products. 

416.8 nm (lOOmW), is used to pump the A2Z 
transition of NCO. 
photomultiplier tube fitted vith an interference filter at 438.511~ 
(FWHM-8.0nm) mounted at right angles to the crossed laser beams. The 
intersection of the detection system aperture and the laser-induced 
fluorescence radiation defined a fluorescence vieving zone at the center of the 
reaction vessel vhose cross section vas -2cm in diameter. 
vel1 separated from the reaction vessel walls, minimizing wall losses of the 
NCO radicals. 
ceramic furnace that could be heated to temperatures as high as 1200K. The 
temperature of the furnace vas monitored by Chromel/Alumel thermocouples 
mounted inside the reaction vessel, vith the temperature of the vessel 

9 maintained to 25K over the entire temperature range. 

Cyanuric acid vas heated in an evacuable pyrex vessel to 400K. 
generated vas passed through a P205 and Ag20 trap to remove the 
water, and ECN and vas then condensed in a liquid nitrogen trap. 
vas vacuum distilled using a dry-icelacetone trap until constant vapor 
pressure (0.88 Torr) resulted. 
the resulting Ar/HNCO mixture vas floved to the reaction vessel. 
rate vas monitored by use of a rotameter. 
by the use of Tylan flov controllers that vere calibrated prior to use. 

The excimer laser intensity vas varied by a factor of 2 using a purge 
tube situated betveen the excimer laser and the reaction vessel. Mixtures of 
nitrogen and oxygen vere used to attenuate the 157 nm radiation, vhlle nitrous 
oxide and air vere used to attenuate radiation at 193 nm. All 
experiments vere performed at a repetition rate of 0.382. Signals vere 
obtained by photon counting in conjunction vith multichannel scaling. 
Decay curves of NCO radicals vere accumulated from 25-500 pulses 

4 

An argon ion pumped ring dye laser, operating vith stilbene-3 dye at 
(1 0 01 + x ' j  2 The resulting fluorescehc& s mon %?b 'using an EHI 9789QA 

This region vas 

The reactor consisted of a quartz reaction vessel enclosed in a 

The HNCO vas synthesized according to the procedure of Okabe. 
The ENCO 

The liquid 

Argon vas bubbled through the liquid and 
The flov 

All other flovs vere monitored 
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depending on the signal strengths. NCO half-lives ranged from 2.43-200 
msec, and the NCO radical concentrations were followed for at least 
three half-lives. 

the premixed reactant gas mixture could be replenished between laser pulses, 
thereby avoiding the accumulation of photolysis or reaction products. 
partial pressure of HNCO vas approximately 1.8-19 mTorr. The gases used had the 
foiiowing purity ieveis according to the manufacturer: A r  299.995%; C2H4)99.0%; 

All experiments were carried out under slow-flow conditions so that 

The 

o2 299.99952. 

RESULTS AND DISCUSSION 

Over the entire temperature range 295-652K, and in the presence 
of excess reactant gas, pseudo-first order kinetics is observed, and 
the bimolecular rate constant is obtained using the expression: 

In [NCOIo/ [NCO], = In Solst = (ko + ki [Reactant])(t-to) 

Here [NCOlo and [NCO], are the concentrations of NCO radicals at times 
to and t, respectively, S 
cence intensities, k 
the NCO in the absen:e of added reactant, and ki is the rate constant for 
reaction with the added reactant, i.e., ethene or oxygen. 

pulse to minimize interference from laser-induced emission from the silica 
vessel and to ensure that secondary reactions of other radical species formed 
during the photolysis event, such as NH('6) would not 
interfere with the reaction of interest.' In all experiments exponential decays 
were observed after the first millisecond supporting the contention that 
secondary reactions were not important. Also ,  at low pulse energies 
(J.ln.?/pulse) no effect, within experimental uncertainty, due to laser 
intensity was observed with a factor of two change. 
the excimer laser radiation the apparent rate was measured to be faster and 
decays were nonexponential.) 

The data were analyzed by numerical least squares fitting of the 
decays. The measured decay rates were found to depend linearly on the 
concentration of added reactant for fixed total pressure and temperature. The 
absolute rate constants were determined by plotting the measured decay rate 
against reactant concentration and performing a least squares fit to obtain the 
slope, k.. 

determined over the temperature range of 295-652K with the total pressure 
being varied from 10-372 Torr at 295K. Figures 1 and 2 show the plots of the 
data at 295K and higher temperatures, respectively, while Figure 3 shows a plot 
Of the pressure dependence. 
this reaction by least squares analysis over the entire temperature range. 

and S are the corresponding fluores- t is !he first order rate coefficient for removal of 

The decay was analyzed following a -1 ms delay after the excimer laser 

(Without attenuating 

Rate constants, kl, for the reaction of NCO vith ethene were 

Table I gives the rate constants determined for 
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Figure 4 shows an Arrhenius plot of the rate constants kl vith the region 
from 295-447K being described by the following Arrhenius expression: 

vhere the error limit in the activation energy is the estimated overall 
error limit. 

by a Lindemann mechanism. 
The pressure dependence observed at 295K (figure 3) is best explained 

NCO + C2H4 -i complex* (a,-a) 
c 

complex* + M i complex + M (b) 

vhere complex* is the complex formed by the terminal addition 
of NCO to ethene. The pressure dependent rate is given by the expression: 

In the high pressure region vhere k,[M] is much greater 
than k- 
kbi =ka&' [ M?fk-a?. 

k = k , vhile in the 1ov"pressure region 
kt temperatures greater than 447K a dramatic reduction 

in the bimolecular rate constant vas observed. 
the reaction rate drops by greater than tvo orders of magnitude 
from 447K to 652K. This reduction in bimolecular rate constant 
apparently occurs due to the very rapid decomposition of the complex 
formed betveen NCO and ethene. 
reduction in react' n ate has been observed in the past for OH 
radical reactions, '*-" nonexponential decays (after lms) vere not apparent 
in these experiments. The absence of nonexponential decays suggest that 
the life time of the complex formed must be short in comparison to the 
experimental observation time. 
thermalized adduct, [complex], begins to dissociate on a time scale that is 
comparable to the time frame of the experiments, analogous to the explaination 
of the effect b rved for 08 radical reaction vith unsaturated 
hydrocarbons, 18-" could explain the sharp drop in rate vith increasing 
temperatures ( 2  44710, but in order to explain fully the essentially 
exponential decays observed in all of the experiments, competitive reactions 
that turn off at higher temperatures (or a different reaction mechanism that 
regenerates NCO radicals at higher temperatures) is required. Calculations are 
presently under way to address the possible alternate channels, such as ring 
closure to form the ethylene imine analog. 

and oxygen as a W attenuatorlfilter, the reaction of NCO vith oxygen vas not 
observed to occur at room temperature and 372 Torr argon vith 

As seen in Figure 4 

Although such a dramatic 

A proposed reaction mechanism vhereby the 

Using 193nm photolysis of RNCO, vith a mixture of nitrous oxide 
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3 2.27 x 10l6 molecule/cm of oxygen added. In a ition no rea tion 
was observed at 662K and 389 Torr when 2.4 x lopg molecule/cm' of 
oxygen was added. 
estimated to be less p n  3 x 10- y:aplecule- ' s-' at 295 
and less than 5 x 10- cm molecule- at 662K. These data 
suggest that under the conditions that exist in combustion environments or in 
the stratosphere, i t  is unlikely that the reacti of NCO with oxygen will be 
important. As suggested by Cicerone and ZellnerP4, the primary fate of NCO 
in the atmosphere is most likely photolysis at wavelengths less than 300 nm. 

CONCLUSIONS 

From these datf6the rate of r act'on with oxygen was 

At low temperatures the NCO radical will react with ethene to form a 
complex. At temperatures greater than 450K a marked decrease in the rate of 
reaction occurs until finally at 650K the reaction has decreased by two orders 
of magnitude. This effect suggests that the reaction with ethene, or, by 
inference, other unsaturated hydrocarbons, will not serve to recycle the NCO 
radical in combustion environments. 

molecular oxygen. The reaction of NCO with oxygen should be unimportant in 
combustion or atmospheric systems. 

At the temperatures of this study NCO radicals do not react with 
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Table I. 
The indicated error limits are the estimated overall error limits; they 
include the least squares standard deviations (2.0-15X). as well as the 
estimated accuracy limits of other parameters such as pressure and reactant 
concentrations. 

Rate constants, kl for the reaction of NCO radicals vith ethene. 

Temperature (K) Total Pressure kl 4 lo1' 
(Torr) (cm molecule-' s-l) 

295 10.5 3.37 i 0.57 
25.0 3.78 * 0.38 295 

295 53.3 4.37 i 0.44 
296 102.0 4.39 i 0.44 
296 204.0 4.58 * 0.46 
295 372.0 4.69 * 0.47 

198.0 4.00 * 0.40 330 
381 203.0 3.99 i 0.40 
447 200.0 3.88 i 0.39 

202.0 2.56 i 0.64 487 
535 201.0 1.30 i 0.26 

652 372.0 0.027 i 0.005 
585 372.0 0.112 i 0.02 
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Figure 1. Plots of the decay rate against ethene concentration for the 
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best fit to data at 25 TOKK. 53 Torr and 372 Torr. 
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Figure 2. Plots of the decay rate against ethene concentration. 
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the data for the temperature range 295-447. 

The solid line is the least squares fit to 
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Pyrolysis of C6H6 

by 

M. B. Culket. I11 

United Technologies Research Center 
Silver Lane, East Hartford, CT 06108 

Introduction 

Several mechanisms for the pyrolysis of benzene st elevated temperatures 
have been previously proposed. Unfortunately, none of these mechanisms is 
entirely satisfactory when both experiments and thermodynamics are considered. 
Yet, knowledge of benzene decomposition will increase the understanding of the 
breakup and formation of other aromatic compounds. Consequently. a 
single-pulse shock tube (SPST) investigation of the pyrolysis of benzene has 
been performed over the temperature range of 1200 to 2GOOK. In addition, 
thermochemical estimates and detailed chemical kinetic modeling have been 
performed to evaluate the previously proposed mechanisms for benzene 
pyrolysis. 

Description of Facilities 
and Model 

The 3.8 cm (i.d.) single-pulse shock tube (SPST) used in this experiment 
utilizes the "magic hole" technique for quenching pyrolyzed samples at rates 
above 105K/sec. 
and the UTRC facility has been describedby Colket (2). Gas samples, after 
dwell times of approximately 700 microseconds, were automatically collected 
and analyzed for reactant and products using heated gas sampling valves and a 
Hewlett Packard 5880A gas chromatograph. With a CP Si1 5 CB (from Chrompack, 
Inc.) capillary column and a silica gel packed column, H2 and hydrocarbons 
up to Cl0 were identified and quantitatively analyzed. 

Argon (99.999% pure) was obtained from Matheson and LC-grade benzene was 
obtained from the Burdick and Jackson Laboratory. The initial mixture 
concentration was 130 ppm benzene in argon and was prepared gravimetrically. 
Gas chromatographic analysis indfcated that impurities included unidentified 
C5, C6 and C 
concentratio: of impurity was less than 0.2% of the initial benzene. 

SPSTs were developed by Click. Squire. and Hertzberg (1) 

hydrocarbons as well as toluene, although the total 

Detailed chemical kinetics calculations are performed using CHEMKIN(3). 

Quenching rates varied with shock 
LSODE (4), and a version of a shock tube code (5) which has been modified to 
include the quenching effects in a SPST. 
strength and were calculated using measured pressure traces and assuming 
isentropic expansion. 
time-dependent contributions from each reaction to the formation and/or 
destruction of each species. 

The modified code also allows monitoring of 
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Proposed Mechanisms 

Uechanisms for the decomposition of benzene are listed in Table I. It is 
important to note that most are not single-step mechanisms. 
intermediates equilibrate rapidly and their concentrations are sufficiently 
low to render them (nearly) undetectable in many systems. Experimental 
results from the present and previous high temperature works (6.7) suggest 
that primary stable products are acetylene, diacetylene, and hydrogen and the 
initial production rate of acetylene is two to three times higher than that of 
diacetylene. Unfortunately, this information is of minimal use in sorting out 
the mechanisms since benzene pyrolyzes at high temperatures (relative to 
pyrolysis temperatures of other hydrocarbons) and all intermediates shown in 
Table I1 rapidly pyrolyze to the approximate mixture of acetylene and 
diacetylene that has been observed. 

Radical 

Mechanism A is the generally accepted reaction sequence; however, only 
Reaction 1 is understood. 
initiation step in both pyrolytic and some oxidation studies. 
been determined from D-atom production (in pyrolysis of C D6) ( 8 )  and from 
detailed modeling studies of both pyrolysis (9) and oxidation (10). 
fit has been performed by Kiefer, et a1 (9) using available expexjmgntal data 
and is consistent with thermodynamics. ' 

exp(-118 kcal/RT) sec Knowledge of the mechanism for phenyl 
decomposition is substantially less than that for Reaction 1. 
information is available on the overall rate, k3; yet the details of the 
ring fracturing process have not been defined. 
Fbjii and Asaba (11) has been until recently the most often quoted rate for 
this process. More recent modeling (8 .9)  of benzene pyrolysis has produced 
similar rates as Ref.11; however, since Reaction 1 is rate limiting over most 
of the temperatures regimes examined, the modeling results for k3 are 
expected to be lower limit estimates with large uncertainties in the 
tepeerature dependence. 
10 exp (-86 kcal/RT) sec , was based on an "old" value for the heat of 
formation for i-C H of 102 kcal/mole (12); however, more recent estimates 
using group additfvity (13) and BAC-MP4 (14) techniques fix this value closer 
to 115 kcal/mole. In addition, n-C4H3, which has a A H f  of 126 kcal/mole, 
is the preferred isomer for phenyl decomposition. Consequently, Reaction 3 is 
over 100 kcal/mole endothermic. 
elimination. then the previous modeling efforts that produced lowe?. $Yig 
rates strongly suggest that the high pressure A-factor is at least 10 
This value is orders of magnitude higher than what would be expected for this 
multibond process. Consequently, it must be assumed that Reaction 3 
represents an overall process or that processes involving radicals other than, 
or in addition to, phenyl are important to benzene decomposition. 

One alternative route for benzene decomposition is direct C H 
elimination (Mechanism B) and has received recent support (6,s): {owever, 
Kiefer, et a1 (9) have s h o w  it is not necessary to invoke this step to 
describe experimental profiles. In addition. it should be noted that the 
direct elimination is a multibond process which should be unlikely. and 
presumably involves the intermediate formation of the C H4 diradical. 
this intermediate, the effective activation barrier to keaction 4 may be as 
high as 180 kcal/mole. 

The breaking of the C-H bond is believed to be the 
Its rate has 

An RRKM 

Their ky, is given by 10 

Some 

The thermochemical estimate by 

Fuj i i  and Asaba (11) estimate, k3 - 3.16 x 
3 

If this process involves direct C H 

' . 

For 
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Another possible pyrolysis route involves the production of benzyne, which 
subsequently decomposes. Unimolecular decomposition of phenyl (Reaction 5) to 
benzyne is endothermic by 93 kcal/mole, which is nearly as much as Reaction 3. 
Similar thermochemical arguments can eliminate this decomposition route. The 
other route, Reaction 6, is a radical termination step and would produce an 
overall slowing of benzene pyrolysis. Knudsen cell pyrolysis experiments (7) 
have shown the formation of a C H4 compound. 
benzyne or another product of pfienyl decomposition, Smith and Johnson (7) 
argued that C H 
decomposition! $specially at elevated temperatures. At least some of the 
product, however, may be composed of the chained isomers of C H 
isomers may be produced via hydrogenation of triacetylene, whfcfi'was also 
observed in significant concentrations. Consequently, no clear evidence of 
the importance of Mechanism C is apparent. 

Assuming this compound is 

is an important intermediate during benzene 

These 

Mechanism D appears to be very attractive, since an extrapolation of the 
rate coefficient (15) for H-atom addition to benzene (Reaction 8) is 
approximately an order of magnitude higher (Ref. 9) than H-atom abstraction 
(Reaction 2) at 1600 K. The addition reaction, however, competes with its 
reverse reaction. 
measurement of the forward and reverse rates of Reaction 8 (15). Mechanism D 
can be shown to have a negligible impact on benzene pyrolysis. 
different set of thermodynamics for c-C H 
that Mechanism D may play an important 801, at low temperatures. 
modeling calculations using Mechanism D were limited, due to what appears to 
be rather large uncertainties in both the heat of formation and entropy. 
Nevertheless, there are attractive features of this decomposition mechanism, 
especially at low temperatures, and it should be explored further. It is 
worth noting that Reaction 8 is not sufficiently energetic (only 16 to 26 
kcal), that it can be followed immediately by Reaction 9 (71-81 kcal 
required). Instead, c-C H will collisionally thermalize prior to its 
decomposition to productg.'l Only a minimal acceleration in rate due to the 
formation of an excited complex can be expected. 
route (Mechanism C) should be performed. 

Using thermodynamics for c-C6H7 derived from 

However, a 

Detailed 
reported in Ref. 15 suggests 

Further exploration of this 

With no fully satisfactory alternatives, and the expectation that phenyl 
must decompose to aliphatics at sufficiently elevated temperatures (when 
production of phenyl via Reaction 1 is fast), it is prudent to re-examine 
Mechanism A. One can separate Reaction 3 into the following sequence: 

C6H5 1-C6H5 
1-C6H5 + n-C H +C H 4 3  2 2  

3a 
3b 

This sequence is the reverse of the processes suggested for the formation 
of phenyl during acetylene pyrolysis (17) and has been shown to compare 
favorably with recent experimental data (2). 
breaks at the single bond as shown 

If one assumes that the ring 
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then this is a relatively straightforward process analogous to the 
decomposition of nC H ; i.e. CH:CH.CH:CH2 + C H +C H . 
of either of the otke? two single-bonds would2raqufri a more complex process 
involving H-atom shifting or the formation of energetic intermediates. 
resultant linear compound would be expected to decompose to acetylene and 
n-C H Detailed chemical modeling vas perfoned 
using the reaction sequence In Table I1 coupled with an acetylenic mechanism 
similar to that reported (17, 18). 
shock tube data is presented in Figure 1 for a series of shocks at an initial 
concentration of 130 ppm benzene in argon. 
concentrations produced after a dwell time of 700 microseconds followed by 
quenching are plotted as a function of initial post-shock temperature. 
pressure for these experiments is approximately seven atmospheres. 

Breakage 

The 

or re-cyclize to phenyl. 4 3  

A comparison of the model and single-pulse 

In this figure, final 

Total 

The comparison is quite reasonable. The higher fractional decomposition 
at low temperatures observed in the experiment may be due to impurities from 
the wall initiating the reaction at low temperature. 
observed experimentally at elevated temperatures may be caused by sampling a 
portion of the boundary-layer near the walls of the shock tube. The mechanism 
proposed in Table I1 is essentially consistent with Kiefer et al's except that 
Reaction 3 has been separated to 3a and b. 
Reaction 3 can be estimated by assuming a steady-state concentration for 

The residual benzene 

An effective rate constant for 

1-C6H5, i.e. 

k3a k3b therefore k3 effective - 
kg,+kgb 

This curved evalution is depicted as a solid line in Fig. 2 over the 
temperature regime where sensitivity to this rate was observed. 
extrapolated to both low and high temperatures to facilitate comparisons to 

k 
ezperiments are expected to be close to the high pressure limiting value. 

The curve is 

luations. The relatively high values obtained in this work for kland 
are not surprising since the rate constant determined in these 

Conclusions 

Previously proposed mechanisms for the pyrolysis of benzene at high 
temperatures have been reviewed using detailed chemical modeling and a brief 
thermochemical examination. 
C H - C H (+H) +C4H3+C2H2, is slightly modified to 
C6H6 + C6H5(+H) + 1-C H5 - n-C H +C H and the structure 
of the lfn!ar C H 

sufficiently accurate thermochemistry vas nof ivailable to reach final 
conclusions. 

The most widely accepted sequence, 

I 
infermediat$ 2s argposed. Forward and reverse rates 

~ are consistent $ish thermochemistry and experimental data. A benzene 
$ decomposition route involving c-C6H7 and 1-C H was examined, yet 

$ 
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TABLE I 
Previous Mechanisms for 

Benzene Pyrolysis  

A C6H6 - C6H5+H (1) 

C6H5 + C4H3+C2H2 (3) 

H+ C6H6- C 6 5  H +H 2 (2) 

B C6H6 + C 4 4  H +C 2 2  H (4) 

C C6H5 -. C6H4+H (5) 

H+ C6H5 - C6H4+H2 ( 6 )  

(7) C6H4- C H +C H 4 2  2 2  

D H+ C6H6+ C-C 6 7  H (8) 

C-C6H7* 1 - C  6 7  H (9) 

1-C6H7 - n-C4H5+C2H2 (10) 

TABLE I1 
Proposed React ion Sequence 

f o r  Benzene Pyro lys is  

Forward rate Reverse Rate 
1oglOA E 10gloA n E 

cal/mole cal/mole 

16.18 107,900. 10.05 0.98 -5690. 

14.40 16,000. 8 .35 1.12 6420. 

14.00 65.000. 13.11 -0 .68  3300. 

15.34 38,000. 5.97 1.97 -3610. 

12.43 37.000. 11.29 0.44 -2790. 

14.60 54,000. 7.89 1.66 -3120. 

13.30 0 12.00 0 12520. 
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The Chemical Structure of Methane/Air Diffusion Flames: 
Concentrations and Production Rates of Intermediate Hydrocarbons. 

J. Houston Miller 

Department of Chemistry 
George Washington University 

Washington, DC 20052 

and Kermit C. Smyth 

Center for Fire Research 
National Bureau of Standards 

Gaithersburg, MD 20899 

INTRODUCTION: 

is common to most combustion systems. These products range in size 
from acetylene, benzene and polynuclear aromatic hydrocarbons (PAH) 
to very large soot particles. Radiation from particles is the 
dominant mode of heat transfer in large fires. In addition, sampled 
particles often have PAH adsorbed onto them. Many of these molecules 
are known carcinogens and their presence on inhalable soot particles 
poses an obvious long-term health hazard. Despite the important role 
that such species play in flames and the danger they present as 
combustion byproducts, the mechanism for their formation is as yet 
unknown. 

The production of intermediate and large hydrocarbon species 

Extensive profile studies have led to a detailed 
understanding of the chemical structure of premixed flames 111. 
This information has been combined with the time-temperature 
history in these one-dimensional systems to produce simple models 
for the condensation chemistry of premixed flames. Modelling 
efforts have also been undertaken in shock tubes, although the 
data set available as input has generally been less extensive 
[2,3]. Despite the significant progress towards an understanding 
of soot formation which has resulted from these studies, most 
practical combustion devices are diffusion flames, and chemical 
stucture data for these environments has only recently been 
available. Workers in this 141 and other [SI laboratories have 
recently reported concentration measurements for molecular 
species, including intermediate hydrocarbons, in laminar 
diffusion flames. Our work has shown that a knowledge of the 
local chemical composition alone is not sufficient to predict the 
concentrations of PAH and soot. We have therefore also collected 
profile data for temperature and convective velocity in our flame 
system. In this paper, results for the chemical structure of a 
methane/air diffusion flame are reviewed. Species concentrations 
are combined with profiles of velocity and temperature to 
calculate production rates for intermediate hydrocarbons. The 
relevance of these calculations to an understanding of soot 
formation chemistry is discussed. 
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EXPERIMENTAL APPROACH : 
The experimental system has been described in detail elsewhere 

[ 4 ] ,  and will be discussed only briefly below. Laminar methane/air 
diffusion flames were burned at atmospheric pressure on a Wolfhard- 
Parker slot burner. Fuel exits a central 8mm wide slot and air flows 
through two 16mm wide adjacent slots. Thus, two flame sheets are 
formed near the fuel/air interfaces, which are symmetric about the 
burner centerline. The flame is stabilized by wire screen ''gulls" 
located 45mm above the burner surface. Concentration profiles of 
numerous stable flame species were collected via a direct-sampling 
mass spectrometer equipped with a quartz microprobe 161. 
Calibrations were perfomed by measuring the signal for a particular 
molecule sampled from a mixture of known composition of the species 
with argon at room temperature. Calibration factors were then 
corrected for the variation of the mass flow through the sampling 
orifice as a function of temperature. For species which could not be 
calibrated directly, factors for similar species were adjusted by 
multiplying by the ratio of their respective ionization cross- 
sections. 

wire Pt/Pt-lO%Rh thermocouple. Corrections due to radiation 
effects are less than 7% at the highest temperatures in this 
flame 141 ,  while catalytic effects are expected to be small 171 
and in the opposite direction. Horizontal and vertical components 
of the convective velocity were determined using laser Doppler 
velocimetry. These measurements were made by seeding the flow 
with nominal 1 rm diameter aluminum oxide particles. The 
temperature and velocity profiles were obtained at heights 
ranging from near the burner surface to 20 mm above the burner. 
Mass spectrometric measurements were limited to a minimum height 
of 3 mm above the burner (due to the 6mm diameter of the 
microprobe) and a maximum height of 15 mm above the burner. Above 
15 mm, clogging of the probe orifice by soot particles was 
observed and quantitative sampling was no longer possible. The 
gradients in concentration and temperature in this flame are 
steepest in the horizontal direction. Therefore, profile data 
points were collected every 0.2 mm in the lateral direction and 
every 2 mm in the vertical direction. 

RESULTS: 

this flame. Shown in solid lines are isothermal contours 
determined from the thermocouple profles. Note the bowing out of 
the flame along the 1900 K contour away from the slot separators 
located at f4 mm with respect to the burner centerline. Also 
shown are streamlines of convective velocity calculated from the 
two measured velocity components. The streamlines exhibit 
trajectories which begin in the lean region of the flame, cross 
the high temperature reaction zones, and continue into the fuel- 
rich regions. 

concentrations of a variety of stable flame species at a height of 9 
mm above the burner. A number of points are noteworthy in comparing 

Temperature profiles were measured with an uncoated fine 

Figure 1 illustrates the temperature and velocity fields for 

Figure 2 shows mass-spectrometric profiles of the 
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Figures 1 and 2 .  First, the concentrations of oxygen and methane 
disappear near the high temperature reaction zone at z6 mm from the 
burner centerline, where the concentration of water is at a maximum. 
Second, the high concentration of nitrogen near the burner 
centerline reveals that significant entrainment of air (as shown by 
the velocity measurements in Fig. 1) and diffusion of nitrogen 
toward the burner centerline occur. Also shown in Fig. 2 is a 
summation of mole fractions for all species present in the flame at 
a concentration of 1% or  greater. The close agreement to an ideal 
mass balance of 1 throughout the flame is a measure of the success 
of our calibration scheme. 

Figure 3 illustrates profiles collected at 9mm above the burner 
surface for a variety of intermediate hydrocarbons: acetylene, 
benzene, diacetylene, and butadiene. Peak concentrations at this 
height for these species are 6200, 800,  570, and 110 parts per 
million, respectively. Profiles for a large number of additional 
intermediate hydrocarbons were obtained, and all have concentration 
maxima in the same region of the flame. 

DATA ANALYSIS 
One of the primary goals of our work is the application of 

kinetic modelling to a methane/ air diffusion flame. The approach we 
have adopted is to compare the predictions of models which have been 
used successfully in premixed flames and shock tubes with our 
experimental results. A successful model must not only account for 
the steady state concentrations of species involved in the soot 
formation process, but also for the net rate of reactions for these 
species in the flame. Therefore, as a first step in the application 
of detailed kinetic modelling to our flame we have sought to derive 
the net chemical flux for profiled species from our concentration, 
temperature and velocity measurements. The procedure for this 
calculation is described below. 

A laminar flame is a steady-state system: the value of any 
macroscopic variable (such as a species concentration) does not 
change with time at a particular spatial location [ 6 ] .  Because there 
is a flux into and out of a given volume element due to mass 
transport, there must be a corresponding change in the species 
concentration due to chemical reactions: 

Here, Ri is the net chemical rate, N; is the species concentration, 
v is the mass average (convective) velocity, and Vi is the 
diffusion velocity of the species into the local mixture. This 
diffusion velocity can be calculated by first computing the 
effective diffusion coefficient, D;,,;z , where contributions from 
all species present in the flame with a concentration greater 
than 1 % are included: 
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Figure 4 illustrates this calculation for acetylene production 
rates at a height of 9mm above the burner. Contributions from the 
convective and diffusive velocities to the net chemical rates are 
shown. Note the strong diffusive velocity away from the burner 
centerline into the high temperature reaction zone, where acetylene 
is oxidized. Figure 5 indicates that the chemical role of acetylene 
changes with height above the burner. Low in the flame the 
destruction rate exhibits a maximum value (R; =-1.0~10’~ 
molecules/(cc*sec)) near the high temperature, primary reaction 
zone, and the production rate feature (R; = 1.5~ molecules/(cc- 
secj) occurs slightly toward the fuel side. This peak in the 
production rate is located on the high temperature side of the 
observed maximum in the concentration profile (see Fig. 3 ) .  Higher 
in this flame it appears that the production rate peak is diminished 
by a new destruction feature (see arrow in Figure 5 ) .  An additional 
loss mechanism for acetylene higher in the flame is consistent with 
the proposed importance of this intermediate hydrocarbon in particle 
growth chemistry. The location of this new feature coincides with 
the peak concentrations of very small soot particles detected in our 
earlier work [ 4 1 .  

CONCLUSIONS AND FUTURE DIRECTIONS: 

and analyzed these profile data to obtain chemical rates for 
production and destruction of intermediate hydrocarbons in a 
methane/air flame. In the near future detailed kinetic models will 
be evaluated at specific flame locations in an attempt to verify 
their application to diffusion flame systems. Specifically, can the 
models (given..as inputs measured concentrations, temperature, and 
mass transport) predict net chemical fluxes which agree with our 
measured production rates? An analysis such as this will indicate 
possible shortcomings in both our knowledge of the chemical 
structure of these systems (i.e., radical concentrations are not 
well known) as well as deficiencies in proposed models for chemical 
growth. 

We have made quantitative species concentration measurements 
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Figure 1: Isothermal contours 
(solid lines) calculated from 
uncorrected thermocouple 
measurements and streamlines 
(dashed lines) calculated from 
the velocity measurements for 
the methane/air flame. 
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Figure 2: Mass spectrometric 
measurements of some of the 
major species. The N, profile 
has not been corrected for the 
small amount of CO detected at F 
the same mass. At the top of 
the figure the sum of the mole 
fractions of all of the 
species present in the flame 
at a concentration of 1% or 
greater is shown. The 'dashed 
line represents the average 
value of 1.01+0.04.  
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SULFUR TRIOXIDE FORMATION I N  HIGH SULFUR RESIDUAL OIL FLAMES 

Peter M. Walsh, Walter F. Fanayan,* Thomas Ko1b.t Jdnos M. Beer 

Energy Laboratory and Department o f  Chemical Engineering 
Massachusetts I n s t i t u t e  o f  Technology 

Cambridge, MA 02139 

INTRODUCTION 

Heavy residual f ue l  o i l s  usually contain between 1 and 4 w t %  su l fur .  Although 
SO i s  the p r inc ipa l  product o f  fue l  s u l f u r  oxidation, as much as 8 t o  10 mol% of 
th$ su l fur  oxides are present as SO i n  the f l u e  gas a r r i v i n g  at  the cold end o f  the 
convective section i n  an e l e c t r i c  u s i l i t y  bo i ler .  Sul fur  t r i o x i d e  i s  quant i ta t ive ly  
converted t o  s u l f u r i c  ac id  vapor i n  the presence of t yp i ca l  f l u e  gas water vapor 
concentrations a t  temperatures bel ow about 500 K (Halstead and Talbot, 1980). 
Condensation o f  s u l f u r i c  ac id  on surfaces a t  temperatures below the acid dewpoint i s  
responsible f o r  corrosion o f  cold end components, especial ly the a i r  preheater. The 
accumulation o f  unburned carbon pa r t i c l es  on the wet surfaces and reentrainment of 
t h e i r  agglomerates i s  the source o f  acid smuts (Blum. Lees and Rendle. 1959; Conolly 
and Kelse l l ,  1982). 
make a s ign i f i can t  con t r i bu t i on  t o  the mass o f  stack gas part iculates. 

w i th  c a t a l y t i c  ox idat ion o f  SO t o  SO over vanadium-containing deposits on tubes i n  
the convective section. Howevgr, 1 ta 2 molX o f  the su l fur  oxides are thought t o  be 
present as SO3 i n  the furnace e x i t  gas. Reidich and Reifenhauser (1980) reported 2 
mol% o f  the s u l f u r  oxides as SO (25 mol ppm of t o t a l  gas) a t  the furnace e x i t  i n  a 
300 MW, tangent ia l ly  f i r e d  b o i l &  operated a t  0.6 molX excess O2 w i t h  2 w t %  su l fu r  
fuel. This i s  an amount s u f f i c i e n t  t o  cause troublesome ac id deposition and make a 
s ign i f i can t  con t r i bu t i on  t o  pa r t i cu la te  loading, even i n  the absence o f  addit ional 
SO formation i n  the convective section. Experience has shown tha t  SO formation 
cad be control led by reducing excess a i r ,  but t h i s  i s  accompanied by ad increase i n  
unburned carbon(coke cenospheres). Sulfur t r i o x i d e  formation i n  the furnace i s  one 
component o f  a set o f  coupled processes making contr ibutions t o  ac id  deposition and 
stack par t icu la tes (Cunningham and Jackson, 1978; Harada, Naito, Tsuchiya, and 
Nakajima, 1981). 

Sulfur chemistry i n  flames(Muller, Schofield, Steinberg, and Broida, 1979; Kramlich, 
Malte, and Grosshandler, 1981; Smith, Wang, Tseregounis, and Westbrook. 1983; Wendt, 
Wootan, and Corley, 1983). Squires (1982) combined a deta i led chemical k i n e t i c  
descr ip t ion o f  reactions i n  the furnace w i th  a global model f o r  heterogeneous oxida- 
t i o n  of SO2 over tube deposits i n  the convective section. The predict ions of t h i s  
model were i n  good agreement w i th  observed levels  o f  SO i n  the f lue gases of 500 MW 
and 60 MU boi lers. The present paper describes the i n i ? i a l  steps of an investiga- 
t i o n  i n  which the r e s u l t s  o f  fundamental k i n e t i c  studies are appl ied t o  the i n te r -  
pretat ion of d i r e c t  measurements of SO3 i n  bo i ler - type turbulent  d i f f us ion  flames. 

The adsorption of s u l f u r i c  ac id  on ash and unburned carbon may 

The most severe ac id  deposit ion and su l fa te  emissions problems are associated 

Substantial progress has recently.been made i n  the quan t i t a t i ve  descript ion o f  

*Present address: Chemical Engineering Department, Shell Development Co., 
Westhollow Research Center, Houston, TX 77001 

,Present address: Engler-Bunte-Institut, Univers i ty  o f  Karlsruhe, West Germany 
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EXPERIMENTAL 

The measurements were made i n  the  1.2 x 1.2 m combustion tunnel  i n  the MIT 
Combustion Research F a c i l i t y  (Begr, Jacques, Farmayan, and Taylor, 1981). 
was a m ix tu re  o f  r e s i d u a l  o i l s  produced by the  Exxon r e f i n e r y  a t  Aruba. I t s  
analys is  was ( w t % ) :  carbon 85.80, hydrogen 10.86, n i t r o g e n  0.47, s u l f u r  2.15, oxygen 
0.57, and ash 0.10. Asphaltenes ( I P  143/57) were 10.5 w t % ,  and t h e  metal contents 
(wt ppm) were: vanadium 421, n i c k e l  51, i r o n  15, sodium 9.8, calc ium 20, and magne- 
sium 4.8; Thg hea t ing  va lue was 42.5 MJ/kg and v i s c o s i t y  was 213 Saybol t  Furol 
seconds a t  50 C. Thg f u e l  was heated t o  389 K, f i r e d  a t  0.05 kg/s (2  Mw thermal), 
and atomized by a 70 ( f u l l  angle) s i x -ho le  " Y "  j e t  nozz le w i t h  a i r  as the  atomizing 
medium. Combustioa a i r  was preheated t o  560 K and suppl ied through a 0.176 m d ia -  
meter duct t o  a 50 ( f u l l  angle) d ivergent  quar l  mounted f l u s h  w i t h  one end wa l l  of  
the combustion chamber. Several parameters were va r ied  i n  order  t o  examine t h e i r  
e f f e c t s  on carbon burnout  and SO format ion:  a tomizer  pos i t i on ,  a tomiz ing a i r / f u e l  
r a t i o ,  combustion a i r  s w i r l ,  and3excess a i r .  F i ve  d i f f e r e n t  commercial preparat ions 
designed t o  promote carbon burnout were added t o  the  fue l ;  these conta ined compounds 
o f  t h e  metals i r on ,  z i rconium, and cerium. One run was made w i t h  f u e l  emu ls i f i ed  
wi th  7 w t %  water. The experimental cond i t i ons  are given i n  Table 1. 

Gas temperature and composit ion (0 , COP, CO, SO , NO) were determined us ing 
standard techniques. The a x i a l  cornponeit o f  t he  gas ( e l o c i t y  was measured using a 
two-hole impact probe. 
composit ion p r o f i l e s  i s  shown i n  Fig. 1. Axia l  p o s i t i o n s  are measured from the  e x i t  
of t h e  0.176 m diameter combustion a i r  nozzle. For c a l c u l a t i o n  purposes, t he  tem- 
perature, v e l o c i t y ,  and carbon monoxide p r o f i l e s  i n  the  reg ion f o l l o w i n g  the  peak 
flame temperature a t  z = zo = 0.95 m were f i t  by the  f o l l o w i n g  r e l a t i o n s ,  shown as 
s o l i d  l i n e s  i n  Fig. 1: 

The f u e l  

A rep resen ta t i ve  set o f  gas temperature, v e l o c i t y ,  and 

T = To - a(z -zo )  

u = B / Z  2) 

Table 2. 

Run 
No. 

Data used i n  t h e  ca l cu la t i ons .  
and SO 
analysqs and a i r / f u e l  r a t i o .  

The mole f r a c t i o n s  o f  CO , 0 , 
are c a l c u l a t e d  f l u e  gas values (wet) based on thg f u g l  

212 
213 
214 
215 
216 
21 7 
218 
219 
220 

2005 
2045 
2000 
2000 
1975 
1985 
2005 
2000 
1990 

175 16 
1 7 2  16 
138 15 
131 15 
130 15 
143 15 
133 15 
130 15 
133 15 

.0133 

.0319 

.0435 

.0319 

.0291 

.0319 

.0368 

.0338 

.0338 

1.517 
1.499 
1.992 
1.859 
1.829 
1.925 
1.906 
1.776 
1.776 

.131 

.131 
-134 
.134 
.134 
.133 
.134 
.134 
.134 

.0133 

.0133 

.00885 

.00885 

.00885 

.00878 

.00885 

.00885 

.00885 

1220 
1220 
1250 
1250 
1250 
1240 
1250 
1250 
1250 

114 



Values o f  t he  parameters are g iven i n  Table 2. 
t y p i c a l  o f  a t i g h t l y  designed o i l - f i r e d  u t i l i t y  b o i l e r ,  i s  reached a t  a d i s tance  o f  
about 2.9 m from t h e  combustion a i r  nozzle. 

SO i n  the flame gases was determined us ing  t h e  Severn Science Ltd./Marchwood 
Engineeying Laboratories(Centra1 E l e c t r i c i t y  Generating Board, UK) cont inuously  
record ing SO /H SO moni tor  (Jackson, H i l t o n .  and Buddery, 1981). Th is  inst rument  
i s  in tended g r i 6 a r h y  as a f l u e  or  stack gas monitor. The 2 m l ong  heated sampling 
probe suppl ied with the  instrument was adapted f o r  sampling i n  the  flame by enClOs- 
i ng  it i n  a water-cooled sheath. 
o f  quartz. 
Fig. 2. 

observed over 60 mn o f  t he  i n s i d e  wa l l  a t  t he  t i p  o f  t h e  quar tz  sampling tube. 
of t he  deposi t  was so lub le  i n  0.05 M H SO (aq). 
i t  may cata lyze the ox ida t i on  o f  SO t g  Sd . Even though the composit ion and 
phys ica l  p roper t i es  o f  t he  probe de$os i t  have n o t  been determined, the  a v a i l a b l e  
i n fo rma t ion  can be used t o  p lace some approximate l i m i t s  on the  change i n  SO3 
content o f  the gas du r ing  sampling. 
reviewed by Urbanek and T re la  
a t  r e l a t i v e l y  h igh  SO and 0 [ order  o f  10 mol%) and i n  the  temperature range (650 
t o  850 K) over which Zonvers?on o f  SO The 
p o r t i o n  o f  the sampling tube coated w?th d e p k i t  was t r e a t e d  as a one-dimensional 
t u b u l a r  reac to r  w i t h  c a t a l y t i c  wa l l .  The wa l l  temperature was assumed t o  decrease 
l i n e a r l y  from a value equal t o  the gas temperature a t  t h e  probe t i p  t o  t h e  m e l t i n g  
p o i n t  o f  V 0 
a t  h igh  te6p8rature and w i t h  SO 
Conversion near the tube e n t r a d e  was assumed t o  be c o n t r o l l e d  by boundary l a y e r  
d i f f u s i o n  o f  SO t o  and from t h e  deposi t  surface, where SO3 i s  i n  e q u i l i b r i u m  with 
excess amounts 8f SO and 02. The composit ion o f  t h e  b u l k  gas then s h i f t s  u n t i l  i t  
i s  equal t o  the equi? ibr ium composit ion a t  the deposit.  
1625 K and conta ins 10 mol ppm SO , 1250 mol ppm SO , and 1 mol% 02, t h i s  occurs a t  
a d i s tance  o f  20 mm i n t o  the  prob2, a t  which p o i n t  ?he mole f r a c t i o n  o f  SO3 has 
decreased t o  7 mol ppm. 
k i n e t i c a l l y  con t ro l l ed ,  w i t h  a r a t e  p r o p o k i o n a l  t o  t h e  deposi t  geometric sur face 
area. 
est imated from the  t o t a l  areas and e f fec t i veness  f a c t o r s  repor ted by L i v b j e r g  and 
V i l l adsen  (1972). This c a l c u l a t i o n  r e s u l t e d  i n  SO3 equal t o  27 mol ppm a t  a 
d i s tance  o f  60 mm from the  tube entrance. Therefore, i n  t h e  event t h a t  t h e  deposi t  
has an a c t i v i t y  comparable with t h a t  o f  an i n d u s t r i a l  a lka l i -promoted vanadium 
c a t a l y s t  whose k i n e t i c  parameters are the  same a t  1400 K as a t  800 K, SO3 cou ld  be 
a l t e r e d  by the sampling procedure. 
amounts o f  about 10 mol ppm were observed i n  6 o f  the  9 guns under the  cond i t i ons  of 
the above c a l c u l a t i o n  ( z  = 3 t o  4 m). This  i n d i c a t e s  t h a t  t he  greatest  e r r o r s  would 
have occurred i f  SO i n  the en te r ing  gas had a c t u a l l y  been near equ i l i b r i um,  w i t h  
most o f  the observea SO produced i n  the  probe. Based on these observat ions the  
l i m i t s  o f  e r r o r  i n  the  Qeasurements are t e n t a t i v e l y  est imated t o  be p lus  100% and 
minus 50% o f  the i n d i c a t e d  values. Fu r the r  study o f  t h i s  problem i s  warranted, n o t  
on l y  by i t s  importance t o  the  sampling technique, b u t  because the  s i t u a t i o n  i s  
analogous t o  tha t  encountered i n  the convect ive sec t i on  o f  a b o i l e r ,  where vanadium 
and a l k a l i  metal tube deposi ts  cata lyze the  o x i d a t i o n  o f  SO2 as the  f l u e  gas i s  
cooled. 

A mean gas residence t ime of 1 5 ,  

The g lass sampling tube  was rep laced w i t h  one made 
The ind i ca ted  mole f r a c t i o n s  of SO3 a long t h e  flame a x i s  are shown i n  

A f t e r  making a measurement, brown, orange, b lack,  and ye l l ow  deposi ts  were 
Most 

I f  t h i s  deposi t  conta ins vanadium 

K i n e t i c  s tud ies  o f  r e l a t e d  systems have been 
1980), a l though most o f  t h i s  work has been conducted 

t o  SO i s  g rea tes t  i n  f l ow  reactors .  

(943 K)  a t  the end o f  t he  deposi t .  The sample enters  the  quar tz  tube  
a t  g rea te r  than e q u i l i b r i u m  concentrat ion. 

When the  en te r ing  gas i s  a t  

Product ion o f  SO from t h i s  p o i n t  onward i s  assumed t o  be 

The mechanism o f  Mars and Maessen (1968) was used w i t h  a c t i v i t y  pe r  u n i t  area 

Inspect ion o f  t h e  SO p r o f i l e s  shows t h a t  

CALCULATIONS 

Notwi thstanding the  unce r ta in t y  i n  t h e  accuracy o f  the SO3 measurements, i t  i s  
wor thwhi le  t o  compare the observations w i t h  c a l c u l a t i o n s  based on a s imple set o f  
assumptions. The o b j e c t i v e  i s  t o  determine i f  SO3 i n  t h e  furnace e x i t  gas o f  a 
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u t i l i t y  b o i l e r  might be c o r r e l a t e d  w i t h  flame c h a r a c t e r i s t i c s  which are  known o r  can 
be estimated, such as fue l  s u l f u r  content,  peak flame temperature, furnace e x i t  gas 
temperature, excess a i r ,  and carbon monoxide. 

system i s  (Kramlich, Malte, and Grosshandler. 1981): 
A set  o f  reac t ions  which m i g h t  account f o r  t he  behavior o f  SO3 i n  the  present 

SO2 t 0 t M k1 SO3 t M 
E-, 

so3 t 0 2 so2 t o2 

SO3 t H = SO2 t OH R3) 

The ra te  c o e f f i c i e n t  f o r  React ion 1 i s  g iven  by Troe (1978); t h a t  f o r  Reaction 2 by 
Smith, Wang, Tseregounis. and Uestbrook (1982). 
n e g l i g i b l e  r a t e  under the  cond i t ions  o f  i n t e r e s t  here. 
the  present c a l c u l a t i o n ,  a l though Kraml ich e t  a l .  p rov ide  evidence t h a t  it i s  impor- 
t a n t  i n  lean hydrocarbon combustion. The concent ra t ion  o f  t h i r d  bodies, M, i s  taken 
equal t o  the  t o t a l  gas concentrat ion,  C (bu t  see Kraml ich e t  al.. 1981). 
r a t e  o f  SO 
measuremenk, i s  then: 

The reverse o f  React ion 2 has a 
Reaction 3 i s  neglected i n  

The net 
p roduc t ion ,  apparent ly q u i t e  small over much o f  the  region o f  the  

C so3 X so3 
r s r z  

so2 so2 

Under t h e  above assumptions 

X 
s03 

5'0,eq \< 5 

5) k l C O C  
k - l C  k2c0 

the  . r a t i o  o f  SO3 t o  SO2 i s  l i m i t e d  t o  the  range 

6 )  
kl 

\< r c  
2 

as long as t h e  system i s  no t  frozen. The t o t a l  e q u i l i b r i u m  mole f r a c t i o n s  o f  SO 
shown as dashed l i n e s  i n  F ig .  2, a re  everywhere less  than the  measured values, d / c h  
are, i n  tu rn ,  much l e s s  than the  r i g h t  hand s ide  o f  Equat ion 6, espec ia l l y  near the  
furnace e x i t .  I n  o rder  t o  apply Equat ion 5 we requ i re  an est imate of t he  oxygen 
atom concentrat ion.  I n  d iscuss ing  t h i s  same problem Merryman and Levy (1979) sug- 
gested t h a t  an es t imate  o f  the  oxygen atom concent ra t ion  might be obtained by assum- 
i n g  e q u i l i b r a t i o n  o f  t he  p r i n c i p a l  reac t ions  by which they are  formed dur ing  CO 
ox ida t ion :  

CO + OH = C02 t H 

H t O  = O H t O  
2 

2 co + 0 = co2 t 0 
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The mole f rac t i ons  of 0 , C02, and SO were taken constant and equal t o  the  o u t l e t  
values, given i n  Table 3. 
1, 3, 5, and 7 a re  shown as s o l i d  l i n e s  i n  Fig.  2. 

The ca l cu la ted  p r o f i l e s  s a t i s f a c t o r i l y  reproduce t h e  magnitude of t h e  SO 
measurements near a mean residence t ime o f  1 s ( L  = 2.9 m) i n  most of t he  low& 
excess 0 ( 1  mol%) cases. 
212 and $13); these are d i s t i n g u i s h e d  by low temperature (212). h igh  l e v e l s  o f  CO 
(213). and h igh  excess 0 
temperature. 
i n g  w i t h  d is tance near the  furnace ou t l e t ,  w h i l e  most o f  t h e  measurements show a 
tendency o f  SO t o  approach equ i l ib r ium.  
t i o n  4 was n ~ t ~ o r i g i n a l l y  intended by Merryman and Levy (1979) t o  be app l i ed  a t  
po in ts  so fa r  i n t o  the  postf lame region, bu t  a t  shor te r  times. As the  r a t e  o f  CO 
o x i d a t i o n  slows, due t o  CO consumption and decreasing temperature, Equat ion 7 
becomes a progress ive ly  poorer approximation. The CO mole f r a c t i o n s  at  z = 3.1 m 
a re  i n  the  range 320 t o  950 ppm, no longer s u f f i c i e n t  t o  ma in ta in  s i g n i f i c a n t  super- 
e q u i l i b r i u m  concent ra t ion  o f  oxygen atoms aga ins t  compet i t ion  w i t h  recombination, 
f o r  example, by Reactions 1 and 2 themselves. Because t h e  c a l c u l a t i o n  i s  l e a s t  
r e l i a b l e  near the  furnace e x i t ,  it would be unwise t o  use t h i s  approximat ion t o  
es t imate  SO The steady s t a t e  approach (Equat ion 5) migh t  
s t i l l .  be us2 fu l  however, i f  t h e  decay o f  oxygen atoms a t  long  t imes can be r e l a t e d  
t o  CO and s tab le  species concentrat ions.  

SUMMARY 

S u l f u r  t r i g x i d e  mole f r a c t i o n s  c a l c u l a t e d  us ing  Equations 

Large discrepancies are  observed i n  two ins tances  (Runs 

(both).  The ca l cu la ted  values are  e s p e c i a l l y  s e n s i t i v e  t o  
Most impor?ant i s  t h e  f a c t  t h a t  t he  c a l c u l a t i o n  p red ic t s  SO3 increas- 

The assumption o f  e q u i l i b r a t i o n  o f  Reac- 

i n  furnace e x i t  gas. 

Mole f r a c t i o n s  o f  s u l f u r  t r i o x i d e  were measured along the  a x i s  o f  a conf ined 
t u r b u l e n t  d i f f u s i o n  flame, under cond i t ions  s i m u l a t i n g  those i n  e l e c t r i c  u t i l i t y  
b o i l e r s .  The fue l  was a No. 6 res idua l  o i l  con ta in ing  2.2 w t %  s u l f u r ,  f i r e d  a t  t h e  
r a t e  o f  0.05 kg/s o r  2 MW(therma1). The s u l f u r  t r i o x i d e  mole f r a c t i o n s  were i n  t h e  
range from 3 t o  25 mol ppm; represent ing  0.2 t o  2% o f  t he  t o t a l  s u l f u r .  An est imate 
was made o f  the  c o n t r i b u t i o n  o f  c a t a l y t i c  SO format ion by ash c o n s t i t u e n t s  
deposi ted i n  the  probe. 
t o  be p lus  100% and minus 50% o f  t he  i nd i ca ted  value. 
were approximately steady and everywhere grea ter  than the  l o c a l  t o t a l  equ i l  i brium 
values. 
s t a t e  i s  determined by atomic oxygen reac t ions ,w i th  atomic oxygen i n  p a r t i a l  
e q u i l i b r i u m  w i t h  carbon monoxide, carbon d iox ide ,  and molecular oxygen. 
o f  t h i s  c a l c u l a t i o n  approximately reproduced the  experimental measurements under 
most, but  not a l l ,  sets o f  cond i t ions  investigated.Because o f  i t s  s e n s i t i v i t y  t o  
temperature, carbon monoxide, and oxygen t h i s  approximat ion i s  no t  recomended f o r  
t he  es t imat ion  o f  SO3 i n  furnace e x i t  gases. 
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NOMENCLATURE 

C 

'i 
k .  
J 

k - j  

Kj  

sw 
T 
" 

xi 
Z 

a 

E 

'I 

3 t o t a l  gas concent ra t ion ,  kmol/m 

concent ra t ion  o f  gaseous species i, kmol/m 
r a t e  c o e f f i c i e n t  o f  Reaction j i n  forward d i r e c t i o n ,  var ious  u n i t s  

r a t e  c o e f f i c i e n t  o f  React ion j i n  reverse d i r e c t i o n ,  var ious  u n i t s  
e q u i l i b r i u m  constant f o r  reac t i on  j, = k . / k  

ne t  r a t e  o f  p roduc t ion  o f  species i by chemical reac t ion ,  kmol/m s 
combustion a i  r S w i r l  Number 

temperature, K 
a x i a l  cawponent o f  gas ve ioc i t y ,  m/s 
mole f r a c t i o n  o f  species i 

a x i a l  d i s t a n c e  from t h e  combustion a i r  nozzle, m 

mean temperature grad ien t  along the  flame ax i s ,  Equat ion 1, K/m 

gas v e l o c i t y  decay constant,  Equation 2, m /s 
carbon monoxide decay constant,  Equat ion 3 .  m- 

3 

J Yj 3 

2 
1 

Subscr ipts 

o 
eq t o t a l  e q u i l i b r i u m  concent ra t ion  

evaluated a t  z = zo = 0.95 m from the  combustion a i r  nozz le  
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F i g u r e  1. 
mole f r a c t i o n s  (d ry  bas i s )  o f  0 
res idua l  o i l  spray flame. 
l o c a t i o n  o f  t he  peak f lame temperature, z = 0.95 rn, i s  taken as t h e  s t a r t i n g  po in t  
f o r  ca lcu la t ions .  

Measurements o f  gas temperature, a x i a l  component o f  gas ve loc i t y ,  and 
CO , CO, SO , and SO3 along the  a x i s  o f  a 2 MW 

Run 6;. 214, cornbugtion a i r  S w i r l  No. = 0.5. The 

S o l i d  l i n e s  are f i t s  o? Equations 1, 2, and 3 t o  t h e  data points. 
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RAMAN S T U D I E S  OF HALON F I R E  RETARDANTS. 

J. H. M a y ,  F .  S .  A l l e n ,  M .  R .  O n d r i a s ,  R .  E .  T a p s c o t t ,  
H .  D .  B e e s o n ,  a n d  D .  M .  Z a l l e n .  

C h e m i s t r y  D e p a r t m e n t ,  a n d  N e w  M e x i c o  E n g i n e e r i n g  R e s e a r c h  I n s t i t u t e ,  
U n i v e r s i t y  of N e w  M e x i c o ,  A l b u q u e r q u e ,  N e w  M e x i c o  8 7 1 3 1 .  

Raman s p e c t r o s c o p y  c a n  b e  u s e d  a s  a p a s s i v e  p r o b e  f o r  t h e  s t u d y  
o f  a c t i v e  s y s t e m s .  V a r i o u s  t y p e s  o f  a n a l y t i c a l  d e t e r m i n a t i o n s  c a n  b e  
m a d e  w i t h - o u t  p e r t u r b i n g  t h e  s y s t e m  u n d e r  s t u d y .  O f  i n t e r e s t  i s  t h e  
e l u c i d a t i o n  of  t h e  e x t i n c t i o n  p r o c e s s e s  e m p l o y e d  b y  H a l o n  t y p e  e x t i n -  
g u i s h i n g  a g e n t s .  R a m a n  h a s  i n  t h e  p a s t  b e e n  u s e d  t o  s t u d y  m o l e c u l e s  
s u c h  a s  H 2 0 ,  9 2 .  a n d  CO2 i n  f l ames  ( 1 ) .  H a i o n s  a n d  p y r o l y z e d  p r o -  
d u c t s ,  h a v i n g  v i b r a t i o n s  t h a t  a r e  more p o l a r i z a t i o n  s e n s i t i v e  t h a n  t h e  
a b o v e  m o l e c u l e s ,  s h o u l d  t h e n  b e  r e a d i l y  a n a l y z e d  i n  f l a m e s .  A s  a n  
i n i t i a l  a p p r o a c h  t o  t h i s  p r o b l e m  we a r e  s t u d y i n g  t h e  p y r o l y s i s  o f  
H a l o n  2 4 0 2  ( 1 , 2  dibromotetrafluoroethane). T h e  p y r o l y s i s  p r o d u c t s  a r e  
i s o l a t e d  u s i n g  v a c u u m  l i n e  t e c h n i q u e s ,  a n d  i d e n t i f i e d  u s i n g  GC/MS a n d  
R a m a n .  A l i b r a r y  o f  t h e  R a m a n  s p e c t r a  f r o m  e a c h  c o m p o n e n t  i s  b e i n g  
f o r m e d  f o r  s u b s e q u e n t  u s e  i n  f l a m e  a n a l y s i s .  

E x p e r i m e n t a l l y ,  w e  u s e  a t u b e  f u r n a c e  w i t h  a s p e c i a l l y  d e s i g -  
n e d  t u b e ,  h a v i n g  d e t a c h a b l e  n i t r o g e n  t r a p s  o n  e a c h  e n d ,  a n d  a l s o  
c a p a b l e  o f  h o l d i n g  a v a c u u m .  T o  s i m u l a t e  t h e  c o m b u s t i o n  p r o c e s s ,  
H a l o n  2 4 0 2  i s  f r o z e n  i n  o n e  o f  t h e  n i t r o g e n  t r a p s ,  a n d  t h e  w h o l e  
s y s t e m  i s  b r o u g h t  t o  h i g h  v a c u u m .  T h e  H a l o n  i s  t h e n  a l l o w e d  t o  v a c u u m  
t r a n s f e r  t h r o u g h  t h e  p y r o l y s i s  t u b e ,  w h i c h  i s  a t  a p p r o x i m a t e l y  7 9 0 ° C .  
t o  t h e  o t h e r  n i t r o g e n  t r a p .  T h i s  p r o c e s s  i s  r e p e a t e d  s e v e r a l  t imes.  
T h e  p r o d u c t s  a r e  t h e n  v a c u u m  d i s t i l l e d ,  c a p t u r i n g  f r a c t i o n s  a s  t h e y  
come o v e r ,  i n  d i f f e r e n t ,  s e a l a b l e  c u v e t t e s .  P r e s e n t l y  a l l  f r a c t i o n s  
a r e  s t u d i e d  i n  t h e  g a s  p h a s e  a t  r o o m  t e m p e r a t u r e .  

T h e  Raman d a t a  a r e  c o l l e c t e d  o n  a n  i n s t u m e n t  m a d e  u p  o f :  

1 )  An EG&G P r i n c e t o n  A p p l i e d  R e s e a r c h  m o d e l  1 4 2 0  i n t e n s i f i e d  
s i l i c o n  p h o t o d i o d e  a r r a y  t u b e  c o u p l e d  w i t h  i t s  m o d e l  1 2 1 8  s o l i d  s t a t e  
d e t e c t o r  c o n t r o l l e r ,  a n d  t h e  m o d e l  1 2 1 5  c o m p u t e r  c o n s o l e .  

2 )  A SPEX m o d e l  1 8 7 7  t r i p l e m a t e  m o n o c h r o m a t e r .  

3 )  A C o h e r e n t  m o d e l  CR-4 A r g o n  i o n  l a s e r ,  c a p a b l e  o f  
p r o d u c i n g  o v e r  3 w a t t s  o f  c o n t i n u o u s  w a v e  p o w e r  a t  t h e  4 8 8 . 0  nm. l i n e  

S p e c t r a ,  i n  t h e  r a n g e  o f  100 cm(-1) t o  1000 cm(-1)  c a n  b e  o b t a i n e d  a t  
a s i n g l e  s e t t i n g  o f  t h e  m o n o c h r o m a t e r .  S i n c e  R a m a n  s p e c t r a  o f  many o f  
t h e  t h e r m a l  d e g r a d a t i . o n  p r o d u c t s  a r e  n o t  a v a i l a b l e ,  w e  h a v e  u s e d  a 
F i n n i g a n ,  s e r i e s  4 9 0 0 ,  GC/MS t o  i d e n t i f y  t h e  p r o d u c t s  t h a t  a r e  o b t a i n -  
e d  f rom t h e  p y r o l y s i s  e x p e r i m e n t .  R a m a n  s p e c t r a  c o l l e c t e d  o n  t h e s e  
c o m p o n e n t s  will s u b s e q u e n t l y  f o r m  a s p e c t r a l  l i b r a r y  o f  t h e  p y r o l y s i s  
p r o d u c t s  . 

F i g u r e s  1. a n d  2 .  a r e  t h e  R a m a n  s p e c t r a  o f  t h e  f i r s t  f r a c t i o n  
c o l l e c t e d  f r o m  t h e  v a c u u m  d i s t i l l a t i o n  p r o c e s s  o n  t h e  p y r o l y z e d  2 4 0 2 .  
T h e  c o m p l e x i t y  o f  t h e  s p e c t r a  s u g g e s t s  t h a t  more t h a n  o n e  c o m p o n e n t  i s  
p r e s e n t .  T h e  GC/MS r e v e a l e d  t h a t  t h e  g a s  c o n t a i n e d  o n l y  t e t r a f l u o r o e -  
t h y l e n e ,  a n d  b r o m o t r i f l u o r o m e t h a n e  ( H a l o n  1301) i n  s i g n i f i c a n t  
c o n c e n t r a t i o n s .  F i g u r e s  3 .  a n d  4 .  a r e  t h e  R a m a n  s p e c t r a  o f  p u r e  1 3 0 1 ,  
a n d  i t  i s  e v i d e n t  t h a t  i t s  s p e c t r a l  b a n d s  m a t c h  many o f  t h e  b a n d s  i n  
t h e  d i s t i l l e d  f r a c t i o n .  
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P u r e  t e t r a f l u o r o e t h y l e n e  w i l l  b e  e x a m i n e d  t o  i d e n t i f y  i t s  s p e c t r a l  
c o n t r i b u t i o n  t o  p y r o l y s i s  p r o d u c t s  s p e c t r a .  T h e  v a c u u m  d i s t i l l a t i o n  
w a s  d o n e  a t  500 m i l l i t o r r ,  l a t e r  d i s t i l l a t i o n s  u s i n g  h i g h e r  p r e s s u r e s  
s h o u l d  p r o v i d e  b e t t e r  s e p a r a t i o n  o f  t h e  f r a c t i o n s .  

E a c h  o f  t h e s e  s p e c t r a  t o o k  t h i r t y  m i n u t e s  t o  c o l l e c t ,  f i f t e e n  
m i n u t e s  f o r  t h e  s i g n a l  s p e c t r a ,  a n d  a n o t h e r  f i f t e e n  f o r  t h e  b a c k g r o u n d  
( Raman s p e c t r a  n o r m a l l y  r e q u i r e  t h e  s u b t r a c t i o n  o f  t h e  b a c k g r o u n d  
s p e c t r a ,  t a k e n  w i t h  t h e  e x i t a t i o n  s o u r c e  o f f ,  f r o m  t h e  s i g n a l  s p e c t r a .  
T h i s  i s  e s p e c i a l l y  t r u e  f o r  p h o t o d i o d e  a r r a y  d e t e c t o r s . ) .  A c c u r a t e  
s p e c t r a ,  t o  v i t h i n  2 c m ( - 1 ) ,  o f  a l l  b u t  t h e  w e a k e r  b a n d s  c a n  b e  t a k e n  
i n  a m i n u t e  o r  l e s s  i f  d e s i r e d  ( T h i s  i n c l u d e s  b a c k g r o u n d  s p e c t r a . ) .  
U s i n g  p u l s e d .  o r  h i g h e r  i n t e n s i t y  C.W. l a s e r s ,  s p e c t r a  c o u l d  b e  t a k e n  
i n  l e s s  c i m e  w i t h  e v e n  b e t t e r  s i g n a l  t o  n o i s e  r a t i o s .  

A 5  a r e s u l t  o f  t h e s e  p r e l i m i n a r y  s t u d i e s ,  we w i l l  b u i l d  a 
b r a r y  o f  Raman s p e c t r a  f o r  t h e  s t a b l e  p r o d u c t s  p r o d u c e d  b y  t h e  
s i m u l a t e d  c o i b u s t i o n  o f  t h e  H a l o n  2 4 0 2  i n  a v a c u u m ,  a s  w e l l  a s  i n  
d i z i n g  a n d  r e d u c i n g  e n v i r o n m e n t s .  T h i s  l i b r a r y  w i l l  t h e n  b e  u s e d  
s u b s e q u e n t  s t u d i e s  t o  i d e n t i f y  w h i c h  o f  t h e  p r o d u c t s  a r e  p r e s e n t  
f l a m e s  n e a r  e x t i n c t i o n  d u e  t o  t h e  p r e s e n c e  o f  H a l o n  2 4 0 2 .  

o x i -  
i n  
n 
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<--- WAVENU,MBEZS CMC- I > .  
Figure I .  
d l s t i I l d t l o n  prncess. far the  products o f  t h e  pyrolyzed Halon 2402. 

Ramldn spectwin o f  the  f irst fraction c o l l e c t e d  from the vacuum 
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<--- WAVENUMBERS C M C - I >  
F i g u r e  2. 
d l s t l l l a t i o n  process. for the  products of the pymlyzed Halon 2032. 
Y a x i s  has been expanded. 

Ram" s p e c t w  of  t h e . f l r s t  f r a c t l o n  collected from the  ~ ~ C U M  
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<--- WAVENUMBERS C M C - 1 ) .  
Figure  3. Raman spectrum of  pure Halon 1301 ( BTMOtetfdflyOTOmeth(ne I .  

<--- WAVENUMBERS CMC- I>  
Figure  4 .  
I a x i s  has been eimnded.  

Raman s p e c t r m  o f  pure Halon 1301 ( 8mny)tCtrdf lvomethane ). 


