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GENERAL OBSERVATIONS 

Gas composition measurements a s  a func t ion  of d i s t a n c e  o r  t i m e  through t h e  re- 
a c t i o n  zone of f u e l - r i c h  premixed f lames r e v e a l s  t h e  occurrence  of high molecular  
weight aromatics  formed by growth r e a c t i o n s  t h a t  accompany t h e  d e s t r u c t i o n  of t h e  
f u e l .  
weight M e x h i b i t s  a sharp  peak (Fig.  1) i n d i c a t i v e  of n e t  product ion  of heavy ma- 
t e r ia l  g iv ing  way t o  n e t  consumption dur ing  passage through t h e  r e a c t i o n  zone of 
the  flame (from l e f t  t o  r i g h t  i n  t h e  f i g u r e ) .  The d a t a  i n  Fig.  1 were obta ined  by 
probing along t h e  c e n t e r l i n e  of a low-pressure,  one-dimensional o r  plug-flow pre- 
mixed acetylene-oxygen flame us ing  a molecular-beam forming sampling instrument  
with on-line mass spectrometry.  The heavy aromat ics  a t  f lame tempera tures ,  h e r e  
about  1800 K ,  i n c l u d e  both  i o n s  and n e u t r a l s .  The heavy i o n s  p r o f i l e  i n  Fig.  1, 
obtained (1) wi th  a Faraday cage and e l e c t r i c a l  d e f l e c t i o n  of the  molecular  beam 
i n  t h e  sampling instrument  ( 2 ) ,  inc ludes  i o n s  l a r g e r  than  about 300 amu. The pro- 
f i l e  f o r  M > 1000 amu s p e c i e s ,  ob ta ined  ( 3 )  with an on- l ine  quadrupole  mass spec- 
t rometer  i n  the  sampling instrument  (Fig.  2 ) ,  inc ludes  both  i o n s  and n e u t r a l s .  
The r e a c t i o n s  involved a r e  r a p i d ,  3 mm of d i s t a n c e  i n  F ig .  2 corresponding t o  a 
t i m e  i n t e r v a l  of  about  1 m s .  When the  f u e l  equiva lence  r a t i o  [+ = ( fue l /oxygen) /  
( fuelfoxygen)  s t o i c h i o m e t r i c ]  is above t h e  c r i t i c a l  v a l u e  f o r  s o o t  format ion ,  i t  
i s  a t  t h e  l o c a t i o n  of the  peak concent ra t ion  of t h e  heavy aromat ic  compounds t h a t  
t h e  soot  p a r t i c l e s  begin t o  form ( 4 ) .  When soot  formation i s  impending, an in- 
c rease  of fuel /oxygen r a t i o  by only a few percent  g i v e s  a 100-fold i n c r e a s e  i n  t h e  
peak concent ra t ion  of t h e  heavy aromat ics .  

The lumped concent ra t ion  p r o f i l e  of a l l  s p e c i e s  heavier  than molecular  

RESOLUTION OF MOLECULAR WEIGHT GROWTH 

I n  order  t o  g a i n  more understanding of the  e v o l u t i o n  of heavy hydrocarbons,  
mass spectrometer  i n t e n s i t y  p r o f i l e s  such as t h a t  f o r  IM>~OOO i n  Fig.  1 b u t  wi th  
t h e  cu tof f  mass M var ied  i n  50 amu s t e p s  from 200 amu t o  750 amu were measured i n  
a near-soot ing low-pressure (2.67 kPa) CgH6/02 flame ( 4 , 5 ) .  I f  IM>~OOO i s  the  s i g -  
n a l  i n t e n s i t y  of a l l  s p e c i e s  of molecular  weight M g r e a t e r  than t h e  cu tof f  va lue  
m,  then a p r o b a b i l i t y  d i s t r i b u t i o n  f u n c t i o n  ( p . d . f . )  f200(m) can be def ined  as 

f200(m) = - d [ ~ , m / ~ , 2 0 0 1 / d m  

where f 
l y i n g  &'?he range m t o  m + dm. 

(m) r e p r e s e n t s  t h e  number f r a c t i o n  of a l l  s p e c i e s  g r e a t e r  than 200 amu 

The p . d . f . ' s  f o r  f i v e  d i s t a n c e s  from the burner  (5) are shown i n  F i g .  3. 
The p .d . f .  a t  7.95 nun i s  h e a v i l y  weighted toward t h e  mass range 200-300 m u .  A s  
t h e  d i s t a n c e  from t h e  burner  i n c r e a s e s ,  t h e  p . d . f .  i n c r e a s e s  a t  t h e  h igher  masses 
and decreases  a t  t h e  lower masses. A t  d i s t a n c e s  above 10 .0  nun, t h e  s i g n a l  be- 
tween 200 and 300 amu is a s m a l l  t o  n e g l i g i b l e  f r a c t i o n  of  t h e  t o t a l ,  and t h e  d is -  
t r i b u t i o n s  a r e  r e l a t i v e l y  uniform i n  t h e  range 300-600 amu. A t  10 .9  and 1 2 . 1  mm, 
the  d i s t r i b u t i o n s  t u r n  upward a t  t h e  f a r  r i g h t  i n d i c a t i v e  of a f a s t e r  growth of 
the  higher-mass s p e c i e s ,  bu t  i t  i s  n o t  known i f  t h i s  apparent  behavior  i s  real or 
an a r t i f a c t  of t h e  d a t a  a t  t h i s  high-mass extreme of  t h e  mass range s tudied .  

These observa t ions  show t h a t  a l though t h e  number d e n s i t y  of h igh  molecular  
weight s p e c i e s  decreases  wi th  d i s t a n c e  from t h e  burner  beyond t h e  l o c a t i o n  of the 
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maximum concent ra t ion  ( e . g . ,  Fig.  1). t h e  mean molecular  weight c o n t i n u a l l y  increas-  
es. I n  order  t o  determine how t h e  t o t a l  mass of heavy s p e c i e s  changes a s  t h e  number 
decreases ,  t h e  p .d . f .  has  been m u l t i p l i e d  by m t o  conver t  t o  a mass b a s i s  and by 

t o  normalize t h e  mass wi th  t h e  c o n s t a n t  number of moles of heavy m a t e r i a l  e x i s t i n g  
a t  an a r b i t r a r i l y  f i x e d  d i s t a n c e  ( z  = 7.95 mm) from t h e  burner .  The r e s u l t i n g  
func t ion ,  

i s  shown i n  Fig.  4 f o r  d i f f e r e n t  molecular  weights  a s  a f u n c t i o n  of d i s t a n c e  from 
t h e  burner (5 ) .  A p o i n t  on one of t h e  curves r e p r e s e n t s  the  m a s s  of spec ies  of the 
ind ica ted  molecular  weight  e x i s t i n g  a t  the  i n d i c a t e d  d i s t a n c e  from t h e  burner ,  ex- 
pressed a s  a r a t i o  t o  t h e  t o t a l  number of moles of M>200 amu m a t e r i a l  e x i s t i n g  a t  
7.95 mm. 

It can be seen  i n  F ig .  4 t h a t  the  mass of m a t e r i a l  a t  a g iven  molecular  weight 
e x h i b i t s  a peak a t  a h e i g h t  above burner  which i n c r e a s e s  wi th  i n c r e a s i n g  mass num- 
b e r .  The shapes of t h e  curves and t h e  l o c a t i o n  of t h e  peaks a r e  t h e  same a s  would 
be  seen i f  number of moles i n s t e a d  of mass were p l o t t e d ,  s i n c e  t h e  number curves  
could be produced by v e r t i c a l  displacement  of each mass curve i n  accordance wi th  
d i v i s i o n  by the  c o n s t a n t  molecular  weight  i n d i c a t e d  thereon.  I n  comparison with 
mole f r a c t i o n  p r o f i l e s  f o r  i n d i v i d u a l l y  i d e n t i f i e d  s p e c i e s  of m less than o r  equal  
t o  200 amu, shown la ter ,  t h e  curves i n  Fig.  4 c o n s t i t u t e  a c o n t i n u a t i o n  of t h e  
progress ion  seen f o r  the  i n d i v i d u a l  hydrocarbon s p e c i e s ,  namely molar concent ra t ion  
p r o f i l e s  peaking as m i n c r e a s e s .  F igure  4 shows t h a t  t h e  peak concent ra t ions  a l s o  
decrease  as m i n c r e a s e s .  The mean molecular  weight and o v e r a l l  mass and number 
concent ra t ions  of t h e  high-mass material (5) a r e  shown i n  F ig .  5 .  

INTERPRETED GROWTH BEHAVIOR 

The above informat ion  shows t h a t  the  rap id  decrease  i n  number concent ra t ion  of 
heavy spec ies  t h a t  occurs  immediately downstream of the  peak concent ra t ion  (Fig. 1) 
i s  n o t  only accompanied by i n c r e a s i n g  mean molecular  weight but  a l s o  a n e t  consump- 
t i o n  o r  l o s s  of  m a t e r i a l .  Whether t h i s  consumption i s  due t o  oxida t ion ,  p y r o l y s i s ,  
o r  a combination of  these  has  been addressed (5) by c a l c u l a t i o n  of  f l u x e s  of 02 and 
hydrocarbon s p e c i e s  a t  t h e  beginning and end of t h e  zone of t h e  heavy s p e c i e s  con- 
sumption, both f o r  t h e  above near-soot ing flame d a t a  and f o r  similar d a t a  from a 
s o o t i n g  C 6 H 6 / 0 2  flame opera ted  under o therwise  i d e n t i c a l  condi t ions .  The f r a c t i o n  
of t h e  i n i t i a l  oxygen remaining a s  O2 a t  t h e  beginning of t h e  zone of rap id  con- 
sumption of M>700 amu m a t e r i a l  i s  37.2% and 18.3% f o r  the  near-soot ing and s o o t i n g  
f lames ,  r e s p e c t i v e l y ,  and t h e  0 remaining a t  t h e  end of t h e  zone of rap id  consump- 
t i o n  of M>700 amu m a t e r i a l  i s  a2out  1% of t h e  i n i t i a l  va lue  i n  both  flames. There- 
f o r e  t h e  amount of o x i d a t i o n  occurr ing  w i t h i n  t h i s  zone is indeed s u b s t a n t i a l ,  thus  
a l lowing  the p o s s i b i l i t y  t h a t  o x i d a t i o n  p lays  a r o l e  i n  t h e  d e s t r u c t i o n  of t h e  high- 
mass m a t e r i a l  or its p y r o l y t i c  decomposition products .  I t  i s  a l s o  found t h a t  t h e  
amount of M>700 arnu m a t e r i a l  i n c r e a s e s  by a f a c t o r  of  100 i n  going from the n e a r l y  
s o o t i n g  t o  t h e  s o o t i n g  c a s e ,  even though the  benzene fed is only  increased  by about 
10%. I n  a d d i t i o n ,  t h e  benzene f u e l  i s  almost  gone when the  M>700 m a t e r i a l  reaches  
i t s  maximum concent ra t ion ,  i n d i c a t i n g  t h a t  t h e  amount of t h e s e  heavy s p e c i e s  con- 
t i n u e s  t o  i n c r e a s e  as long a s  benzene is a v a i l a b l e .  This  behavior  may mean t h a t  
t h e  concent ra t ion  of o x i d i z i n g  r a d i c a l s  t h a t  consume heavy s p e c i e s  i s  suppressed 
by r e a c t i o n  with benzene, and a l s o  t h a t  benzene s e r v e s  as a source  of  growth s p e c i e s  
f o r  t h e  heavy material. When t h e  heavy s p e c i e s  are undergoing rap id  consumption, an 
even l a r g e r  q u a n t i t y  of  t h e  p r e v a l e n t  in te rmedia te ,  a c e t y l e n e ,  i s  be ing  consumed. 
Consequently, wi th  regard  t o  t h e  molecular  weight  growth t h a t  accompanies t h e  de- 
s t r u c t i o n  of heavy compounds, a c e t y l e n e  and r e l a t e d  s p e c i e s  such as d i a c e t y l e n e  
(C4H2) and v inylace ty lene  (C4H4) may be important  r e a c t a n t s .  



IDENTIFIED SPECIES 

Species  and r e a c t i o n s  involved i n  the  e a r l y  s t a g e s  of  t h e  formation of h igh  
molecular  weight compounds were s tud ied  (3 ,4)  i n  t h e  near-soot ing C6H6/02 f lame 
d iscussed  above us ing  t h e  ins t rument  shown i n  Fig.  2. Measured mole f r a c t i o n  pro- 
f i l e s  from which s p e c i e s  f l u x e s  and n e t  r e a c t i o n  r a t e s  were computed a r e  presented  
i n  F igs .  6-10. It w i l l  be noted i n  these  f i g u r e s  t h a t  numerous in te rmedia tes  are 
involved whose formation and subsequent d e s t r u c t i o n  e x h i b i t  a g e n e r a l  t rend  t o  
l a r g e r  molecular weights  and smaller peak concent ra t ions .  It is  c h i s  progress ion  
o r  s e q u e n t i a l  growth t h a t  i s  mentioned above a s  cont inuing  on t o  t h e  h igh  molecu- 
l a r  weight spec ies .  This  behavior  i n  both  the  near-soot ing C6H6/02 flame and t h e  
soot ing  C2H2/02 flame d iscussed  above i s  i l l u s t r a t e d  i n  F ig .  11 where t h e  mole 
f r a c t i o n s  of s e l e c t e d  compounds are p l o t t e d  wi th  t h e  i n t e n s i t i e s  of  heavy s p e c i e s .  
The growth proceeds on t o  s o o t  i f  t h e  fuel /oxygen r a t i o  exceeds t h e  c r i t i c a l  s o o t  
l i m i t .  

MECHANISTIC FEATURES OF AROMATICS GROWTH 

Analysis  of t h e s e  d a t a  has  provided some i n s i g h t s  i n t o  p o s s i b l e  mechanisms of  
d e s t r u c t i o n  of t h e  f u e l  and the  formation and d e s t r u c t i o n  of in te rmedia tes  ( 3 , 4 , 6 ) .  
There i s  i n d i c a t i o n  t h a t  aromatic  hydrocarbons provide a s t r u c t u r e  capable  of s t a -  
b i l i z i n g ,  by i n t e r n a l  aromatic  s u b s t i t u t i o n  r e a c t i o n s ,  t h e  r a d i c a l s  formed from 
a d d i t i o n  of aromatic  r a d i c a l  s p e c i e s  t o  non-aromatics. S p e c i f i c a l l y ,  it appears  
t h a t  t h e  combined presence of aromatic  r a d i c a l s ,  unsa tura ted  a l i p h a t i c s  such as 
a c e t y l e n i c  spec ies  and H atoms i s  p a r t i c u l a r l y  f a v o r a b l e  t o  growth of PAH and 
s o o t .  Therefore ,  t h e  product ion of phenyl r a d i c a l  (C6H5) and t h e  competi t ion be- 
tween i t s  d e s t r u c t i o n ,  e s p e c i a l l y  with 02, and a d d i t i o n  t o  unsa tura ted  a l i p h a t i c s  
a r e  important f a c t o r s  i n  t h e  molecular weight growth of a romat ics .  

With these  mechanis t ic  p o i n t s  i n  mind we r e t u r n  t o  t h e  e a r l i e r  d i s c u s s i o n  of 
t h e  consumption of s p e c i e s  immediately downstream of t h e  peak concent ra t ion  of t h e  
h igh  molecular  weight m a t e r i a l .  While t h e  consumption is mainly by o x i d a t i o n ,  i t  
i s  accompanied by f u r t h e r  i n c r e a s e  i n  t h e  mean molecular  weight of t h e  heavy 
s p e c i e s .  Since t h e  l a r g e s t  amount of m a t e r i a l  being consumed is  ace ty lene ,  d iace-  
t y l e n e ,  and v inylace ty lene ,  and s i n c e  t h e s e  unsa tura ted  a l i p h a t i c s  a r e  i d e n t i f i e d  
a s  important  s p e c i e s  f o r  molecular  weight growth by a d d i t i o n  r e a c t i o n s  with a ro-  
mat ic  r a d i c a l s ,  one can i n f e r  t h a t  the  a c e t y l e n i c  s p e c i e s  do indeed c o n t r i b u t e  t o  
t h e  growth of the  aromatic  s t r u c t u r e s  of which t h e  heavy molecules  and s o o t  are 
comprised, presumably by a d d i t i o n  r e a c t i o n s  wi th  t h e  heavy aromat ics .  Aromatic 
s p e c i e s  with a c e t y l e n i c  s i d e  groups a r e  observed i n  the  mass range (2’200 amu) where 
i n d i v i d u a l  i d e n t i f i c a t i o n s  were p o s s i b l e ,  and t h e  amount of a c e t y l e n i c  s p e c i e s  con- 
sumed i n  t h i s  r e g i o n  of t h e  flame g r e a t l y  exceeds t h e  amount of s o o t  eventua l ly  
formed. However, t h e  peak f l u x  of heavy s p e c i e s  a l s o  exceeds t h e  amount of s o o t  
eventua l ly  formed, so  t h e  propor t ions  of t h e  f i n a l  soot  mass cont r ibu ted  by t h e  
a c e t y l e n i c  s p e c i e s  and by t h e  heavy aromatics  are not  e s t a b l i s h e d .  Q u a l i t a t i v e l y  
similar behavior  was observed i n  a soot ing  acetylene/oxygen f lame.  In  both t h e  
ace ty lene  and benzene f lames ,  t h e  o x i d a t i v e  and p o s s i b l y  p y r o l y t i c  d e s t r u c t i o n  of 
heavy spec ies  occurr ing  downstream of t h e i r  peak c o n c e n t r a t i o n  would appear  t o  be  
an important source  of p o l y c y c l i c  aromatics  emi t ted  from t h e  flame. 

FORMATION OF FIRST AROMATIC R I N G S  

In  flames of a l i p h a t i c  f u e l s  t h e  f i r s t  aromatic  r i n g s  must be formed from non- 
aromatic  precursors .  P o s s i b l e  mechanisms f o r  t h i s  c r i t i c a l  s t e p  have been assessed  
( 7 ) by comparing predic ted  formation r a t e s  a g a i n s t  exper imenta l  va lues  c a l c u l a t e d  
from mole f r a c t i o n  p r o f i l e s  of compounds measured i n  a low-pressure 1,3-butadiene/  
oxygen flame us ing  t h e  ins t rument  shown i n  Fig.  2 .  Postu la ted  mechanisms involv ing  
butad ienyl  r a d i c a l  (C H ) r e a c t i n g  with an a c e t y l e n i c  s p e c i e s  and followed by rap id  4 5  
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c y c l i z a t i o n  w e r e  found t o  form benzene, to luene ,  phenylace ty lene ,  and s t y r e n e  a t  
rates c o n s i s t e n t  wi th  t h e  d a t a .  The r a t e - c o n t r o l l i n g  s t e p s  and p r e d i c t e d  r a t e  
c o n s t a n t s  are as fol lows:  

C H + C2H2 -+ C6H6 + H ,  l o g  kl = 8.5 - 3.7/8 
4 5  

4 5  

4 5  

4 5  6 5 2 3  

where k's a r e  i n  L mo1-1s-' and f3 = 2.3 RT i s  i n  k c a l  mol-'. 
could subsequent ly  p a r t i c i p a t e  i n  molecular  weight growth as d iscussed  above. 

C H 

C H 

+ C3H4 -+ C6H5CH3 + H 

+ C4H2 -+ C6H5C2H + H ,  

l o g  k2 = 8.5 - 3.7/8 

l o g  k3 = 8 . 5  - 1.8/e 
C H + C4H4 + C H C H + H, l o g  k4 = 8.5 - 0.6 /8  

Aromatics thus  formed 

CONCLUSIONS 

The chemistry of heavy aromat ic  compounds i n  f u e l - r i c h  flames involves  numerous 
in te rmedia te  s p e c i e s  whose s e q u e n t i a l  format ion  and d e s t r u c t i o n  g i v e  a progression 
t o  decreas ing  amounts of i n c r e a s i n g l y  heavy s p e c i e s ,  l e a d i n g  eventua l ly  t o  soot  i f  
t h e  fuel /oxygen r a t i o  is h igh  enough. The combined presence of a romat ic  r a d i c a l s ,  
unsa tura ted  a l i p h a t i c s  such as a c e t y l e n i c  s p e c i e s  and H atoms i s  p a r t i c u l a r l y  fa-  
v o r a b l e  t o  molecular  weight growth. When t h e  i n i t i a l  f u e l  c o n t a i n s  no a romat ics ,  
mechanisms c o n t r o l l e d  by butad ienyl  r a d i c a l  r e a c t i n g  wi th  a c e t y l e n i c  s p e c i e s  can 
form s i n g l e - r i n g  aromatics  a t  r a t e s  c o n s i s t e n t  wi th  observed va lues .  
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FIGURE 3 .  (ABOVE, LEFT) P r o b a b i l i t y  d e n s i t y  func t ion  f o r  high-mass s i g -  
n a l  a t  s e v e r a l  p o s i t i o n s  i n  near-soot ing benzene-oxygen flame. (Pres-  
s u r e  = 2.67 kPa; cold gas  v e l o c i t y  = 5 0  cm/s; equivalence r a t i o  = 1.8.) 

FIGURE 4 .  (ABOVE, RIGHT) V a r i a t i o n  wi th  d i s t a n c e  from burner  of mass of 
m a t e r i a l  i n  molecular  weight range m t o  m + dm a t  d i f f e r e n t  molecular  
weights ,  normalized wi th  number of moles of M>200 amu m a t e r i a l  a t  7.95mm 
above burner .  (Same flame a s  i n  Fig. 3 . )  

FIGURE 5. (BELOW) V a r i a t i o n  of mean molecular  weight and mass and number 
concent ra t ion  of M>200 amu m a t e r i a l  wi th  d i s t a n c e  from burner .  (Same 
flame as i n  F ig .  3 . )  
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F I G U R E  6 .  ( L E F T )  Mole f r a c t i o n s  and temperature  VS. d i s t a n c e  
from burner  i n  near-soot ing benzene-oxygen flame. 
f lame a s  i n  F i g .  3 . )  

(Same 

F I G U R E  7.  ( R I G H T )  Mole f r a c t i o n s  of s p e c i e s  wi th  masses 
between 15  and 44 amu vs.  d i s t a n c e  from burner  i n  near-soot- 
i n g  benzene-oxygen flame. 
(B) Mass 42  may be C 3 H 6  o r  C 2 H 2 0 .  

(A) Mass 29 may be C 2 H 5  o r  HCO. 
(Same flame a s  i n  Fig.  3 . )  
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FIGURE 8. ( L E F T )  Mole fractions of C4 (A), C5 and Cf, (B) 
hydrocarbons vs .  distance from burner in near-sooting ben- 
zene-oxygen flame. (Same flame as in Fig. 3 . )  

FIGURE 9 .  (RIGHT)  Mole fractions of species with masses 
between 9 0  and 100 amu VS. distance from burner in near- 
sooting benzene-oxygen flame. (Same flame as in Fig. 3 . )  

I 
I 

249 



$3 -1.8 BENZENE FLAME 

0 
v 

Y 

8 

FIGURE 10 .  (LEFT) Mole f r a c t i o n s  of po lycyc l i c  aromatic  hy- 
drocarbons VS.  d i s t a n c e  from burne r  i n  a near-soot ing ben- 
zene-oxygen flame. (Same f lame as i n  Fig.  3 . )  

FIGURE 11. (RIGHT) Mole-fract ion p r o f i l e s  of s e l e c t e d  com- 
pounds and s i g n a l  i n t e n s i t y  p r o f i l e s  of high molecular  
weight  s p e c i e s  f o r  benzene-oxygen (above) and acetylene-  
oxygen (below) flames. [Same f lames as i n  F ig .  3 (above) 
and Fig.  1 (below).]  
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P O L Y C ~ C L I C  AROMATIC COWPOUNDS IN FLUIDIZED B E E  COMBUSTION OF C O A L  
b 

P . M .  Walsh: K.S. C h i u t  J.M. Beer:’c and K .  Eiemann 

aEn  e r  g y La b o r a  t o r y  
b E e p a r t m e n t  o f  C h e m i s t r y  

C C e p a r t m e n t  o f  Chemical  E n g i n e e r i n g  

N a s s a c h u s e t t s  I n s t i t u t e  o f  Techno logy  
Cambr idge ,  H a s s a c h u s e t t s  02139 

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

P o l y c y c l i c  a r o m a t i c  compounds (PAC) have  been d e t e r m i n e d  i n  t h e  
g a s  and p a r t i c u l a t e  e f f l u e n t s  f rom f l u i d i z e d  bed c o m b u s t i o n  o f  c o a l ,  
l i g n i t e ,  and o i l  s h a l e  by a number o f  i n v e s t i g a t o r s .  A b i b l i o g r a p h y  
o f  t h e  r e p o r t s  of t h e s e  i n v e s t i g a t i o n s  i s  c o n t a i n e d  i n  a p a p e r  by 
C h l u ,  Walsh,  Beer, and Eiemann ( 1 9 8 3 ) .  The c o n c e n t r a t i o n s  o f  P A C  i n  
t h e  e f f l u e n t s  a r e  o f t e n  q u i t e  l o w ,  b u t  depend  upon t h e  combus to r  
c o n f i g u r a t i o n  and o p e r a t i n g  c o n d i t i o n s .  The g o a l  o f  t h e  p r e s e n t  
i n v e s t i g a t i o n  i s  t o  d e v e l o p  a mechanism c o n s i s t e n t  w i t h  measu red  r a t e s  
o f  f o r m a t i o n  and d e s t r u c t i o n  o f  P A C  i n  a t m o s p h e r i c  p r e s s u r e  f l u i d i z e d  
bed combus t ion  (AFBC), so  t h a t  a r a t i o n a l  a p p r o a c h  may be t a k e n  t o  
a d j u s t m e n t  o f  c o n d i t i o n s  f o r  m i n i m i z a t i o n  o f  P A C  i n  t h e  e f f l u e n t s .  
PAC a r e  d e t e r m i n e d  i n  s a m p l e s  t a k e n  from t h e  f r e e b o a r d  ( s p a c e  above 
t h e  b e d ) ,  r a t h e r  t h a n  from t h e  e x h a u s t ,  t o  o b s e r v e  t h e  e v o l u t i o n  o f  
t h e  PAC d i s t r i b u t i o n  w i t h i n  t h e  c o m b u s t o r .  Mass f r a c t i o n s  o f  t h e  most  
a b u n d a n t  P A C  o b s e r v e d  i n  t h e  f r e e b o a r d  d u r i n g  AFBC o f  h i g h  v o l a t i l e  
b i t u m i n o u s  c o a l  were r e p o r t e d  by C h i u ,  e t  a 1  ( 1 9 8 3 ) .  Some c o r r e l a t i o n  
o f  t h e  r a t e s  o f  d i s a p p e a r a n c e  o f  P A C  w i t h  p a r t i c l e  c o n c e n t r a t i o n  was 
n o t e d  by D u t t a ,  Ch iu ,  Walsh,  Bee r , and  Bieniann ( 1 9 8 3 ) .  I n  t h e  p r e s e n t  
p a p e r  t h e o r e t i c a l  e s t i m a t e s  o f  t h e  r a t e s  a t  wh ich  P A C  m i g h t  be con- 
sumed by h e t e r o g e n e o u s  r e a c t i o n s  a r e  compared w i t h  e x p e r i m e n t a l  r a t e s  
e s t i m a t e d  from P A C  p r o f i l e s  d e t e r m i n e d  by Chiu e t  a 1  ( 1 9 8 3 ) .  

E x p e r i m e n t a l  

The PAC were d e t e r m i n e d  i n  s a m p l e s  t a k e n  i n  t h e  MJT AFBC Resea rch  
F a c i l i t y .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  f a c i l i t y  may be  found i n  a 
r e p o r t  by Be6r , S a r o f i m ,  Sandhu ,  A n d r e i ,  Bachovchin , Chan , Chaung , and 
S p r o u s e  ( 1 9 8 1 ) .  The combus to r  h a s  a s q u a r e  c r o s s  s e c t i o n  0 .6  m x 0.6  
n~ and a h e i g h t ,  from t h e  combus t ion  a i r  d i s t r i b u t o r  t o  t h e  o u t l e t ,  o f  
4 . 4  m. P r e v i o u s  p u b l i c a t i o n s  d e s c r i b e  t h e  p r o c e d u r e s  used  f o r  samp- 
l i n g ,  s e p a r a t i o n ,  and i d e n t i f i c a t i o n  of PAC ( C h i u  e t  a l ,  1 9 8 3 ) ,  perma- 
n e n t  g a s e s  ( W a l s h ,  Chaung, C u t t a ,  Eieer, and S a r o f i m ,  1 9 8 2 b ) ,  and bed 
p a r t i c l e s  (Walsh e t  a l ,  1 9 8 2 a ;  1 9 8 2 b ) .  

The AFBC was f i r e d  w i t h  Kentucky No. 9 h i g h  v o l a t i l e  b i t u m i n o u s  
c o a l  c r u s h e d  t o  m i n u s  6 .35  m m .  The a p p a r e n t  ASTM r a n k  o f  t h i s  c o a l  
was h i g h  v o l a t i l e  B b i t u m i n o u s .  O t h e r  c o a l  p r o p e r t i e s  a r e  g i v e n  by 
Chiu e t  a 1  ( 1 9 8 3 ) .  The bed m a t e r i a l  was Reed l i m e s t o n e  ( m i d d l e  l e d g e )  
c r u s h e d  t o  m i n u s  6 . 3 5  m m .  

The e x p e r i m e n t a l  c o n d i t i o n s  a t  which t h e  P A C  were measu red  a r e  
l i s t e d  i n  T a b l e  1 .  In t h e  s p e c i f i c a t i o n  o f  bed h e i g h t s ,  s a m p l i n g  
p o i n t s ,  e t c . ,  t h e  h e i g h t  above  t h e  d i s t r i b u t o r  is d e s i g n a t e d  by t h e  
symbol  z .  The t o p  o f  t h e  f l u i d i z e d  bed i s  a t  z = L f .  Ax ia l  p r o f i l e s  
o f  t e m p e r a t u r e  and t h e  mole f r a c t i o n s  o f  0 C O ,  N O ,  and CH4 a r e  shown 
i n  F i g u r e  1 .  The f r e e b o a r d  t e m p e r a t u r e  2 i n  t h i s  r u n  was r e l a t i v e l y  
low,  due  t o  c o o l i n g  o f  t h e  c o m b u s t i o n  p r o d u c t s  by h e a t  e x c h a n g e r  t u b e s  
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T a b l e  1 .  E x p e r i m e n t a l  n a t a  
-_ -- 
Run Number 

F r a c t i o n  of t h e o r e t i c a l  a i r :  

S u p e r f i c i a l  g a s  v e l o c i t y  based  on a v e r a g e  
bed t e m p e r a t u r e  and p r e s s u r e  a t  z I 0: 

W i n  i m u m  f l u i d i z a t i o n  v e l o c i t y  : 

F l u i d i z e d  bed h e i g h t :  

C a l c i  u m / s u l  f u r  f e e d  r a t  i o :  

S o l i d  d e n s i t y  o f  bed c h a r  p a r t i c l e s :  

S o l i d  d e n s i t y  o f  bed s t o n e  p a r t i c l e s :  

F reeboa rd  p r e s s u r e  : 

Average f r e e b o a r d  t e m p e r a t u r e  from z = 2.C t o  3.8 m: 

Average f r e e b o a r d  g a s  v e l o c i t y  from z = 2 . 0  t o  3 . 8  m :  

#ass -based  g e o m e t r i c  mean s i z e  o f  e l u t r i a t e d  
c h a r  p a r t i c l e s :  

Geometr ic  s t a n d a r d  d e v i a t i o n  o f  e l u t r i a t e d  
c h a r  p a r t i c l e  s i z e  d i s t r i b u t i o n :  

S p e c i f i c  s u r f a c e  a r e a - b a s e d  g e o m e t r i c  mean s i z e  
o f  e l u t r i a t e d  c h a r  p a r t i c l e s :  

Fiass-based g e o m e t r i c  mean s i z e  o f  e l u t r i a t e d  
s t o n e  p a r t i c l e s :  

Geomet r i c  s t a n d a r d  d e v i a t i o n  o f  e l u t r  i a  t e d  
s t o n e  p a r t i c l e  s i z e  d i s t r i b u t i o n :  

S p e c i f i c  s u r f a c e  a r e a - b a s e d  g e o m e t r i c  mean 
s i z e  o f  e l u t r i a t e d  s t o n e  p a r t i c l e s :  

Te rmina l  v e l o c i t y  o f  mean 
c h a r  p a r t i c l e s :  

T e r m i n a l  v e l o c i t y  o f  mean 
s t o n e  p a r t i c l e s :  

Sherwood numbers  o f  e l u t r  
s t o n e  p a r t i c l e s  

T o t a l  f l o w r a t e  of  e l u t r i a  

s i z e  e l u t r i a t e d  

s i z e  e l u t r i a t e d  

a t e d  c h a r  and 

e :  

Mass f r a c t i o n  c h a r  i n  e l u t r i a t e :  

C o n c e n t r a t i o n  o f  e n t r a i n e d  c h a r  i n  t h e  f r e e b o a r d :  

C o n c e n t r a t i o n  o f  e n t r a i n e d  s t o n e  i n  t h e  f r e e b o a r d :  

K10 

1.01 

1 .20  m / s  

0.18 m/s 

0 .65  m 

3 . 7  kmol/kmol 

336 kg/m3 

2163 kg/m3 

1 0 2 . 6  kPa 

964 K 

1 .18  m/s 

72 p m  

1.82 

60 um 

7 4  vrn  

2.67 

46 v m  

0.012 m/s 

0.046 m / s  

'L2 

C.01167 kg/ 

0 .063  

0.00169 kg/m3 

0 .0260 kg/m3 



l o c a t e d  a t  z = 0.8, 1 . 0 ,  and 1 . 2  m .  The bed m a t e r i a l  a t  t h e  s t a r t  o f  
t h e  r u n  was f r e s h  c a l c i n e d  l i m e s t o n e ,  t h e r e f o r e  t h e  r a t i o  o f  CaO t o  
CaS04 i n  t h e  bed i s  much h i g h e r  t h a n  would be  p r e s e n t  a f t e r  s u f f i c i e n t  
time had e l a p s e d  t o  a c h i e v e  s t e a d y  bed c o m p o s i t i o n .  

The mole f r a c t i o n s  o f  some o f  t h e  PAC i d e n t i f i e d  i n  s a m p l e s  t a k e n  
from t h e  f r e e b o a r d  a t  z = 1 . 6 ,  2.1 and 3.E m e r e  g i v e n  i n  T a b l e  2. 
These mole f r a c t i o n s  a r e  based  on t h e  volume o f  d r y  g a s  sampled .  
Tab le  2 i n c l u d e s  a l l  of t h e  compounds which were  i d e n t i f i e d  a t  more 
than  one h e i g h t .  The P A C  mole f r a c t i o n s  a r e  p l o t t e d  v s  h e i g h t  above  
t h e  d i s t r i b u t o r  i n  F i g u r e  2. Most o f  t h e  p r o f i l e s  i n d i c a t e  o n l y  n e t  
d e s t r u c t i o n  o f  PAC i n  t h e  r e g i o n  o f  t h e  measu remen t s .  There  i s  some 
e v i d e n c e  t h a t  p r o d u c t i o n  o f  PAC i s  o c c u r r i n g  i n  t h e  f r e e b o a r d ,  and a 
h i n t  t h a t  t h e r e  may b e  a peak mole f r a c t i o n  r e s u l t i n g  from t h e  com- 
b ined  p r o d u c t i o n  and consumpt ion  p r o c e s s e s  which t e n d s  t o  s h i f t  t o  
l o n g e r  t i m e s  ( h e i g h t s )  w i t h  i n c r e a s i n g  m o l e c u l a r  w e i g h t  ( compare  t h e  
p r o f i l e s  o f  n a p h t h a l e n e ,  p h e n a n t h r e n e ,  a n t h r a c e n e ,  and c h r y s e n e  i n  
F i g u r e s  2a and Z g ) .  However, much s i g n i f i c a n c e  c a n n o t  be a t t a c h e d  t o  
changes  i n  t h e  s l o p e s  o f  t h e  p r o f i l e s ,  b e c a u s e  t h e  u n c e r t a i n t y  i n  t h e  
r e p o r t e d  mole f r a c t i o n s  i s  a p p r o x i m a t e l y  +lOC, -50%. P s e u d o - f i r s t  
o r d e r  r a t e  c o e f f i c i e n t s ,  k e x p ,  were  d e r i v e d  from t h e  mole  f r a c t i o n s  a t  
z = 2.1 and 3.8 m :  

d C P A C  u - -  o d z  - -kexp  ‘PAC 1 )  

The d e f i n i t i o n s  o f  symbol s  may b e  found i n  t h e  Nomencla ture .  The 
v a l u e s  o f  k f o r  t h e  PAC i d e n t i f i e d  a t  z = 2. 1 and 3 . 8  m a r e  g i v e n  
i n  Table  2 F X p L a c k  o f  a s t r o n g  d e p e n d e n c e  o f  t h e  e x p e r i m e n t a l  r a t e  
c o e f f i c i e n t s  o n  o x y g e n ,  t e m p e r a t u r e ,  o r  compound, and t h e i r  t e n d e n c y  
t o  i n c r e a s e  w i t h  i n c r e a s i n g  p a r t i c l e  c o n c e n t r a t i o n  ( C u t t a  e t  a l ,  
19831,  s u g g e s t e d  t h a t  t h e  P A C  d e s t r u c t i o n  p r o c e s s  migh t  b e  h e t e r o -  
g e n e o u s ,  w i t h  s i g n i f i c a n t  r e s i s t a n c e  from e x t r a p a r t i c l e  d i f f u s i o n .  

He te rogeneous  Mechanisni f o r  D e s t r u c t i o n  o f  PAC- 

The mechanism o f  t h e  t r a n s f o r m a t i o n s  o f  P A C  i n  t h e  f r e e b o a r d  
g a s / p a r t i c l e  m i x t u r e  is  u n d o u b t e d l y  e x t r e m e l y  c o m p l i c a t e d .  The i n v e s -  
t i g a t i o n s  o f  l j i t t n e r  and Howard ( 1 9 8 1 a ;  1981b)  and Howard and E i t t n e r  
( 1 9 8 3 )  on t h e  r e a c t i o n s  o f  h y d r o c a r b o n  s p e c i e s  i n  benzene/oxygen 
f l a m e s  g i v e  an i n d i c a t i o n  o f  t h e  m a g n i t u d e  o f  t h e  p rob lems  which  may 
be  e n c o u n t e r e d  i n  t h e  f r e e b o a r d  g a s / p a r t i c l e  m i x t u r e .  Suppose  t h a t  we 
n e g l e c t  p r o d u c t i o n  o f  a g i v e n  P A C  by c h a r  d e v o l a t i l i z a t i o n ,  s y n t h e s i s  
from l i g h t e r  s p e c i e s ,  o r  f o r m a t i o n  by d e g r a d a t i o n  o f  h e a v i e r  s p e c i e s ;  
and t h a t  each  P A C  i s  d e g r a d e d  t o  non-PAC i n  i r r e v e r s i b l e ,  h e t e r o g e n -  
eous  r e a c t i o n s  w i t h  s o l i d  s p e c i e s  S i :  

PAC + Si kPAC’i  - p r o d u c t s  R 1 )  

he assume t h a t  t h e  f r e e b o a r d  g a d p a r t i c l e  m i x t u r e  is  i n  s t e a d y  p lug  
flow, and n e g l e c t  a x i a l  d i s p e r s i o n .  A r a t e  e x p r e s s i o n  based  on t h i s  
mechanism is:  
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T a b l e  2.  P o l y c y c l i c  Aromat i c  Compounds I d e n t i f i e d  a t  Two o r  T h r e e  
H e i g h t s  i n  t h e  F r e e b o a r d  

Kole F r a c t i o n s  x10 9 ( zv)bpAc D ~ ~ ~ - ~  

z = 1.6m ( d r y  b a s i s )  2 . lm 3.8m k e x p  (Hz)  (m3/kmol)  ( m  x p 4 2  ,s) Corn po u n d 

ben  zo f u r  an  
n a p h t h a l e n e  99 1 
b e n z o (  b )  t h i o p h e n e  112 
q u i n o l i n e  1 7 .  1 
2-methyl n a p h t h a 1  e n e  2 5 . 6  
3 -me thy lbenzo(  b )  t h i o p h e n e  2 . 8 0  
1 -me t h y  1 n a ph t h a 1 e n  e 2 5 . 0  
b i p h e n y l  88 .  1 
e t h y l n a p h t h a l e n e  2 . 9 5  
a c  e n a  ph t h  y l  e n  e 45 .4  
a c e n a p h t h e n e  2 . 1 9  
1 -c y a n o n a p h t h a l e n e  6 . 5 3  
d i b e n  zo f u r  an  44.3 
rnethyld i b e n  z o f u r a n  . 7 9  
9- f l  uo renone  1 0 . 3  
d i b e n z o t h i o p h e n e  2 3 . 8  
p h e n a n t h r e n e  125 
a n t h r a c e n e  9 . 5 3  
fl u o r a n  t h e n e  6 .  07 
benzo(def)dibenzothiophene 2 . 4 3  
p y r  ene 4. 13 
c h r y s e n e  1 . 0 5  

2 2 . 5  5. 7za 
3 2 4  

3 3 . 0  
2.11 
8 . 8 1  

.10  
6 . 2 3  

. g o  

. 4 1  
1 .15 

.59  
2 . 5 0  
9 .49  

e. 43 

7.34 

3 . 4 2  

2 3 . 7  

1 1 . 2  

1 9 . 8  

6 4 . 7  

14. 6 

1 2 . 0  

. 093a 2 . 9  
1.4c 3 . 8  
. C70 4 . 3  

. 2 4 4  2 . 5  

. 3 . 5  

. l e 2  3.4 

- - 
- - 

- - 
- - 
- - 

. 108 3 . 6  

. 109 2 . 2  
- - 

. I 9 3  2 . 7  

. 204  4 . 0  

- - 
. l o 1  2 . 4  

. 109 .577 

. 1 4 0  . 515  

. 1 2 0  . 5 4 8  

. 161 .479 

. 161 .479 

. 1 7 7  .455  

- - 
- - 

- - 

- . -  

. 159 .475  

. 195 .431 

. 1 7 c  . 4 5 8  . 190 . 4 3 6  

- - 

- - 
- - 
- - 

. 2 4 0  . 3  85 
-- 

a .  I n  t h e  g a s  c h r o m a t o g r a p h i c  s e p a r a t i o n  t h i s  compound c o f l u t e d  w i t h  
a n o t h e r  compound. The amoun t  i n d i c a t e d  is a n  e s t i m a t e  based  on 
t h e  r e l a t i v e  i n t e n s i t i e s  o f  p e a k s  c h a r a c t e r i s t i c  o f  t h e  t w o  com- 
pounds i n  t h e  mass  s p e c t r u m .  

b .  F u l l e r ,  S c h e t t l e r ,  and G i d d i n g s  ( 1 9 6 6 ) .  

2 5 4  
\ 



d C P A C  
" b A C , i C P A C  o d z  - -  u - -  3 )  

where k '  P A C  i ,  t h e  e f f e c t i v e  r a t e  c o e f f i c i e n t  f o r  t h e  h e t e r o g e n e o u s  
r e a c t i o n  of  P A C  w i t h  s o l i d  s p e c i e s  i ,  c o n t a i n s  t h e  s e q u e n t i a l  p r o -  
c e s s e s  o f  d i f f u s i o n  o f  P A C  t o  t h e  s u r f a c e s  o f  p a r t i c l e s ,  and t h e  
h e t e r o g e n e o u s  r e a c t i o n  a t  t h e  s u r f a c e s :  

P .  

k b A C , i  = __ 7+-- 
i C P A C  P A C ,  is i ' P A C ,  i 

Q i  Prd: 

4 )  

I n  o r d e r  t o  e v a l u a t e  t h i s  r a t e  c o e f f i c i e n t  we r e q u i r e  e s t i m a t e s  o f  t h e  
c o n c e n t r a t i o n ,  d i a m e t e r ,  s o l i d  d e n s i t y ,  and s p h e r i c i t y  o f  e a c h  pa r -  
t i c l e  s p e c i e s ,  and t h e  d i f f u s i o n  c o e f f i c i e n t s  o f  t h e  P A C .  

F r e e b o a r d  P a r t i c l e  P r o p e r t i e s  

High p a r t i c l e  c o n c e n t r a t i o n  i s  zn i m p o r t a n t  f e a t u r e  o f  t h e  f r e e -  
board  f l o w ,  however p rec i se  measu remen t s  of t h e  p a r t i c l e  c o n c e n t r a -  
t i o n s  a r e  d i f f i c u l t .  The p rob lems  a r i s e  from t h e  f a c t s  t h a t  l a r g e  
p a r t i c l e s  ( >  300 u r n )  a r e  moving bo th  upward and downward w i t h  d i s t r i -  
b u t e d  v e l o c i t i e s ;  and t h a t  s m a l l  p a r t i c l e s  (5, 300 p m ) ,  which  a r e  
moving p r i m a r i l y  upward ,  have  v e l o c i t i e s  which depend on p a r t i c l e  s i z e  
and d e n s i t y .  I s o k i n e t i c  s ampl ing  o f  t h e  p a r t i c l e s  i s  t h e r e f o r e  n o t  
p o s s i b l e .  C o n c e n t r a t i o n s  o f  p a r t i c l e s  i n  t h e  bed a r e  u s u a l l y  d e t e r -  
mined from measuremen t s  o f  d i f f e r e n t i a l  p r e s s u r e .  T h i s  t e c h n i q u e  can  
o n l y  be used i n  t h e  f r e e b o a r d  a t  low s u p e r f i c i a l  v e l o c i t y  when p r e s -  
s u r e  f l u c t u a t i o n s  a r e  n o t  l a r g e  w i t h  r e s p e c t  t o  t h e  c h a n g e s  i n  p r e s -  
sure  d u e  t o  t h e  p r e s e n c e  o f  p a r t i c l e s ,  T h i s  c o n d i t i o n  i s  u s u a l l y  n o t  
met d u r i n g  combus t ion  measu remen t s .  An a l t e r n a t i v e ,  a p p r o x i m a t e  
method f o r  t h e  d e t e r m i n a t i o n  o f  p a r t i c l e  c o n c e n t r a t i o n s  h a s  been 
deve loped  i n  o r d e r  t o  e s t i m a t e  t h e  r a t e s  o f  h e t e r o g e n e o u s  r e a c t i o n s .  

The p a r t i c l e s  a r e  c l a s s i f i e d  by t h e i r  t e r m i n a l  v e l o c i t i e s  i n t o  
two g r o u p s :  l a r g e  p a r t i c l e s  ( t e r m i n a l  v e l o c i t i e s  g r e a t e r  t h a n  t h e  
mean g a s  v e l o c i t y )  and s m a l l  p a r t i c l e s  ( t e r m i n a l  v e l o c i t y  less  than  
t h e  mean g a s  v e l o c i t y ) .  The d e p e n d e n c e  o f  t h e  f l u x  o f  l a r g e  p a r t i c l e s  
on h e i g h t  i n  t h e  f r e e b o a r d  i s  measured  by c a t c h i n g  d e s c e n d i n g  p a r t i -  
c l e s  i n  cups  p l a c e d  a t  s e v e r a l  h e i g h t s  above  t h e  bed ( W a l s h ,  Mayo, and 
Eee'r, 1 9 8 3 ) .  The c o n c e n t r a t i o n  o f  l a r g e  p a r t i c l e s  i s  e s t i m a t e d  from 
t h e  f l u x  measu remen t s  by a method proposed  by Walsh ,  Yokozek i ,  and 
Ee6r ( 1 9 8 2 ) .  The b a s i s  o f  t h i s  e s t i m a t e  i s  an assumed i n i t i a l  v e l o -  
c i t y  d i s t r i b u t i o n  ( G a u s s i a n )  o f  p a r t i c l e s  l e a v i n g  t h e  bed s u r f a c e .  
For a g i v e n  p a r t i c l e  f l u x  a t  t h e  bed s u r f a c e ,  a g i v e n  s t a n d a r d  d e v i a -  
t i o n  o f  t h e  v e l o c i t y  d i s t r i b u t i o n ,  and t h e  a s s u m p t i o n s  o f  n e g l i g i b l e  
d r a g  and t o t a l  r e f l u x ;  b o t h  t h e  f l u x  and c o n c e n t r a t i o n  o f  p a r t i c l e s  a t  
a g i v e n  h e i g h t  a r e  u n i q u e l y  d e t e r m i n e d .  I n  t h i s  way t h e  l a r g e  p a r t i -  
c l e  c o n c e n t r a t i o n s  can  be e s t i m a t e d  from t h e  f l u x  measu remen t s .  

The s m a l l  e n t r a i n e d  p a r t i c l e s  a r e  p r e c i p i t a t e d  by c y c l o n e s  from 
t h e  e x h a u s t ,  so t h e i r  f l u x  a t  t h e  f r e e b o a r d  e x i t  i s  known. By assum- 
i n g  t h a t  t h e y  move o n l y  upward a t  a c o n s t a n t  v e l o c i t y  e q u a l  t o  t h e  
mean g a s  v e l o c i t y  m i n u s  t h e  t e r m i n a l  v e l o c i t y  o f  t h e  mean s i z e  p a r t i -  
c l e s ,  t h e i r  c o n c e n t r a t i o n  can  a l s o  be  e s t i m a t e d .  E r r o r s  i n  t h i s  
e s t i m a t e  may a r i s e  f rom:  
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1. Cyclone  c o l l e c t i o n  e f f i c i e n c y  less  t h a n  1 .  
2. SO2 a n d / o r  C02 r e a c t i o n s  w i t h  s t o n e  and combus t ion  o f  c h z r  i n  

t h e  f r e e b o a r d  and e x h a u s t  p i p e  b e f o r e  t h e  c o l l e c t i o n  p o i n t .  
3. R e f l u x i n g  o f  t h e  s m a l l  p a r t i c l e s  down t h e  f r e e b o a r d  wa l l  

(Pember ton  and C a v i d s o n ,  1 9 8 3 ) .  

P robob ly  t h e  most  i m p o r t a n t  p r o b l e m ,  however ,  i s  i n  t h e  i n i t i a l  
a s s u m p t i o n :  t h a t  t h e  p a r t i c l e s  can  be d i v i d e d  i n t o  two g r o u p s  having  
mean s i z e s  i n d e p e n d e n t  o f  h e i g h t .  The p a r t i c l e  s i z e  and v e l o c i t y  
d i s t r i b u t i o n s  unde rgo  c o n t i n u o u s  e v o l u t i o n  from t h e  t o p  o f  t h e  bed 
( and  even w i t h i n  t h e  bed i t s e l f )  t o  t h e  combus to r  o u t l e t .  A more 
d e t a i l e d  c a l c u l a t i o n  can  be  made by machine  c o m p u t a t i o n ,  b u t  t h e  v a l u e  
o f  s u c h  an e f f o r t  i s  t o  some ex ten t  n e g a t e d  by t h e  l a c k  o f  exper imen-  
t a l  d a t a  w i t h  which t o  compare  t h e  p r e d i c t i o n s .  

T h e  mass-based p a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  t h e  s t o n e  and c h a r  
p a r t i c l e s  i n  a s ample  o f  t h e  e l u t r i a t e  p r e c i p i t a t e d  i n  t h e  c y c l o n e s  
d u r i n g  t h e  p r e s e n t  e x p e r i m e n t  a r e  shown i n  F i g u r e  3. The mass  f r a c -  
t i o n s  o f  s t o n e  and c h a r  i n  t h e  e l u t r i a t e  were c a l c u l a t e d  from t h e  
h e a t i n g  v a l u e  o f  t h e  m a t e r i a l  i n  e a c h  s i z e  r a n g e .  The h e a t i n g  v a l u e  
of p u r e  c h a r  was e s t i m a t e d  u s i n g  C u l o n g ' s  f o r m u l a  w i t h  a c o m p o s i t i o n  
d e r i v e d  from t h e  u l t i m a t e  and p r o x i m a t e  a n a l y s e s  o f  t h e  c021 .  T h e  
s p e c i f i c  s u r f a c e  a r e a - b a s e d  mean p a r t i c l e  s i z e s  were c a l c u l a t e d  from 
t h e  s t a n d a r d  d e v i a t i o n  and mass -based  mean s i zes  ( I r a n i  and C a l l i s ,  
1 9 6 3 ) .  The s p h e r i c i t y  o f  t h e  e n t r a i n e d  s t o n e  and c h a r  p a r t i c l e s  was  
e s t i m a t e d  t o  b e . 0 . 5 ;  t h e i r  s o l i d  d e n s i t i e s  were assumed t o  be t h e  
same a s  t h o s e  o f  t h e  l a r g e r  s t o n e  and c h a r  p a r t i c l e s  t a k e n  from t h e  
bed .  Te rmina l  v e l o c i t i e s  o f  t h e  p a r t i c l e s  were  c a l c u l a t e d  u s i n n  t h e  
c o r r e l a t i o n  o f  P e t t y j o h n  and C h r i s t i a n s e n  ( 1 9 4 8 ) .  The p r o p e r t i e s  o f  
t h e  e n t r a i n e d  p a r t i c l e s  a r e  summar ized  i n  T a b l e  1 .  

The r e f l u x i n g  p a r t i c l e s  were  assumed t o  have  t h e  same s i z e ,  
s p h e r i c i t y ,  and s o l i d  d e n s i t y  a s  bed p a r t i c l e s .  S p e c i f i c  s u r f a c e  
a r e a - b a s e d  mean s i z e s  o f  t h e  bed s t o n e  and c h a r  p a r t i c l e s  were 780 and 
2900 m ,  r e s p e c t i v e l y .  The mass  f r a c t i o n  o f  c h a r  i n  t h e  bed and 
r e f l u x i n g  p a r t i c l e s  i s  o n l y  C.43  w t  5 .  

T o t a l  p a r t i c l e  c o n c e n t r a t i o n s  e s t i m a t e d  i n  t h e  p r e s e n t  e x p e r i m e n t  
by  t h e  approx ima te  me thods  o u t l i n e d  above  a r e  shown i n  F i g u r e  4 .  The 
bed p a r t i c l e  c o n c e n t r a t i o n s  were  d e t e r m i n e d  from measuremen t s  o f  
d i f f e r e n t i a l  p r e s s u r e ,  t h e  r e f l u x i n g  p a r t i c l e s  from t h e  s a m p l e s  c o l -  
l e c t e d  i n ,  t h e  c u p s ,  and t h e  e n t r a i n e d  p a r t i c l e s  from t h e  c y c l o n e  
c a t c h .  An e x p l a n a t i o n  o f  t h e  second  c u r v e  on F i g u r e  4 i s  g i v e n  i n  t h e  
C i s c u s s i o n  s e c t i o n .  

M o l e c u l a r  D i f f u s i o n  C o e f f i c i e n t s  o f  P o l y c y c l i c  Aromat i c  Compounds 

Ex per imen t a l  m e a s u r e m e n t s  o f  t h e  m o l e c u l a r  d i f f u s i o n  c o e f f i c i e n t s  
o f  PAC a r e  r a r e .  C i f f u s i o n  c o e f f i c i e n t s  i n  a i r  a t  a t m o s p h e r i c  p r e s -  
s u r e  have  been r e p o r t e d  f o r  n a p h t h a l e n e  and b i p h e n y l  a t  298 K ,  a n t h r a -  
c e n e  a t  372 K (Mack, 1 9 2 5 ) ,  and b i p h e n y l  a t  4 9 1  K ( G i l l i l a n d ,  1 9 3 4 ) .  
Howard and E i t t n e r  (1983)  d e t e r m i n e d  d i f f u s i o n  c o e f f i c i e n t s  o f  heavy 
s p e c i e s  (W = 200 t o  750 kg /kmol )  from c o n c e n t r a t i o n  p r o f i l e s  measured  
i n  a n e a r - s o o t i n g  b e n z e n e / o x y g e n / a r g o n  f l a m e  ( e q u i v a l e n c e  r a t i o  1 . 8 ) ,  
i n  a r e g i o n  of t h e  f l ame  where  t h e  s l o p e s  o f  t h e  s p e c i e s  p r o f i l e s ,  
d a n C / d z ,  were d e t e r m i n e d  o n l y  by  d i f f u s i o n .  T h e  p r e s s u r e  i n  t h e  
f l a m e ,  and t h e  t e m p e r a t u r e  i n  t h e  r e g i o n  o f  t h e  measu remen t s  were  2 .67  
kPa and 1800 K ,  r e s p e c t i v e l y .  Assuming t h a t  t h e  s p e c i e s  o b s e r v e d  were  
p o l y c y c l i c  a r o m a t i c  h y d r o c a r b o n s ,  Howard and E i t t n e r  e s t i m a t e d  t h e i r  
d i f f u s i o n  c o e f f i c i e n t s  a t  300 K from t h e  c o r r e l a t i o n  o f  F u l l e r ,  
S c h e t t l e r ,  and C i d d i n g s  ( 1 9 6 6 1 ,  u s i n g  t h e  t e m p e r a t u r e  dependence  
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d e r i v e d  from t h e  L e n n a r d - J o n e s  12-6 p o t e n t i a l ,  a s  recommended b y  
Sherwood,  P i g f o r d ,  and Wilke ( 1 9 7 5 ) .  T h e  a p p r o x i m a t i o n  g i v e n  by  
F r i s t r o m  a n d  Westenberg ( 1 9 6 5 )  t o  t h e  t e m p e r a t u r e  dependence  o f  t he  
d i f f u s i o n  c o l l i s i o n  i n t e g r a l  was u s e d .  The c o r r e l a t i o n  o f  F u l l e r  e t  
a l ,  w i t h  t h i s  m o d i f i c a t i o n ,  b e c o m e s  ( i n  S I  u n i t s ) :  

Howard and B i t t n e r  (1983)  r e p o r t e d  good ag reemen t  between t h e i r  expe r -  
i m e n t a l  d i f f u s i o n  c o e f f i c i e n t s  and t h o s e  e s t i m a t e d  from t h e  modi f ied  
c o r r e l a t i o n ,  The d i s c r e p a n c i e s  between e s t  iniated v a l u e s  a n d  t h e  
e x p e r i m e n t a l  v a l u e s  f o r  PAC r e p o r t e d  b y  Mack ( 1 9 2 5 ) ,  C i l l i l a n d  ( 1 9 3 4 ) ,  
and Howard and B i t t n e r  (1983)  a r e  * 10 t o  1 5 % .  

E s t i m a t e s  of  t h e  b i n a r y  d i f f u s i o n  c o e f f i c i e n t s  of  PAC i n  N u s i n g  
Equa t ion  5 a r e  l i s t e d  i n  Tab le  2. The p r o c e d u r e  g i v e n  by F u l l e ?  e t  a 1  
( 1 9 6 6 )  f o r  t h e  e s t i m a t i o n  of t h e  m o l e c u l a r  d i f f u s i o n  volumes from 
a omic d i f f u s i o n  volumes was f o l l o w e d .  7he volume i n c r e m e n t  - 0 . 0 2 0 2  
m /kmol was added f o r  each  a r o m a t i c  a n d  h e t e r o c y c l i c  r i n g ,  b u t  n o t  fo r  
t h e  r i n g  c o n t a i n i n g  t h e  k e t o  g roup  i n  9 - f l u o r e n o n e .  

5 

D i s c u s s i o n  

An upper l i m i t  on t h e  r a t e  c o e f f i c i e n t  f o r  t h e  s u r f a c e  r e a c t i o n  
can  be e s t i m a t e d  from t h e  p r o d u c t  o f  t h e  f r e q u e n c y  of  c o l l i s i o n s  of 
t h e  PAC w i t h  u n i t  a r e a  of  a s u r f a c e  a n d  t h e  p a r t i c l e  e x t e r n a l  s u r f a c e  
a r e a  pe r  u n i t  volume of  g a s :  

6 )  

U s i n g  t h e  e n t r a i n e d  p a r t i c l e  p r o p e r t i e s  i n  Tab le  1 t h e  upper  l i m i t s  
f o r  n a p h t h a l e n e  a t  964 K a r e  310 and  100  Hz f o r  t h e  s t o n e  and char  
p a r t i c l e s ,  r e s p e c t i v e l y .  

The r a t e  c o e f f i c i e n t  f o r  t h e  d i f f u s i o n  p r o c e s s  i s  e q u a l  t o  

6 S h i D P A C  - 0: 7 )  

U s i n g  t h e  e l u t r i a t e d  p a r t i c l e  p r o p e r t i e s  from Tab le  1 and t h e  d i f f u -  
s i o n  c o e f f i c i e n t  f o r  n a p h t h a l e n e  i n  N 2  f rom T a b l e  2 ,  v a l u e s  o f  7 a n d  
2 Hz a r e  o b t a i n e d  f o r  t h e  s t o n e  a n d  c h a r ,  r e s p e c t i v e l y .  The r a t e  
c o e f f i c i e n t  f o r  t h e  s u r f a c e  r e a c t i o n  i s  t h e r e f o r e  e s t i m a t e d  t o  be more 
r a p i d  t h a n  t h a t  f o r  e x t e r n a l  d i f f u s i o n  f o r  v a l u e s  of t h e  s t i c k i n g  
c o e f f i c i e n t s  g r e a t e r  t h a n  a b o u t  C . 0 2 .  I f  t h e  s t i c k i n g  c o e f f i c i e n t  
were s u f f i c i e n t l y  l a r g e ,  s a y  .> 0 . 1 ,  t h e  e x p e r i m e n t a l  r a t e  c o e f f i c i e n t  
would be a p p r o x i m a t e l y  e q u a l  t o  t h e  d i f f u s i o n  l i m i t e d  r a t e  c o e f f i c i e n t  
g iven  b y  Equat ion  7 .  

I n  g e n e r a l  t h e  c o n c e n t r a t i o n  of  p a r t i c l e s ,  P . ,  i s  a f u n c t i o  
h e i g h t ,  a s  shown i n  F i g u r e  4 .  However, t h e  q u a n t i t y  z b S h . p . / $ . p * d .  1 s  
dominated  b y  t h e  a p p r o x i m a t e l y  c o n s t a n t  c o n c e n t r a t i o n  o f  ' s r i a l t  $ a h t i -  
c l e s  o v e r  most of  t h e  h e i g h t  of t h e  f r e e b o a r d  unde r  t h e  p r e s e n t  c o n d i -  
t i o n s ,  shown  b y  t h e  second c u r v e  i n  F i g u r e  4 .  We mey t h e r e f o r e  base  
e s t i m a t e s  of  t h e  d i f f u s i o n  l i m i t e d  r a t e  c o e f f i c i e n t s  from Equa t ion  7 
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on t h e  p r o p e r t i e s  o f  t h e  s m a l l  p a r t i c l e s  a l o n e .  

The c a l c u l a t e d  r a t e  c o e f f i c i e n t s  f o r  d e s t r u c t i o n  of PAC b y  d i f f u -  
s i o n  l i m i t e d  s u r f a c e  r e a c t i o n s  on t h e  s m a l l  s t o n e  and c h a r  p a r t i c l e s  
a r e  p l o t t e d  v s .  P A C  d i f f u s i o n  c o e f f i c i e n t  i n  F i g u r e  5.  The r a t e  
c o e f f i c i e n t  f o r  s i m u l t a n e o u s  d i f f u s i o n  c o n t r o l l e d  d e s t r u c t i o n  on both  
t y p e s  of p a r t i c l e s  i s  t h e  s u m  o f  t h e  v a l u e s  shown f o r  s t o n e  and  c h a r .  
The d a t a  p o i n t s  a r e  t h e  e x p e r i m e n t a l  r a t e  c o e f f i c i e n t s  d e t e r m i n e d  from 
t h e  PAC mole  f r a c t i c n s  a t  z = 2. 1 a n d  3 .8  m .  

Any v a l u e s  o f  t h e  e x p e r i m e n t a l  r a t e  c o e f f i c i e n t s  which a r e  equa l  
t o ,  o r  l e s s  t h a n  t h e  t h e o r e t i c a l  upper  l i m i t  ( s u m  o f  s t o n e  and c h a r  
v a l u e s )  a r e  c o n s i s t e n t  w i t h  t h e  model .  S i n c e  t h i s  c o n d i t i o n  i s  n o t  
d i f f i c u l t  t o  s a t i s f y  t h e  l o c a t i o n  o f  t h e  e x p e r i m e n t a l  p o i n t s  below t h e  
upper  l i m i t  i s  l i t t l e  more t h a n  2 j u s t i f i c a t i o n  f o r  f u r t h e r  t e s t i n g  
and e x a m i n a t i o n  o f  t h e  mode l .  However, t h e  c o n s i s t e n c y  o f  t h e  d a t a  
p o i n t s  ( f a c t o r  o f  2 )  i s  i n t e r e s t i n g .  I f  t h e  s i m i l a r i t y  o f  t h e  v a l u e s  
o f  t h e  e x p e r i m e n t a l  r a t e  c o e f f i c i e n t s  i s  n o t  due  t o  s i g n i f i c a n t  
d i f f u s i o n  r e s i s t a n c e ,  t h e n  t h e  r a t e  c o e f f i c i e n t s  f o r  t h e  n e t '  d e s t r u c -  
t i o n  o f  P A C  b y  h e t e r o g e n e o u s  a n d / o r  homogeneous r e a c t i o n s  a r e  r a t h e r  
i n s e n s i t i v e  t o  m o l e c u l a r  s t r u c t u r e .  The l o c a t i o n  o f  t h e  e x p e r i m e n t a l  
p o i n t s  between t h e  r a t e  c o e f f i c i e n t s  f o r  d i f f u s i o n  l i m i t e d  r e a c t i o n  on 
s t o n e  and c h a r  i s  an i n d i c a t i o n  t h a t  a t  l e a s t  p a r t  o f  t h e  s t o n e  i s  
p a r t i c i p a t i n g  i n  t h e  r e a c t i o n .  Such a c o n c l u s i o n  i s  n o t  j u s t i f i e d  
however  , c o n s i d e r i n g  t h e  a s s u m p t i o n s  a n d  a p p r o x i m a t i o n s  used i n  t h e  
model and c a l c u l a t i o n s .  The r e a c t i o n  m i g h t  be o c c u r r i n g  o n l y  on t h e  
c h a r .  If t h e  PAC d e s t r u c t i o n  were o n l y  v i a  h e t e r o g e n e o u s  r e a c t i o n s  
t h e  i n t e r c e p t  o f  a l i n e  t h r o u g h  t h e  d a t a  p o i n t s  would be z e r o  a t  D p A C  
= 0. The e x t r a p o l a t e d  v a l u e  is  a p p r o x i m a t e l y  0 .7  Hz. 

Conc lus ion  

A h e t e r o g e n e o u s  mechanism f o r  d e s t r u c t i o n  o f  P A C  i n  t h e  A F B C  
f r e e b o a r d  c o u l d  n o t  be r u l e d  o u t  by compar ison  w i t h  t h e  r a t e s  of  
d i s a p p e a r a n c e  o f  2 t o  4 r i n g  P A C  a t  one  s e t  o f  o p e r a t i n g  c o n d i t i o n s .  
If  h e t e r o g e n e o u s  r e a c t i o n s  a r e ,  i n  f a c t ,  r e s p o n s i b l e  f o r  P A C  d e s t r u c -  
t i o n ,  a more d e t a i l e d  model a c c o u n t i n g  f o r  p r o d u c t i o n  o f  PAC and  
f i n i t e  r a t e s  o f  t h e  s u r f a c e  r e a c t i o n s  may be needed .  The r e l a t i v e  
i m p o r t a n c e  o f  s t o n e  a n d  c h a r  p a r t i c l e s  can  o n l y  be d e t e r m i n e d  b y  
a d d i t i o n a l  m e a s u r e m e n t s  ove r  a r a n g e  o f  r a t i o s  o f  t h e  c h a r / s t o n e  
c o n c e n t r a t i o n s .  The p o s s i b i l i t y  t h a t  o n l y  a f r a c t i o n  o f  t h e  s u r f a c e  
a r e a  o f  e a c h  t y p e  o f  p a r t i c l e  i s  u t i l i z e d ,  due  t o  nonuni form s u r f a c e  
c o m p o s i t i o n ,  w i l l  be d i f f i c u l t  t o  a s s e s s .  E e t t e r  s p a t i a l  r e s o l u t i o n  
o f  t h e  P A C  p r o f i l e s  i s  needed .  
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B E T  s p e c i f i c  s u r f a c e  a r e a  o f  p a r t i c l e s  i ,  r / k g  
Sherwood number f o r  p a r t i c l e s  i ,  d i m e n s i o n l e s s  
t e m p e r a t u r e ,  K 
s u p e r f i c i a l  ( empty  t u b e )  g a s  v e l o c i t y ,  m/s  

m o l e c u l a r  w e i g h t  o f  s p e c i e s  j ,  kg/kmol 
mole f r a c t i o n  o f  g a s e o u s  s p e c i e s  j ,  d i m e n s i o n l e s s  
h e i g h t  above  a i r  d i s t r i b u t o r ,  m 
e f f e c t i v e n e s s  f a c t o r  f o r  r e a c t i o n  o f  g a s e o u s  s p e c i e s  J w i t h  
p a r t i c l e s  i ,  d i m e n s i o n l e s s  

3 c o n c e n t r a t i o n  o f  p a r t i c l e s  i ,  kg/m 
s o l i d  d e n s i t y  o f  p a r t i c l e s  i ,  kg/rr3 
s p h e r i c i t y  o f  p a r t i c l e s  i ,  d i m e n s i o n l e s s  
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EFFECTS OF PYROLYSIS CONDITIONS OW COAL DEVOLATILIZATION 

J. D. Freihaut and D. J. Seery 
United Technologies Research Center 

East Hartford, CT 06108 

Phenomenological aspects of coal devolatilization are known to vary significantly 
with coal rank and the experimental conditions (1). Arrhenius rate parameters or 
volatile yields and product distributions can differ appreciably (2,3,4,5) for coals 
Of similar rank depending on the experimental configuration. Differences in pro- 
posed chemical kinetic mechanisms undoubtedly account for part of the differences 
in reported rate parameters. 
product yields and distributions and temperature sensitivities of global rates for 
similar coals implies that the observable path of the devolatilization process is 
the result of coupled chemical and transport processes. The physical characteris- 
tics of coal devolatilizing in a given set of conditions are also observed to vary 
significantly with chemical characteristics of the parent coal (6,7,8). And for a 
particular coal, the physical characteristics during devolatilization are observed 
to be a function of the conditions of heating (9.10,11,12). 
imply that observable behavior during coal devolatilization is a result of the 
coupling between the chemical nature of the parent coal and particular conditions 
of the experiment. 

Polycyclic aromatic hydrocarbon species represent a major fraction of the volatile 
yields obtained from a wide range of coals. The overwhelming majority of these 
species are condensible under conditions of normal temperature and pressure and 
are operationally referred to as coal tars. Tar yields obtained from the devolatil- 
ization of coal are sensitive functions of the chemical characteristics of the 
parent coal and the conditions of devolatilization. As tar yields for a particular 
coal are changed by variation o f  either the chemical characteristics of the parent 
coal or conditions of devolatilization, the yield structure and characteristics of 
the products are also changed. 

The purpose of this communication is to demonstrate that progress in understanding 
the relative importance of chemical and physical factors in coal devolatilization 
is linked to progress in understanding the formation, evolution and secondary reac- 
tions of PAH species which are apparently formed within the coal particle very 
early in the devolatilization process. More specifically, the objectrves are to 
demonstrate the significance of the tar formation and evolution phase of coal de- 
volatilization in detennining: 

However, experimentally associated variation of 

Such associations also 

1. 

2. 

3. 

the yield structure o f  volatile products from a range of coals; 

the change in yield structure with conditions of devolatilization; 

the degree of coupling between chemical and physical phenomena 
during the main phase of mass release. 
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Experimental 

Two experimental techniques were employed i n  obtaining the r e su l t s  - a heated grid 
apparatus and a f lash  lamp chamber. Figure 1 shows the heated g r i d  and associated 
control and monitoring connections. Since the power supply driving the  grid i s  
programmable, the heating r a t e  of t he  gr id  can be controlled by interfacing the  
power supply t o  microprocesses o r  c i r cu i t ry .  
t o  lo3 OC/sec a re  available by use of t h i s  technique. 
faced t o  an infrared gas c e l l .  
immediate analysis of low molecular we igh t  vo la t i l e s .  
the  heated grid (screen preparation, sample loading, thermocouple measurements) 
a re  given elsewhere (13,14). 

The grid technique, as employed in t h i s  laboratory,  cannot be used with par t ic les  
l e s s  than - 70 urn and heating r a t e s  are prac t ica l ly  limited t o  upper values 
- lo3 OC/sec. 
range a t  programmed heating r a t e s  of lo5  OC/sec. 
large thermal f lux /par t ic le  diameter r a t io s  a f lash  lamp assembly replaces the 
heated grid chamber of Fig. 1. 
tube i s  dusted with the coal. The tubes a re  2.5 cm in diameter and - 10 cm long 
and sealed a t  one end. The coated reac tor  tube i s  placed inside a helical  Xenon 
f lash  coil .  The f lash  in tens i ty  delivered t o  the  reactor tube i s  varied by the I 

energy stored in the 1125 uf capacitor bank attached t o  the f lash  lamp. 
to t a l  energy stored i n  the capacitor system i s  % C V 2 ,  an increase i n  voltage from 
1.5 t o  2.5 kV represented approximately a 2.8 increase i n  f l a sh  energy output. 
Since the discharge time and reactor geometry remain constant the increase in pro- 
grammed voltage represents an increase of 2.8 i n  radiation flux delivered t o  t h e  
I c o b ~ ~ r  chaiiiber. Pyrex reactor chambers were employed i n  most t e s t s  t o  avoid UV- 
induced secondary reactions. 

Programmed heating ra tes  of < 1°C/sec 
The heated grid ce l l  i s  inter-  

The ce l l  i s  coupled t o  an FT-IR instrument t o  allow 
Details of the operation of 

A d i f fe ren t  technique i s  needed t o  heat par t ic les  in the 1-70 um 
To obtain these conditions of 

In t h i s  technique the inside of a pyrex or quartz 

Since the 

I 

_^._ &-.- 

Sample s i zes  range in value from 3-10 mg. 

Coal Characterist ics 

The  location of the  samples on a H / C  vs. O/C p lo t  a r e  shown i n  Fig. 2 .  Figure 3 
displays changes i n  functional group absorption charac te r i s t ics  as  a function o f  
rank. I n  general, an increase i n  rank i s  associated with an increase in the  
resolution of the aromatic -H bending (680-920 cm-1 region) and aromatic -H 
stretching (3000-3100 an-'), a decrease in the  hydroxyl -H assoicated absorption i n  
the 3100-3600 cm-1 region, and a maximum i n  a l ipha t ic  -H absorption modes 2600- 
3000 cm-1 and - 1400 cm-1 regions f o r  h v  bituminous coals. I t  should be noted tha t  
these functional group spectra were obtained by a r t i f i c i a l l y  establishing a base- 
l ine .  
and 2000 an-l. The so-called "background" absorption beneath t h i s  chord l i ne  and 
the  raw spectra,  zero absorbance l i n e  i s  subtracted,  leaving the  chord l i ne  as  
the  new zero absorbance l i ne .  Although th i s  i s  a convenient method fo r  comparing 
changes i n  functional group appearance, i t  ignores the  substantial  changes i n  
op t ica l  density of coal with rank. 

Figure 4 shows the background absorption subtracted i n  t h i s  manner as  a function of 
carbon percentage content of the coal samples. 

A chord i s  drawn through the  loca l  spectra absorption minima a t  - 3600 cm-1 

Figure 5 shows the  remaining 
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i n teg ra ted  absorpt ion area (400-4000 un-'). 
be associated wi th  s p e c i f i c  f u n c t i o n a l  group c h a r a c t e r i s t i c s ,  t h e  area between the 
chord drawn base l i ne  and t h e  abso rp t i on  curve. 
cates t h a t  as t h e  f u n c t i o n a l  group abso rp t i on  c h a r a c t e r i s t i c s  o f  coa l  decrease, i t s  
amorphous background abso rp t i on  sha rp l y  increases.  
background abso rp t i on  a r e  n o t  w e l l  understood. 
o p t i c a l  a t tenua t ion  t o  p a r t i c l e  s c a t t e r i n g  e f f e c t s  i n  t h e  h a l i d e  m a t r i x  (15,16). 
Others a t t r i b u t e  t h e  b u l k  o f  t h i s  abso rp t i on  t o  photoabsorpt ion by condensed 
aromatic r i n g  species i n  t h e  coal  sample (17,18,19,20). 
of t h e  coal t h e  .g rea te r  t h e  photoabsorpt ion e f f e c t ,  t h a t  i s ,  t he  g r e a t e r  t h e  back- 
ground absorpt ion.  
r e f r a c t i v e  index f o r  a p a r t i c u l a r  coal r e l a t i v e  t o  t h e  h a l i d e  m a t r i x .  The s t reng th  
Of coupl ing remains t o  be q u a n t i f i e d .  Overa l l ,  t h e  t o t a l  o p t i c a l  d e n s i t y  of a Coal 
i s  a s t rong f u n c t i o n  o f  rank as measured by %C(daf). 

W i th in  the  hv b i tuminous coals ,  t h e  Western b i tuminous coals ,  a l though s i m i l a r  i n  
elemental composit ion t o  some i n t e r i o r  and Appalachian p rov ince  coals ,  show absorp- 
t i o n  c h a r a c t e r i s t i c s  i n d i c a t i n g  a lower degree o f  a r o m a t i c i t y .  Th i s  i s  i n d i c a t e d  
by the  ill resolved aromat ic  -H abso rp t i on  modes (680-920 un-l and 3000-3100 cm-l) 
and t h e  lower background absorpt ion than t h e  o t h e r  b i tuminous coals .  

As noted below, the  degree o f  aromatic r i n g  condensation has a s u b s t a n t i a l  in f luence 
on t h e  maximum PAH y i e l d s  ob ta inab le  f rom a coal  as w e l l  as t h e  s e n s i t i v i t y  o f  t h e  
y i e l d  t o  changes i n  p y r o l y s i s  cond i t i ons .  

Tar Evo lu t i on :  Coupling Between Coal C h a r a c t e r i s t i c s  and Moderate Heating Rates 

F igure 6 d i sp lays  t h e  mass f r a c t i o n  o f  d r y  coa l  evolved as v o l a t i l e s  f o r  t h e  range 
o f  coals  i n v e s t i g a t e d  and a t  t h e  hea t ing  cond i t i ons  i nd i ca ted .  A t  these cond i t i ons ,  
t o t a l  y i e l d  i s  e s s e n t i a l l y  independent o f  rank c h a r a c t e r i s t i c s  through h i g h  v o l a t i l e  
bituminous coals .  
f u n c t i o n  o f  rank c h a r a c t e r i s t i c s  o f  a coal .  
h igh  v o l a t i l e  bituminous coals  g i v e  h ighes t  y i e l d s  o f  t a r s  and, w i t h  the  except ion 
o f  a medium v o l a t i l e  bituminous coal ,  d i s p l a y  t h e  g r e a t e s t  f r a c t i o n  o f  v o l a t i l e s  
evolved as condensible PAH species. 
w i t h  hea t ing  cond i t i ons  f o r  a Western b i tuminous coa l .  
v o l a t i l e  y i e l d s  w i t h  hea t ing  cond i t i ons  f o r  f i n a l  temperatures beyond 700° C i n  
t h e  t ime  pe r iod  o f  t h i s  experiment. 
t a r  decreases s i g n i f i c a n t l y  w i t h  changes i n  programmed h e a t i n g  r a t e  from 150' C/sec 
t o  - 1000° C/sec. 
coals  y i e l d  t a r  species which a re  much l e s s  s e n s i t i v e  t o  changes i n  programmed heat- 
i n g  ra tes .  
programmed hea t ing  r a t e  i n  t h e  100-1000° C/sec range, whereas t a r  y i e l d s  from sub- 
bituminous and Western bituminous coals  can va ry  by as much as 50% over  t h i s  range. 
The a romat i c i t y ,  and, consequently t h e  chemical and thermal  s t a b i l i t y  o f  t h e  mix 
o f  molecular  components i n  t h e  parent  coa l  has a g r e a t  deal  o f  i n f l u e n c e  on t h e  t a r  
e v o l u t i o n  p r o p e r t i e s  o f  a coa l .  

The t a r  e v o l u t i o n  p o t e n t i a l  o f  a coal i s  a l s o  observed t o  have a s i g n i f i c a n t  i n f l u -  
ence on the  temperature t r a j e c t o r y  o f  t he  heated g r i d  i n  immediate con tac t  w i t h  t h e  

Th is  i s  t h e  abso rp t i on  area assumed t o  

Inspec t i on  o f  F igs.  4 and 5 i n d i -  

Some i n v e s t i g a t o r s  r e l a t e  such 
The under l y ing  cause of t he  

The g rea te r  t h e  a r o m a t i c i t y  

The two phenomena a re  undoubtedly coupled v i a  t h e  complex 

However, as F igs.  7 and 8 i n d i c a t e ,  t h e  t a r  y i e l d  i s  a s e n s i t i v e  
Appalachian and I n t e r i o r  prov ince 

F igure 9 i n d i c a t e s  t h e  v a r i a t i o n  i n  t a r  y i e l d s  
There i s  l i t t l e  change i n  

However, t h e  f r a c t i o n  o f  v o l a t i l e s  evolved as 

Tar y i e l d s  from Appalachian and I n t e r i o r  p rov ince  b i tuminous 

Such coals  show l e s s  than 10% change i n  t a r  y i e l d  w i t h  changes i n  
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coal sample. 
can have on a programmed temperature t r a j ec to ry  i n  low pressure conditions,  

Figure 11 shows the time resolved associated between the l o w  pressure evolution of 
the  t a r  component of the vo la t i l e s  and the warp i n  the  programed temperature 
t ra jec tory .  Figures 9 and 11 indicate t h a t  i n  low ambient pressure conditions 
the  formation and evolution of PAH species precedes s ign i f icant  l i gh t  gas evolution. 
To verify the r e l a t ive  release times, high speed films of the t a r  release process 
were made. 

Figure 10 shows the e f f ec t  which t a r  evolution properties of a coal 

Frame-by-frame inspection o f  these fi lms were compared t o  the  rapid scan infrared 
data and real time pressure and temperature data.  For the  coals examined in t h i s  
manner. 

1 .  The i n i t i a l  temperature deviations a re  closely associated with the 
t a r  formation and release.  

2 .  The onset o f  the t a r  release precedes the onset of the  major l i gh t  
gas release.  

The l i gh t  gas evolution occurs mainly i n  t he  secondary temperature 
r i s e .  

3. 

4 .  Rocky M t .  province h i g h  v o l a t i l e  bituminous coals displayed more 
everlap i n  the  t a r  and l i g h t  gas evolution than the Appalachian 
province h i g h  vo la t i l e  bituminous coais. 

Lower -rank coals gave increasingly grea te r  degrees of overlap 
between the  l igh t  gas and t a r  evolution phases of devola t i l i za t ion .  

5.  

Dependence of Coal Nitrogen Evolution on Tar Evolution Characterist ics 

For f ina l  temperature < 1008C and heating r a t e s  102-103 OC/sec, t he  d is t r ibu t ion  
of coal nitrogen i n  the t a r ,  char o r  l i gh t  gases produced by devola t i l i za t ion  i s  
dependent on the chemical charac te r i s t ics  of the coal i n  a manner analogous t o  the 
d is t r ibu t ion  of coal mass as t a r .  char or l i g h t  gas .  An increase in the  t a r  f rac-  
t ion  of the vola t i les  w i t h  increase i n  aromaticity of the parent coal resu l t s  in 
a proportionate increase i n  coal nitrogen in the  t a r .  A decrease in t a r  y ie ld  f o r  
a par t icu lar  coal by increases i n  apparent heating r a t e  r e su l t s  in a proportionate 
decrease i n  coal nitrogen evolved as  t a r .  
nitrogen i s  primarily evolved as  H C N .  
evolution of the  coal nitrogen and the dependence on aromaticity of the  parent coal 
a r e  i l l u s t r a t ed  by Figs. 12-14. 
coals are given elsewhere (21). 

As the  tar yield decreases, t he  t a r  
The coupling between the  t a r  and gaseous 

Mass balance de t a i l s  and d is t r ibu t ions  f o r  other 

Effect of Low and High Programmed Heating Rates 

Table I displays the sizable var ia t ion  in so l ids  and t a r  y ie lds  w i t h  programmed con- 
di t ions  of heating for  two h v  bituminous coals.  Inspection of Table 1 indicates tar 



TABLE 1 

VARIATION OF CHAR AND TAR YIELDS WITH HEATING RATES 

~~ ~ 

0 Programed Heat ing W t %  Wt% Tar 
Coa 1 Rate (OC/sec) Char/Soot (THF So lub le )  F i n a l  Temp. C 

Utah B i t .  1 63 10  800 

1 o2 53 30 800 

1 o3 51 17 900 

+1 OS* 7bt 14 ** 

Ken B i t .  1 62 15 800 

1 o2 52 39 800 

103 50 35 900 

+1 OS* 61t 21 ** 

F lash  lamp operated a t  2.5 kV-1125 v f  d ischarge c o n d i t i o n s ,  2 msec f l a s h  p u l s e  
P a r t i c l e  s i z e  range o f  coal  -140+325 mesh i n  a l l  runs.  

** 
Not known. 

'A f r a c t i o n  o f  non-THF s o l u b l e  t a r s  has s o o t - l i  ke phys i ca l  c h a r a c t e r i s t i c s .  
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y i e l d s  and char  y i e l d s  a re  min imized f o r  hv B i t  coa ls  i n  moderate hea t ing  condi t ions 
and low pressure cond i t i ons .  
have t h e  e f f e c t  o f  decreasing t a r  y i e l d s  w h i l e  i nc reas ing  s o l i d s  y i e l d s ,  e i t h e r  i n  
t h e  form o f  cha r  o r  a combination of char  and soot .  
thermal f l u x  c o n d i t i o n s  i n  t h e  t a r  f o rma t ion  and e v o l u t i o n  stages. 

Very low h e a t i n g  r a t e s  and ve ry  h i g h  hea t ing  ra tes  

L i g h t  gas y i e l d s  r e f l e c t  the 

Summary and Discuss ion o f  Resul ts  

The format ion and e v o l u t i o n  o f  PAH species i n  coal  d e v o l a t i l i z a t i o n  i s  observed t o  
be a s e n s i t i v e  f u n c t i o n  o f  t h e  mix o f  mo lecu la r  species present  i n  t h e  pa ren t  coal. 
Through h i g h  v o l a t i l e  b i tuminous c o a l s  and w i t h i n  moderate hea t ing  cond i t i ons ,  PAH 
y i e l d s  i nc rease  wi th  apparent a r o m a t i c i t y  o f  t h e  coal .  Those coa ls  having t h e  
g r e a t e r  a r o m a t i c i t y ,  as i n d i c a t e d  by i n f r a r e d  abso rp t i on  c h a r a c t e r i s t i c s ,  g i v e  con- 
s i s t e n t l y  g r e a t e r  t a r  y i e l d s  than l e s s  aromat ic  samples. Such coa ls  a l s o  show less 
v a r i a t i o n  i n  t a r  y i e l d s  w i t h  changes i n  hea t ing  r a t e .  For moderate hea t ing  ra tes  
t o  f i n a l  temperatures l e s s  than  1000° C, t h e  coal  n i t r o g e n  e v o l u t i o n  m i r r o r s  the  
pa ren t  coal e v o l u t i o n  as char, t a r  o r  l i g h t  gas species on a mass f r a c t i o n  bas is .  
Heating r a t e s  o f  l o  C/sec o r  l e s s  a r e  observed t o  lower  t a r  y i e l d s  o f  b i tuminous 
coa ls  wh i l e  i nc reas ing  char and l i g h t  gas y i e l d s .  On t h e  o t h e r  hand, p rog ramed  
hea t ing  r a t e s  o f  105-106 OC/sec a l so  r e s u l t  i n  a decrease i n  t a r  y i e l d s  w i t h  an 
increase i n  s o l i d  species products .  A f r a c t i o n  o f  these s o l i d s  appear t o  be soot 
p a r t i c l e s .  Gaseous y i e l d s  o f  coals  sub jec ted  t o  such h igh  thermal f l u x e s  show 
C2H2, CO, CH4, HCN, C2H4 and polyacety lenes as t h e  predominant gas phase species. 

Not on l y  do t a r  y i e l d s  vary w i t h  hea t ing  cond i t i ons  b u t  e v o l u t i o n  t imes va ry  s i g -  
n i f i c a n t l y  as w e l l .  
x d e r  o f  severa i  m i l l i s e c o n d s  i n  the  h ighes t  p rog ramed  h e a t i n g  r a t e s  employed t o  
f r a c t i o n  o f  seconds t o  seconds i n  moderate hea t ing  r a t e  cond i t i ons ,  and hundreds o f  
seconds i n  t h e  lowest  hea t ing  r a t e s  employed. 
spec ies appears t o  begin 
temperature range. 
heat  and mass t r a n s f e r  parameters as w e l l  as chemical c h a r a c t e r i s t i c s  o f  these 
p r imary  t a r s .  
t h e  l e s s  secondary chemical reac t i ons  i n f l u e n c e  observable behavior. For these 
coals ,  the i n i t i a l  mass loss o f  t h e  coa l  i s  l i k e l y  heat  and mass t r a n s p o r t  l i m i t e d .  
For  h ighe r  rank coa ls ,  t h e  p r imary  t a r s  are l i k e l y  t o  be o f  such molecular  weights 
and dimension t h a t  secondary char- forming reac t i ons  w i l l  become compe t i t i ve  w i t h  the  
t a r  e v o l u t i o n  process. 
r e s u l t s  r e f l e c t  t h e  coupled e f fec ts  o f  i n t r i n s i c  and e x t r i n s i c  parameters on pr imary 
PAH format ion and e v o l u t i o n .  

Tar format ion and e v o l u t i o n  t i m e s  ITP oS:~TL'E: io Le o f  t n e  

Formation o f  p o l y c y l c i c  aromat ic  
a t  r e l a t i v e l y  low temperature, t h a t  i s  i n  t h e  300-4750 C 

The u l t i m a t e  t a r  y i e l d  than appears t o  be a complex f u n c t i o n  o f  

Fo r  hv B i t  coa ls  and lower  ranks, t he  more aromat ic  t h e  p r imary  ta rs ,  

I n  view of such considerat ions,  t h e  wide v a r i a t i o n  i n  repo r ted  

Low hea t ing  r a t e s  a l l o w  secondary char- forming reac t i ons  o f  t a r s  t o  take  p lace w i t h i n  
t h e  coa l  p a r t i c l e .  Very h igh  hea t ing  r a t e s  i n t roduce  secondary c rack ing  and r i n g  
condensation r e a c t i o n s  o f  Primary t a r s  as they  evolve.  
mary t a r s  t o  undergo char- forming o r  c rack ing  reac t i ons  i s  a f r a c t i o n  o f  chemical 
c h a r a c t e r i s t i c s  o f  t h e  pr imary t a r s .  As noted i n  t h e  I n t r o d u c t i o n  t h e  development 
o f  a comprehensive model o f  coa l  devolatilizationlpyrolysis f o r  a s i n g l e  rank o f  
coal  i n  a range o f  cond i t i ons  o r  a range o f  coa ls  i n  a s i n g l e  c o n d i t i o n  i s  cont ingent  
upon fundamental s tud ies  of  t h e  fo rma t ion  and e v o l u t i o n  of pr imary PAH species. 

The s u s c e p t i b i l i t y  o f  p r i -  
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FIG. 1. Schematic of coal/devolatilization appa 
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Fig. 13 Nitrogen d i s t r i b u t i o n  i n  
devolat i  1 i z a t i o n  products ; Appalachian 
Province bituminous coal; 0 = char, 

= t a r ,  A= HCN. 

ta r ;  A HCN. 

IN, MASS FRACTION OF COAL NITROGEN 
EVOLVED AS TAR 

Fig. 14. Mass f r a c t i o n  p a r i t y  between 
evolved t a r  and coal nitrogen as 
ta r ;  A = Rocky M t .  B i t ;  0 = Appalachian 
B i t ;  0 = Subbituminous. 
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Internal and External M a s s  T r a n s f e r  L i m i t a t i o n s  in Coal Pyrolysis 

P h i l l i p  E. U n g e r *  
Dept . o f  C h e m .  E n g . ,  C a r n e g i e - M e l l o n  University, P i t t s b u r g h , P a .  15213 

Eric M .  Suuberg 
D i v i s i o n  of Engineering, Brown U n i v e r s i t y ,  P r o v i d e n c e ,  R . I .  02912 

Introduction 

T h e  recent w o r k  of P r o f e s s o r  Howard and colleagues at M I T  has 
helped f o c u s  attention u p o n  t h e  s i g n i f i c a n t  role that m a s s  transfer 
limitations c a n  play in s h a p i n g  the pyrolysis behavior of c o a l s  (see, 
f o r  example, t h e  r e v i e w  by J . B .  Howard,l.981). D e s p i t e  having learned a 
great deal f r o m  these and earlier Studies, i t  is fair to say that much 
r e m a i n s  -to be learned o n  t h i s  t o p i c .  T h e  present paper outlines some 
recent reiults o f  r e l e v a n c e .  T h e  focus h e r e  will be mainly on s t u d i e s  o f  
high heating r a t e  pyrolysis o f  f i n e l y  ground c o a l s  ( l e s s  than a 
millimeter in diameter) in low p a r t i c l e  concentration e n v i r o n m e n t s .  Such 
c o n d i t i o n s  of c o u r s e  e.xist in a n  enormous variety o f  coal conversion 
processes. T h e  present f o c u s  is n a r r o w e d  f u r t h e r  by considering only the 
tar products o f  p y r o l y s i s .  Not only a r e  these species central in 
discussions o f  m a s s  transfer limitations, but they are o f  considerable 
interest a s  dominant p r o d u c t s  o f  m o s t . c o a l  pyrolysis p r o c e s s e s .  Also, 
the topic o f  tar chemisty f i t s  in w e l l  w i t h  Professor H o w a r d ' s  own 
discussion in t h i s  session, s i n c e  tars have been suggested a s  key 
intermediates in c e r t a i n  soot f o r m a t i o n  processes during c o m b u s t i o n  o f  
coal (Seeker et a l .  , 1 9 8 1 ;  M c l e a n  et a l .  1981). 

Background 

I t  is customary to e x p l o r e  f o r  internal m a s s  transfer 
limitat ions in gas-solid r e a c t i o n  systems b y  p e r f o r m i n g  experiments at 
various particle d i a m e t e r s .  U n f o r t u n a t e l y ,  data o n  the variation of 
pyrolysis product y i e l d s  w i t h  p a r t i c l e  diameter a r e  o f t e n  influenced b y  
unintentional variations in heat transfer conditions ( J . B .  Howard et 
a 1 . , 1 9 8 1 ) .  In addition, e v e n  in situations in w h i c h  heat transfer t o  
particles is relatively w e l l  defined ( a s  in the heated w i r e  mesh 
technique described below), t h e r e  are s o m e t i m e s  d i f f i c u l t i e s  in particle 
siz-e characterization, s i n c e  p a r t i c l e s  s o f t e n ,  s w e l l ,  andlor f l o w  o n  the 
s u r f a c e  o f  solid s u p p o r t s  d u r i n g  pyrolysis. Consequently, most reliable 
i n f o r m a t i o n  on m a s s  transfer e f f e c t s  during rapid pyrolysis of fine 
Particles has c o m e  f r o m  e x p e r i m e n t s  in w h i c h  the primary variable is 
external g a s  pressure. 

It is w e l l  e s t a b l i s h e d  that pyrolysis o f  c o a l s  under reduced 
pressures leads to increased volatile m a t t e r  yields, compared to 
pyrolysis under atmospheric p r e s s u r e  (H.C.Howard,l945.1963; Anthony and 
J . B .  Howard.1976; J . B .  Howard.1981). T h e r e  also remains little question 
that a n  increase in tar yield is mainly responsible for this increase in 
volatile matter yields ( s e e  a b o v e  reviews and S u u b e r g  et a1.,1979a). Tar 
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IS h e r e  crudely d e f i n e d  as any r o o m  temperature cond.ensable products O f  
P Y r O l Y s i s ;  water is. excluded, b u t  small amounts of product that iS 
sometimes categorized a s  "oil" m a y  be included. T h e  increase in tar 
y i e l d s  under reduced pressure h a s  been qualitatively explained in the 
f o l l o w i n g  terms. W h e n  heated, the coal "depolymerizes", yielding 
tar-like s p e c i e s .  ~f these s p e c i e s  a r e  quickly transpor-ted away f r o m  the 
particle, they are observed as part of the tar products O f  p Y r O l Y S i S .  
I f ,  however, the s p e c i e s  a r e  g i v e n  long times in the hot environment o f  
the particles, they may be "repolymerized" into the m a s s  o f  the 
P a r t i c l e ,  and, later b e  c o u n t e d  in w i t h  the c h a r .  

W h i l e  therc is l.ittle d e b a t e  over this q u a l i t a t i v e  picture, 
the development o f  quantitative m o d e l s  h a s  revealed a great diversity o f  
opinion concerning the n a t u r e  o f  volatiles t r a n s p o r t .  S o m e  have m o d e l e d  
the controlling transport processes by u s e  o f  empirical external m a s s  
t r a n s f e r  c o e f f i c i e n t s  (.Anthony et a 1 . , 1 9 7 4 ;  R e i d e l b a c h  and 
SummerfieId.1975). some by postulating internal pore transport to be 
limiting (Russel et a 1 . , 1 9 7 9 ;  Melia and B o w m a n , 1 9 8 2 ,  the latter a l l o w i n g  
for bubble f o r m a t i o n ) ,  o n e  by c o n s i d e r i n g  n u c l e a t i o n  and m o t i o n  o f  
bubbles w i t h i n  s o f t e n e d  coal particles (Lewellen.1975) another by 
considering the m o t i o n  o f  volatiles in pseudo-bubbles (not accounting 
f o r  particle s w e l l i n g ,  J a m e s  and M i l l s ,  1976), and some by employing 
both a crude model o f  pore d i f f u s i o n  and a n  external film c o e f f i c i e n t  
( C h e n  and W e n ,  1979). Other m o d e l s  have m o r e  'explicitly consgdered h o w  
product compositions m a y  vary during p y r o l y s i s .  O f  these, several have 
represented gas f i l m  d i f f u s i o n  a s  controlling, m u c h  as in classic 
droplet . evaporation m o d e l s  ( S u u b e r g  et a 1 . , 1 9 7 9 b ;  Unger and 
Suuberg,l981; and Zacharias.1979). In other c a s e s ,  pore transport m o d e l s  
h a v e  again been developed ( C a v a l a s  .and W i l k s , 1 9 8 0 ;  Cheong,1977). 
Finally, in one case, m a s s  transport limitations h a v e  been handled 
through the use of a pseudo-chemical kinetic model ( S o l o m o n  and 
Colket.1979). 

I t  is apparent that there c o n t i n u e s  to be considerable 
disagreement as t o  the true n a t u r e  of m a s s  transfer limitations which 
a r e  responsible f o r  the observed effect.5 o f  p r e s s u r e .  Part o f  the 
di5agreemen.t c o n c e r n s  the location o f  the m a i n  transport limitation- 
whether i t  is internal or external to the pyrolyzing coal particle. 
Another source o f  the apparent disagreement between different workers 
concerns the n a t u r e  of the starting coal- w h e t h e r  i t  is s o f t e n i n g  or 
non-softening ( i n  the former case, i t  m a k e s  more sense to m o d e l  the 
particle as essentially a droplet). In this paper, some of these issues 
are readdressed in the context of newly available data o n  t h e  n a t u r e  o f  
coal tars. 

General O b s e r v a t i o n s  C o n c e r n i n q  M a s s  T r a n s f e r  Limitations Durixg 
P v r o  l y s  is 

T h e r e  is a paucity of information concerning the e f f e c t  o f  
pressure on product yields observed during p y r o l y s i s .  Figure 1 presents 
an attemp't at summarizing the majority o f  relevant data concerning 
pressure e f f e c t s  o n  tar yield5 during p y r o l y s i s .  I t  is a plot of 
reported tar yield v s .  pressure, w h i c h  illustrates the general feature 
of decreasing tar yield w i t h  increasing pr e s s u r e .  In order to compare 
the results f o r  a w i d e  range of ranks in a s i n g l e  f i g u r e ,  the data f o r  
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each coal have b e e n  " n o r m a l i z e d "  by d i v i d i n g  tar yield at a particular 
pressure b y  t h e  m a x i m u m  tar y i e l d  w h i c h  c a n  b e  obtained w i t h  that coal, 
T h i s  m a x i m u m  tar yield n a t u r a l l y  o c c u r s  at t h e  lowest pressure'examined 
during t h e  g e r i e s  of e x p e r i m e n t s  o n  t h e  particular c o a l .  Table 1 
s u m m a r i z e s  the c o n d i t i o n s  under w h i c h  the d a t a  in Figure 1 were 
o b t a i n e d .  W h e r e  a c t u a l  tar yield d a t a  w e r e  not a v a i l a b l e ,  a correlation 
based o n  all t h e  a v a i l a b l e  tar yield data w a s  used to estimate 
n o r m a l i z e d  tar y i e l d s  f r o m  w e i g h t  l o s s  d a t a .  T h i s  correlati,on was of 
form: 

N o r m a l i z e d  tar yield=1-0.55((v - V ) / ( V ~ - ~ ~ ) )  

w h e r e  v,, is t h e  w e i g h t  loss at t h e  lowest p r e s s u r e  employed in the 
s t u d y ,  v is t h e  w e i g h t  l o s s  at t h e  highest pressure employed in the 
study, a n y  v is t h e  actual w e i g h t  loss at t h e  pressure of interest. 

A rather c o n s i s t e n t  trend of decreasing' tar yield with 
increasing p r e s s u r e  is o b s e r v e d  in F i g . 1 .  N o t e  that the data include 
b o t h  s o f t e n i n g  c o a l s  a n d  n o n - s o f t e n i n g  c o a l s ,  ranging in rank from 
lignite to l o w  v o l a t i l e  b i t u m i n o u s .  I t  is noteworthy that t h e  points 
w h i c h  s e e m .  t o  f a l l  a b o v e  t h e  genera.1 trend a r e  m a i n l y  those w h i c h  were 
n o r m a l i z e d  w i t h  respect t o  0.1 a t m  tar yield data. B o t h  the data of 
Anthony et aI.(1974.) and A r e n d t  a n d  v a n  H e e k ( l 9 8 1 )  imply that 0 . 1  a t m  is 
s t i l l  a h i g h  e n o u g h  p r e s s u r e  s u c h  that an additional d e c r e a s e  in 
pressure might tend t o  increase tar y i e l d s  f u r t h e r ;  thus the 
n o r m a l i z a t i o n  factor a p p l i e d  t o  t h e  data o f  Arendt and van Heek(l981) 
and Cavalas and Wilks(i980) m i g h t  be relatively higher t h a n  that applied 
to the other d a t a .  W e r e  lower p r e s s u r e  d a t a  available in these latter 
t w o  Cases, i t  is p o s s i b l e  that n o r m a l i z a t i o n  w i t h  respect to s u c h  data 
w o u l d  pull t h e s e  groups' r e s u l t s  into e v e n  better a q r e c r u e l l i  w i t h  the 
general t r e n d .  

On t h e  b a s i s  of t h e  general agreement between the diverse sets 
of data s h o w n  in F i g .  1 ,  i t  m ight be concluded that t h e  e f f e c t  of 
e x t e r n a l .  pressure is s i m i l a r  in all ranks of c o a l .  Of c o u r s e  t h e  coals 
that produce t h e  largest a m o u n t s  o f  tar are l i k e w i s e  those w h o s e  product 
y i e l d s  a r e  most s e n s i t i v e  to v a r i a t i o n s  in p r e s s u r e .  T h e  actual nature 
of t h e  m a s s  t r a n s f e r  p r o c e s s  r e s p o n s i b l e  f o r  s u c h  behavior is still 
u n k n o w n ,  h o w e v e r .  S o m e  order o f  m a g n i t u d e  a n a l y s e s  have been advanced to 
elim'inate a f e w  p o s s i b i l i t i e s .  

I f  a p a r t i c l e  is non-softening and ordinary gas phase 
d i f f u s i o n  w e r e  s o l e l y  r e s p o n s i b l e  f o r  transport o f  tar, Russel et 
a1.(1979) h a v e  pointed out that internal pore d i f f u s i o n  w o u l d  almost 
certainly be c o n t r o l l i n g .  I t  is p o s s i b l e  that either pressure driven 
bulk f l o w  cr K n u d s e n  d i f f u s i o n  m i g h t  play a role in pore transport 
(,though i t  m ust b e  recalled that the latter does not depend upon 
pressure). N i k s a ( i 9 8 1 )  c o n c l u d e s  that bulk f l o w  m u s t  control f l o w  out of 
t h e  pores, s o  long a s  t h e  p a r t i c l e  retains its identity a s  a s o l i d ;  
h o w e v e r ,  the possible role o f  a n  external g a s  film limitation is not 
consider ed . 

I f  t h e  coal p a r t i c l e  s o f t e n s ,  Attar(1978) h a s  proposed that a 
c o m p e t i t i o n  e x i s t s  b e t w e e n  l i q u i d  phase d i f f u s i o n  and bubble nucleation 
w i t h i n  particles. W h i l e  p l a u s i b l e ,  i t  s e e m s  equally likely that bubbles 
a r e  formed by g a s  P r e s s u r e  s w e l l i n g  pores originally p r e s e n t . w i t h i n  the 
p a r t i c l e .  It is not clear h o w  important bubble transport o f  tar s p e c i e s  
i s .  A small b u b b l e  b r e a k i n g  t h e  s u r f a c e  o f  t h e  p a r t i c l e  only s e r v e s  to 
increase the s u r f a c e  a r e a  o f  t h e  particle s l i g h t l y ,  but a large bubble 
s w e l l i n g  the p a r t i c l e  into a c e n o s p h e r e  increases its s u r f a c e  area 
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enormOUSly. T h e  extent to w h i c h  bubbles aid in diffusion of 5 p e c i . e ~  f r o m  
bulk t o  s u r f a c e  is a l s o  u n c l e a r .  .In a d d i t i o n ,  i t  is possible that bubble 
growth and m p t i o n  could be a s o u r c e  o f  internal m i x i n g .  I t  is d i f f i c u l t  
to make any general s t a t e m e n t s  about the effect o f  b u b b l e s  or their 
s i g n i f i c a n c e ,  except that i t  is likely that their presence will enhance 
transport r a t e s .  T h e  re-mainder of the d i s c u s s i o n  o n  transport in the 
Case o f  softening c o a l s  will disregard the r o l e  o f  bubbles. 

S o f t e n e d  coal p a r t i c l e s  h a v e  been previously viewed as 
analogous to multicomponent liquid droplets (Unger an,d Suuberg,l981). 
Consider the r a t i o  -of characteristic time for internal liquid phase 
dif-fusion of tars f r o m  t h e  bulk to the p a r t i c l e  s u r f a c e  ( t i )  t o t h e  
characteristic time f o r  external d i f f u s i o n  of t h e  tar through a stagnant 
vapor f i l m  w h i c h  s u r r o u n d s . t h e  p a r t i c l e  ( t  ) :  

t . I t  5 D C y / D  E 8 

where D v  and D are vapor aAd f i q u ~ d v d i f k u k i v i t i e s , r e s p e c t i v e l y ;  C and 
c are vapor L p h a s e  and particle phase mo-lar d e n s i t i e s ;  y IS t h e  zapor 
pkase mole fr.actiqn o f  a tar s p e c i e s  at the particle s u r f a o e , a n d  x is 
the liquld phase m o l e  f r a c t i o n  o f  a tar s p e c i e s  at the particle s u r f a c e .  
BY use of Raoult's L a w ,  ' i f  P o  is t h e  vapor p r e s s u r e  of t h e  tar species. 
Y / X = P o / P  , In the c a s e  o f  atmospheric pressure pyrolysis, P ' is 1 
a t m .  a n i o t ( C V /  C ) is o f  order 1 0 - 2  to Neither Po nor b ' \ D L  is 
k n o w n  priori. in particular, D L  is d i f f i c u l t  to estimate, eve: to a n  
order o'f magnitude. 

I t  h a s  b e e n  suggested that D L  c a n  b e  estimated by use o f  the 
Stokes-Einstein equation to be o f  the order o f  1 0 - 1 4 s q . C m / s e C  
(Cavalas.1982). U n f o r t u n a t e l y ,  s u c h  e s t i m a t e s  a r e  based o n  having a 
knowledge o f  coal viscosity, w h i c h  is itself u n k n o w n  to even a n  o r d e r  o f  
m a g n i t u d e  under the high heating rate, high temperature c o n d i t i o n s  o f  
interest here. In addition, recent m e a s u r e m e n t s  of the d i f f u s i v i t y  o f  
naphthalene in hi g h  viscosity oils h a v e  s h o w n ,  the Stokes-Einstein 
equation to be invali-d (Hiss and Cussler.1973). T h i s  is not surprising, 
since this e q u a t i o n  h a s  b e e n  d e r i v e d  assuming a large disparity in the 
s i z e  of solvent a n d '  solute, a condition w h i c h  is met in neither coal 
m e l t s  nor the experiments described a b o v e .  A l t h o u g h  i t  is impossible to 
m a k e  even a c r u d e ' e s t i m a t e  of D , i t  is reasonably c e r t a i n  that i t  will 
be smaller than IO-5sq.cmlsec. \mplying that (D I D L )  is larger t h a n  1 0 5  
o r  l o 6 .  Hence, unles's Po is of order or l e s s ,  internal d i f f u s i o n  
will definitely control. 

Again, Po is d i f f i c u l t  to e s t i m a t e ,  because t h e r e  exist no 
vapor pressure data f o r  t h e  t y p e  o f  coal tar5. of' intereat. T o  m a k e  a 
c r u d e  estimate, w e  have improved a previously used (Suuberg et a 1 . , 1 9 7 9 )  
simple correlation for v'apor p r e s s u r e s  o f  high molecular weight 
hydrocarbons : 

w h e r e  MW is m o l e c u l a r  .weight and T is te m p e r a t u r e  in K .  S e e  T a b l e  2 for 
a comparison o f  t h e  predictions o f ' t h e  correlation to vapor pressure 
d a t a .  Note that the. c o r r e l a t i o n  d o e s  not i n c l u d e  any structural 
information, nor h a s  i t  b een .tested against d a t a  o n  h i g h  molecular 
weight m a t e r i a l s  w i t h  significant heteroatom cqntents.. Considering 
"typical" tar m o l e c u l a r  w e i g h t s  in th e  r a n g e  5 0 0  to 2 0 0 0  (Un er and 
Suuberg,l983a), at temperatures around 1000K. then apparently P i  is of 
o r d e r  I O - '  to l o q 6  atm. O n  t h e  b a s i s  of t h i s  r a n g e  of values, i t  is 
impossible to d r a w  a ,  f i r m  c o n c l u s i o n  ,regarding the relative importance 
o f  internal and esternal m a s s  transfer limitations. I t  is p o s s i b l e  that 

a 

PO(.atm)= 5?56*exp(-i55*MGIo.5861T) 
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the escape o f  light s p e c i e s  is limited b y  internal d i f f u s i o n  rates, but 
the escape o f  h e a v y  s p e c i e s  is limited by external film diffusion. 

In this paper, w e  e x p l o r e  some n e w  experimental evidence which 
s h e d s  some light u p o n  t h e  n * t u r e  of t h e  transport limitations which 
exist during coal p y r o l y s i s .  O t h e r  important aspects have been presented 
e l s e w h e r e  ( U n g e r  and Suuberg, 1 9 8 3 a , 1 ? 8 3 b ) .  

Exper imental 

D a t a  will be p r e s e n t e d  on the m o l e c u l a r  weight distributions 
o f  tars produced under a va.riety of pyrolysis c o n d i t i o n s .  The 
experimental ' technique h a s  b e e n  described in detajl elsewhere(Unger and 
Suuberg,1?83a). T h e  w i d e l y  u s e d  heated w i r e  m e s h  t e c h n i q u e  w a s  used to 
p y r o l y z e  small (10-20mg) s a m p l e s  of c o a l .  In these experiments, a thin 
layer o f  coal is u n i f o r m l y  spread on a w i r e  m e s h  w h i c h  is heated 
electrically at a predetermined rate to a peak temperature, f r o m  which 
the sample is then immediately recooled without a n  intervening 
isothermal p e r i o d ,  T h e  m e s h  is contained inside of a reactor shell which 
is filled w i t h  helium at t h e  desired p r e s s u r e ;  the h e l i u m  remains 
relatively cold throughout t h e  e x p e r i m e n t ,  a s  t h e  m e s h  is the only part 
o f  t h e  -apparatus w h i c h  is h e a t e d .  S i n c e  t h e  m e s h  offers l i t t l e  
resistance to escape o f  v o l a t i l e  products from the thin layer o f  
particles w h i c h  rest u p o n  it, t h e  v o l a t i l e s  m a y  be assumed to be 
immediately quenched u p o n  e s c a p e  f r o m  t h e  particle (this point is 
discussed further below). 

T a r s  a r e  gathered by w a s h i n g  t h e  reactor w i t h  tetrahydrofuran 
( T H F )  and are analyzed by liquid chromatography for m o l e c u l a r  weight 
d i s t r i b u t i o n .  In a f e w  c a s e s ,  extracts of the c h a r s  w e r e  obtained by 
s o a k i n g  t h e  c h a r s  in boiling TKF i c r  s t  l e ~ s t .  1 5  m i n u t e s ,  in an 
ultra'soonic bath. T h e s e  e x t r a c t s  w e r e  analyzed in the same manner as tars 
f o r  their m o l e c u l a r  weights., 

In a f e w  c a s e s ,  t a r s  w h i c h  had previously escaped the coal 
particles w e r e  reheated in t h e  w i r e  m e s h .  T h e  s a m p l e  s i z e s  w e r e  roughly 
iOmg.'and the r u n  procedures w e r e  identical in every respeot to the coal 
pyrolysis runs. 

F i n a l l y ,  a f e w  coal p y r o l y s i s  experiments w e r e  performed in an 
atmosphere o f  pure nitric o x i d e  (NO). Again, the technique w a s  otherwise 
identical to that used. in n o r m a l  coal pyrolysis experiments. 

T a b l e  3 gives elemental c o m p o s i t i o n s  of all coals examined in 
t h i s  study. 

g e s u l t s  and D i s c u s s i o n  

figure 2 displays m o l e c u l a r  .weight data for Bruceton standard 
h i g h  v o l a t i l e .  b i t u m i n o u s  co'al tars and extracts. T h e s e  data will be 
discussed at length e l s e w h e r e  (Unger and S u u b e r g , l 9 8 3 a )  and are shown 
h e r e  only as a f r a m e w o r k  f o r  subsequent d i s c u s s i o n .  I t  should be 
emphasized that the B r u c e t o n  coal is a s o f t e n i n g  c o a l .  Results f'or 
n o n - s o f t e n i n g  o o a l s  will be given b e l o w .  Several. conclusions h a v e  been 
d r a w n  from these data: 

-Tars produced at a t m o s p h e r i c  pressure are significantly lighter in 
molecular weight t h a n  tars produced a C v a c u u m .  T h e  number average 
molecular w e i g h t  f o r  t h e  atmospheric p r e s s u r e  tars is typically 

282 



between 3 3 0  a n d . 3 5 0 ,  w h e r e a s  for v a c u u m  tar i t  is 4 3 0  to 460. 
-Both vaouum and atmospherio pressure t a r s  a r e  s i g n i f i o a n t l g  
light'er t h a n  the extractable tars left behind in the p a r t i c l e ;  
there is clearly a selective distillation. 
-Neither vacuum nor atmospheric pressure tar molecular weight 
distributions s h o w  m u c h  sensitivity. t o  temperature. 

Subsequent w o r k  has revealed several other points(Unger and S u u b e r g ,  
1983b): 

-There is a low inventory of extractable m a t e r i a l  present in the 
particle over the period o f  most active tar evolution. 
-The large d i f f e r e n c e  in yields o f  atmospheric pressure and vacuum 
tars develops mainly at peak temperatures in excess o f  about 5 5 O o C .  
Above this temperature, vacuum tar c o n t i n u e s  t o  be evolved, whereas 
atmospheric tar evolut.ion is virtually complete at this 
temper a ture. 

T h e  generality o f  - t h e s e  c o n c l u s i o n s  is being tested b y  
examining the behavi'or o f  a ' n u m b e r  o f  other c o a l s .  T h e  temperature 
dependence o f  the molecular w e i g h t  d i s t r i b u t i o n s  o f  tars f r o m  an 
Illinois N o . 6  h i g h  volatile bituminous coal, a Pocahontas low volatile 
coal and a N o r t h  D a k o t a  lignite are s h o w n  in Figures 3 through 5 .  
respectively. O f  these other c o a l s ,  only t h e  Illinois N o .  6 softens 
during pyrolysis. T h e  behavior of t h e  Illinois No. 6 is very similar to 
that of the B r u c e t o n  coal-, including the fact that the m o l e c u l a r  weight 
distribution is relatively independent o f  t e m p e r a t u r e .  T h e  tar f r o m  the 
N o r t h  Dakota lignite is likewise very similar in molecular weight range 
to the tar f r o m  the two softening c o a l s .  A g a i n ,  the molecular weight 
distribution s h o w s  little sensitivty t o  t e m p e r a t u r e  of evolution. 

T h e  tar from the P o c a h o n t a s  coal s h o w s  a m a r k e d . 1 ~  lower 
molecular weight range t h a n  the tars f r o m ' t h e  other coals. T h e  number 
average molecular weight of t h e  P o c a h o n t a s  tar is 240 at 4 6 4 o C  and 2 0 0  
at 810°C. A s  of this writing, n o  extract m o l e c u l a r  weight distribution 
data are yet available f o r  this c o a l .  

T h e  data w h i c h  are presently in hand suggest that the 
evolution o f  tar during coal pyrolysis is a complex combined transport 
and reaction process. C l e a r l y ,  a pure internal liquid phase d i f f u s i o n  
limitation cannot explain the trends observed in the softening coals, 
since i t  w ould be impossible to. predict a pressure d e p e n d e n c e  o f  
molecular weight , d i s t r i b u t i o n  o n  this b a s i s  a1one.A s i m p l e  "batch 
distillation" transport model is inappropriate, s i n c e  i t  w o u l d  predict 
increasingly h i g h  tar molecular w e i g h t s  w i t h  increasing temperature. 
T h i s  has not been observed in any o f  the c o a l s  tested, except over very 
limited parts o f  the process (Unger and S u u b e r g , l 9 8 3 a ) .  T h e  f a c t '  that 
the tars are apparently a light f r a c t i o n  of the extractable molecules 
pc'esent w i t h i n  the particle n e v e r t h e l e s s  s e e m s  to support an evporation 
controlled m e c h a n i s m .  O n  this b a s i s ,  a h y p o t h e s i s  that the evaporation 
process might be essentially analogous to a continuously f e d  
distillation is currently being tested. Other data recently suggested 
that the pool o f  evaporating tar is continually being replenished b y  
chemical reactions w h o s e  products a r e  basically in a n a r r o w  range o f  
molecular weight (Unger and Suuberg.1983b). 

As a f u r t h e r  test o f  the h y p o t h e s i s  that evaporation rate 
controls tar escape f r o m  the particle. additional experiments were 
performed w h i c h  involved evaporation o f  pure tars f r o m  the w i r e  m e s h .  
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Several m i l l i g r a m s  o f  tar w e r e  c o l l e c t e d  by ordinary m e t h o d s  f r o m  the 
pyrolysis of t h e  I l l i n o i s  No. 6 c o a l .  T h i s  tar w a s  dried and spread in a 
pure s t a t e  over t h e  s a m e  t y p e  o f  w i r e  m e s h  a s  used for coal pyrolysis. 
Figures 6 and 7 s h o w  t h e  results of reheating the tar s a m p l e s .  

F i g u r e  6 shows t h e  m o l e c u i a r  weight d i s t r i b u t i o n  o f  the "raw" 
tar and t h e  m o l e c u l a r  w e i g h t  distri.bution5 o f  t h e  re-evaporated tar 
fractions. T h e  "raw" tar in F i g u r e  6 d i f f e r s  from the tar products shown 
in F i g .  3 b e c a u s e  drying o f  any tar s a m p l e  p r o m o t e s  condensation of 
light f r a c t i o n s  into h e a v i e r  fractions ( a s  d o e s  exposure of tar 
solut,ions t o  light o r  p e r o x i d e s ) .  I t  is apparent from F i g .  6 that tars 
up to 2000 in m o l e c u l a r  w e i g h t  c a n  indeed e v a p o r a t e ,  s i n c e  no other 
transport processes w e r e , l i k e l y  t o  b e  important in t h i s  experiment. I t  
is interesting that u p o n  r e p y r o l y s i s ,  t h e  m o l e c u l a r  w e i g h t  distribution 
o f  the re-evaporated tar is similar t o  t h e  o r i g i n a l  molecular weight 
distribution o f  the Illinois No. 6 t a r , p r i o r  to drying ( s e e  Fig. 7 ) .  

T h e  above d a t a  i m p l y  that s o m e  d e g r e e  of t r u e  pyrolysis also 
o c c u r s  in the tar re-evaporation. e x p e r i m e n t s .  N o t e  in F i g .  6 that there 
is more light m o l e c u l a r  w e i g h t  m a t e r i a l  e v a p o r a t e d  t h a n  w a s  originally 
present. I t  is p o s s i b l e  that the d e s t r u c t i o n  of high molecular weight 
s p e c i e s  0 2 0 0 0  in m o l e c u l a r  w e i g h t )  e x p l a i n s  w h y  there is relatively 
m u c h  less o f  this, m a t e r i a l  in re-evaporated tar t h a n  in the original 
c o a l  t a r .  A l t e r n a t i v e l y ,  t h e  presence of s u c h  h i g h  m o l e c u l a r  weight 
material . i n  t h e  o r i g i n a l  tar might imply s o m e  r o l e  o f  physical 
entrainment m e c h a n i s m s  during coal p y r o l y s i s ,  w h i c h  d o  not exist in the 
tar re-evaporation e x p e r i m e n t s .  T h e  physical entrainment picture 
receives s o m e  support f r o m  a c r u d e  c a l c u l a t i o n ;  f r o m  t h e  previously 
presented vapor pressure c o r r e l a t i o n ,  t h e  vapor pressure of I ?"OO 
m o lecular w e i g h t  s p e c i e s  is ! = = s  ' '  tnan a m i c r o t o r r  at about 4 5 0 0 C .  Yet 
ihere is a significant a m o u n t  of s u c h  m a t e r i a l  present in t h e  low 
temperature t a r s  of all c o a l s  studied at that t e m p e r a t u r e .  Of c o u r s e ,  
t h e r e  is a great deal of uncertainty in the u s e  of t h i s  correlation 
(derived f o r  c o n s i d e r a b l y  l i g h t e r ,  pure h y d r o c a r b o n s )  for coal t a r s .  

F i n a l l y ,  t h e r e  w a s  s o m e  c o n c e r n  that t h e  observed molecular 
w e i g h t  d i s t r i b u t i o n s  m i g h t  b e  influenced by secondary gas phase 
reactions o f  tar f r a g m e n t s .  I t  w a s  thought that f r e e  radical processes 
w e r e  the most likely pathway f o r  s u c h  p r o c e s s e s ,  so a crude attempt w a s  
undertaken to trap free r a d i c a l s  that might exist in the gas phase. This 
involved p e r f o r m i n g  t h e  coal pyro1,ysis e x p e r i m e n t s  in a n  atmosphere o f  
n i t r i c  o x i d e  (NO. a w e l l - k n o w n  radical trap) rather t h a n  h e l i u m .  I t  w a s  
postulated. that i f  s mall f r e e  radicals w e r e  recombining to give larger 
tar m o l e c u l e s ,  t h e r e  w o u l d  be evidence of a downward shift in t h e  tar 
molecular w e i g h t  in NO. T h e  r e s u l t s  in F i g .  8 s h o w  no s u c h  evidence;' in 
f a c t  the a v e r a g e  m o l e c u l a r  w e i g h t  of tar s p e c i e s  a p p e a r s  t o  g o  u p  in N O .  
U n f o r t u n a t e l y ,  t h e  test is n o t  c l e a n  by any m e a n s ,  s i n c e  the N O  
obviously participated in t h e  s o l i d  phase c h e m i s t r y  as wel!. . 

Conclusions 

I t  n o w  s e e m s  apparent that there i $  a great deal of similarity 
in t h e  m e c h a n i s m s  o f  escape of t a r  f r o m  b o t h  s o f t e n i n g  and non-softening 
'coals. T h e  w e i g h t  o f  e v i d e n c e  presently a p p e a r s  t o  favor a n  evaporation 
oontrolled e s c a p e  of tar f r o m  the p a r t i c l e .  A s i m p l e  "batch 
distillation" m o d e l  is o b v i o u s l y  i n a p p r o p r i a t e  f o r  describing the 
p r o c e s s .  I n s t e a d .  i t  s e e m s  that a m o d e l  w h i s h  a l l o w s  f o r  simultaneous 
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tar precursor f o r m a t i o n  r e a c t i o n s ,  evaporation p r o c e s s e s ,  and 
repolymerization reactions is n e c e s s a r y .  
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T a b l e  1 
C o n d i t i o n s  f o r  F i g u r e  1 

R E F E R E N C E  S Y M B O L  C O A L S +  P A R T I C L E  H E A T I N G  P R E S S U R E  METHOD 
SIZE(&) R A T E I H A X .  ( A T M )  

T E M P .  

A R E N D T  6 
V A N  H E E K  
( 1 9 8 1 )  

HVB(26), 200-315 200°C/s 0 . 1 - 9 0  H W M  

MVB(17), 
LVB(9) 

+ H V B ( 2 5 ) ,  1ooooc 

G A V A L A S  & HVB(l9), 110 600°CIs 0 . 1 - 2  H W M  
W I L K S  ( 1 9 8 0 )  S U B B ( 6 )  5 o o o c  

S U U R E R G  ET LIGNITE(8)53-88 1 0 0 0 ° C / 5  10-4-69 H W M  
A L .  (1978.1979) 0 H V B  ( 3 6 )  )9OO0C 

LINGER 6 e HVB(36) 62-88 1 0 0 O ~ C I s  10-4-1 H W M  
S U U B E R C (  19836) : 9 0 0 ' C  

H . C . H O W A R D  A HV S ( 2 0 )  400-800 l 0 C / 5  10-4-1 R E T O R T  
( 1 9 4 5 )  525'C 

* A N T H O N Y  ET H V B  70 ) 6 5 O o C I s  10-3-6? H W M  
A L .  (1974) l0OO0C 

* N I K S A  
( 1 9 8 1 )  

x H V B  125 1000°CIs 10-4-100 H W M  
7 5 O o C  

* Tar yield d a t a  estimated 
+ M a x i m u m  observed tar yields u n d e r  vacuum s h o w n  in paretheses 
H W M =  Heated W i r e  M e s h  

286 



T a b l e  2 
C o m p a r i s o n  o f  P r e d i c t e d  and Measured T e m p e r a t u r e s  

f o r  a Vapor P r e s s u r e  o f  0 5 m m H g  ( O C )  

M W  M e a s  T e m p  Calc T e m p  - Compound 

1-t-Butyldecahydro- 

1,Z-DiphenyI benzene 231 1 2 4 . 0  

3-n hexylperylene 336 1 9 8 . 0  
2-n octylchrysene 339 2 4 2 . 5  
3-n decylpyrene 342 2 3 5 . 5  

naphthalene 198 5 9 . 5  

Perhydroperylene 262 1 5 0 . 5  

71 . 2  
1 1 5 . 3  
1 4 5 . 1  
210.8 
2 1 3 . 3  
215.8 

W = M o l e c u l a r  W e i g h t  
Vapor pressure d a t a  f r o m  C.Smith,J.Winnick,D.Abrams, and J .  PrausnitZ. 
C a n .  J. Chem. E n g . , 4 , 3 3 7 ( 1 9 7 6 ) .  

T a b l e  3 
Ultimate A n a l y s e s  of C o a l s  Examined 

- H -  0 -  N -  5 -  A S H  M O I S T U R E  c -  C O A L  - 
B R U C E T O N  P l T T S  . 
N 0 . 8  B I T U M I N O U S  8 0 . 4 5 . 3  6 . 7  1 . 6  1 . 0  4 . 6  1 . 7  

H I L L S B O R O  ILL. 
NO. 6 B I T U M I N O U S  6 7 . 2  4 . 6  1 2 . 3  1 . 2  3 . 4  1 1 . 7  8 . 6  

W . V A .  P O C A H O N T A S  
L O W  V O L A T I L E  BITVM. 8 4 . 4  4 . 2  3 . 7  0 . 3  0 . 5  6 . 8  0 . 2  

NORTH DAKOTA 
L I C N I T E  6 6 . 7  3 . 7  1 3 . 5 0 . 9  0 . 8  9 . 3  3 2 . 4  

All results o n  a dry basis except m o i s t u r e ,  w h i c h  is reported on an 
as-received b a s i s .  N o r t h  D a k o t a  lignite is dried prior t o  u s e .  
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FIGURE 1 .  VARIATION OF TAR YIELD W I T H  PRESSURE OF INERT CAS EXTERNAL TO 
THE PARTICLE DURING PYROLYSIS. SEE TABLE 1 FOR EXPLANATION OF SYMBOLS. 
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FIGURE 2 .  MOLECULAR WEIGHT DISTRIBUTIONS OF BRUCETON COAL T A R S  AND 
EXTRACTS. SOLID CURVE-ATPlOSPHERIC P R E S S I J R E  T A R ;  DASHED CURVE-VACUUIT TAR: 
DOTTED CCRVE-COAL E X i 2 A i T .  ALL F O R  SAMPLES HEATED AT'lOOO"C/s TO 5 4 6 O C .  
FOLLOWED B Y  COGLING A T  200-400°C/s. 
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0 860 c 

@ 464 ' C 

F I G U R E  5 .  M O L E C U L A R  W E I G H T  D I S T R I B U T I O N S  O F  N O R T H  D A K O T A  L I C M I T E  
A T M O S P H E R I C  P R E S S U R E  T A R .  S A M P L E S  H E A T E D  AT 1 0 0 0 " I S  T O  I N D I C A T E D  
T E M P E R A T U R E S .  

U 

MJJMBER AVERAGE MOLEQlW mtM 

F I G U R E  6 M , O L E C U L A P .  W E I G H T  D I S T ~ I B U T I O N S  O F  D R I E D  " R A ' J "  I L L I P I O I S  N O .  6 
T A R ?  AND R E - P Y R O L Y Z E D  (RE-ZVAPORATED) F R A C T ! C ? l S  O F  THAT TAR. S A M P L E S  
H E A T E D  AT ! 0 0 0 " C I S  70 T H E  : : I O ! C k T E D  T E X P : R A T U R E S .  
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