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In t roduc t ion  

The su r face  teioperature of pyro lyz ing  and/or  burning coa l  p a r t i c l e s  has  been 
the  sub jec t  of in t ens ive  i n v e s t i g a t i o n  (1-6) because i t  i s  important i n  the 
e s t ima t ion  of the  r a t e  of d e v o l a t i l i z a t i o n  and/or carbon oxida t ion .  A number of 
models have been e s t ab l i shed  i n  o rde r  t o  p red ic t  the  su r face  temperature of 
pu lver ized  c o a l  p a r t i c l e s  smaller than  200 pa diameter.  However, few convinc ing  
models f o r  mi l l ime te r  s i z e  coa l  p a r t i c l e s  have emerged because of t he  compl ica t ion  
of temperature g rad ien t s  w i th in  the  p a r t i c l e .  

The i g n i t i o n  mechanism of coa l  p a r t i c l e s  in a hot  ox id i z ing  atmosphere is 
another  s u b j e c t  of deba te  ( 5 - 8 ) .  Fur the r  exper imenta l  work i s  needed t o  de te rmine  
whether i n i t i a l  i g n i t i o n  occurs  homogeneously in t h e  gas  phase o r  he te rogeneous ly  
a t  t he  p a r t i c l e  sur face .  

The work presented here  had th ree  ob jec t ives :  f i r s t l y ,  t o  develop a 
technique t o  monitor t he  t r a n s i e n t  temperature v a r i a t i o n s  i n  the  gas phase around 
a s i n g l e  p a r t i c l e  dur ing  py ro lys i s  and lo r  combustion; secondly,  t o  e x t r a p o l a t e  t he  
da t a  t o  estimate the p a r t i c l e  su r face  temperature;  and t h i r d l y ,  t o  ana lyze  the  
i g n i t i o n  mechanism of c o a l  and char  p a r t i c l e s .  

Experimental  Equipment 

A schemat ic  diagram of the  equipment is shown i n  Figure 1. For p y r o l y s i s  
s t u d i e s ,  a f low of p repur i f i ed  n i t rogen  was passed over copper a t  673 K t o  remove 
oxygen, then  through a d r i e r i t e  column t o  remove water. 
combustion. The r e a c t o r ,  a ho r i zon ta l  vycor tube of 8 mm i n t e r n a l  d iameter ,  is 
heated by two enc los ing  furnaces.  
gas while t h e  second main ta ins  the  r eac to r  a t  the  des i r ed  temperature.  

Dry a i r  waa used t o  s tudy  

The f i r s t  furnace  a c t s  t o  preheat t he  in-coming 

D e t a i l s  of the  sample i n j e c t i o n  and temperature measurement systems a r e  g iven  
in Figure  2. A s i n g l e  c o a l  p a r t i c l e  was in t roduced  by g r a v i t y  through an  
e l ec t romagne t i ca l ly  con t ro l l ed  i n j e c t o r .  A n  e l e c t r o t r i g g e r  was used t o  ene rg ize  a 
24 v o l t  (DC) so lenoid  which i n j e c t s  the  p a r t i c l e  i n t o  the  reac tor .  

A new approach was used t o  measure the  t r a n s i e n t  temperature v a r i a t i o n s  
around the  c o a l  p a r t i c l e .  A group of ex t ra - f ine  Chromel-Alumel thermocouples wi th  
0.05 mm d iameter  was employed t o  provide p rec i se  temperature measurement wi th  
rap id  response.  The thermocouples were pro tec ted  by two-hole ceramic tubes. Four 
thermocouples were bound toge the r  us ing  h igh  temperature cement t o  form a 
thermocouple a r r a y  (F igure  2) .  
temperature g r a d i e n t ,  t he  d i s t ance  between ad jacen t  thermocouples i n  the  a r r a y  was 
always the  same. In t h i s  s tudy ,  0.5 and 1.0 mm spac ings  were used. The vo l t age  
s i g n a l s  genera ted  by the  thermocouple a r r a y  were ampl i f ied  then conver ted  i n t o  
d i g i t a l  s i g n a l s  in the  da t a  a c q u i s i t i o n  system before  being aent  t o  the 
microcomputer. When the  p a r t i c l e  i n j e c t o r  was t r i gge red .  t he  computer was 

I n  o rde r  t o  s impl i fy  the  c a l c u l a t i o n  of the 
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au tomat i ca l ly  i n i t i a l i z e d  t o  record the  output  of t h e  thermocouples a t  2 
mil l i second i n t e r v a l s  and the  d a t a  s t o r e d  on d i s k  f o r  l a t e r  ana lys i s .  

Procedure 

The c h a r a c t e r i s t i c s  of the  Texas subbituminous c o a l  used a r e  shown in Table  
1. For  each  run a 1 mm d iameter  coa l  p a r t i c l e  was in j ec t ed  i n t o  the  r eac to r  
con ta in ing  e i t h e r  preheated n i t rogen  o r  a i r .  
cons tan t  a t  873 K f o r  a l l  t he  experiments repor ted  here.  Before p a r t i c l e  
i n j e c t i o n ,  t h e  g a s  f low w a s  stopped so t h a t  t he  experiments were c a r r i e d  Out 
e s s e n t i a l l y  in a s t a t i c  system. 
p a r t i c l e s  i n t o  t h e  r e a c t o r  swept by n i t rogen  a t  873 K f o r  30 minutes. 

The bulk gas  temperature was he ld  

C h a r  p a r t i c l e s  were prepared by i n j e c t i n g  coa l  

Resu l t s  and Discuss ion  

The tempera tures  measured by the  thermocouple a r r a y  a s  a func t ion  of time, 
and t h e  e x t r a p o l a t e d  su r face  temperatures of t he  s i n g l e  coa l  and char  p a r t i c l e s ,  
a r e  presented  in Figures  3, 4 and 5 f o r  coa l  p y r o l y s i s ,  coa l  combustion and cha r  
combustion. r e spec t ive ly .  A py ro lys i s  run i l l u s t r a t e d  by Figure  3 shows the 
tempera ture  v a r i a t i o n s  caused by the  t r a n s i e n t  hea t  t r a n s f e r  between t h e  hot gas  
environment and t h e  c o l d e r  coa l  p a r t i c l e .  The temperature p r o f i l e s  i l l u s t r a t e  t h e  
p r a c t i c a l  thermal  boundary l a y e r  in t h e  v i c i n i t y  of a pyrolyzing c o a l  p a r t i c l e .  A 
rap id  d rop  fo l lowed by a r ap id  i n c r e a s e  i n  temperature occurred i n  the  s p h e r i c a l  
l aye r  1 mm away from the  p a r t i c l e  su r face  whi le  a lmost  no temperature v a r i a t i o n  
was de t ec t ed  4 mm away from the  p a r t i c l e  sur face .  

Data f o r  t he  combustion of coa l  and char  p a r t i c l e s  a r e  shown in Figures  4 and 
5, r e spec t ive ly .  A s i g n i f i c a n t  a spec t  of coa l  combustion i n  F igure  4 is the  
sudden tempera ture  r i s e  in t he  gas  phase about 1.5 mm from the  su r face  of t he  c o a l  
p a r t i c l e ,  compared wi th  the  much smoother curve f o r  char  combustion shown i n  
F igu re  5 .  Poin t  A in Figure  4 is  s i g n i f i c a n t  because i t  r ep resen t s  a t r a n s i t i o n  
from n e t  hea t  l o s s  to n e t  hea t  ga in  by the  gas. 
p a r t i c l e  exper ienced  a r ap id  temperature drop p r i o r  t o  poin t  A and a r ap id  
inc rease  a f t e r  t h i s  p o i n t ,  in c o n t r a s t  wi th  the  r e l a t i v e l y  smooth inc rease  i n  t h e  
p a r t i c l e  s u r f a c e  temperature.  This  imp l i e s  t h a t  homogeneous i g n i t i o n  occurred in 
gas  phase r a t h e r  than heterogeneous i g n i t i o n  a t  t he  p a r t i c l e  sur face .  For the 
exper imenta l  cond i t ions  used, t h e  homogeneous i g n i t i o n  temperature was around 830 
K w i t h  approximate ly  800 m s  i nduc t ion  time, a s  represented  by poin t  A i n  F igure  4. 
This  i s  i n  g e n e r a l  agreement with the  ca l cu la t ed  r e s u l t s  of Annamalai and 
Durbetaki ( 5 ) .  The temper ture  i n  t h e  homogeneous combustion l a y e r  increased  
r a p i d l y  as t h e  v o l a t i l e  mat te r  was combusted u n t i l  t he re  was not  s u f f i c i e n t  
v o l a t i l e  matter evolv ing  from t h e  p a r t i c l e  t o  s u s t a i n  homogeneous combustion 
(po in t  B i n  F igu re  4 ) .  
then exper ienced  slower ox ida t ion  wi th  a lower hea t  r e l ease  r a t e .  Consequently,  
t he re  was a d rop  in t h e  temperature t n  t he  sur rounding  gas layer .  Because of t h e  
need t o  exceed both  the  i g n i t i o n  temperature and v o l a t i l e  mat te r  concent ra t ion .  
homogeneous combustion was observed only i n  t h e  t h i n  sphe r i ca l  l a y e r  about 1.5 nm 
from t h e  p a r t i c l e  sur face .  No r ap id  gas  tempera ture  r i s e  was de t ec t ed  by the 
thermocouples c l o s e r  t o ,  o r  f a r t h e r  from, the  p a r t i c l e  sur face .  

The gaseous l a y e r  surrounding the  

The remaining and subsequently-evolved v o l a t i l e  mat te r  

P a r t i c l e  s u r f a c e  temperature and hea t ing  r a t e  ve r sus  time a r e  g iven  in 
Figures  6 and 7, r e spec t ive ly .  The hea t ing  r a t e  is of i n t e r e s t  because i t  is 
r e l a t e d  t o  t h e  r a t e  of  d e v o l a t i l i z a t i o n  and char  combustion. The s i g n i f i c a n c e  of 
d e v o l a t i l i z a t i o n  on combustion i s  seen  c l e a r l y  in Figures  6 and 7 which i n d i c a t e  
t h a t  d u r i n g  p y r o l y s i s  t he  coa l  p a r t i c l e  hea t ing  r a t e  was slow and t h e  p a r t i c l e  
temperature neve r  exceeded the  r e a c t o r  temperature.  In the  case  of d e v o l a t i l i z e d  
Char p a r t i c l e s  a h igher  hea t ing  r a t e  was observed up t o  the equi l ibr ium burning 
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temperature of 1075 K. about  200 K h igher  than  the  r e a c t o r  temperature.  F igure  7 
'shows t h a t  c o a l  p a r t i c l e s  had the  same hea t ing  r a t e  i n i t i a l l y  dur ing  py ro lys i s  and 
combustion u n t i l  divergence a t  po in t  C. This  po in t  corresponds t o  t h a t  of 
homogeneous i g n i t i o n  in Figure  4. After po in t  C t he  hea t ing  r a t e  w a s  h ighe r  f o r  
combustion than  py ro lys i s  because t h e  hea t  from t h e  homogeneous combustion 
r e a c t i o n s  was t r a n s f e r r e d  t o  the  p a r t i c l e  sur face .  

Two major d i f f e r e n c e s  e x i s t e d  between t h e  cha r  and c o a l  dur ing  combustion. 
F i r s t l y .  no temperature rise in the  gas  was de tec t ed  a t  any d i s t ance  from the  char 
su r face  (F igure  5 ) .  Secondly, t he  su r face  temperature of t he  char  p a r t i c l e  
increased  a t  a h igher  rate than  that of the  coal p a r t i c l e  (F igure  6). T h i s  
suppor ts  t h e  concept of heterogeneous i g n i t i o n  of the  char p a r t i c l e s .  

Conclusions 

A f a s t  response thermocouple a r r a y  was employed t o  provide informat ion  on t he  
t r a n s i e n t  hea t ing  processes  a s soc ia t ed  wi th  py ro lys i s  and combustion of 1 mm 
d iameter  coa l  and cha r  p a r t i c l e s  a t  a furnace  temperature of 873 K. The measured 
temperature v a r i a t i o n s  implied t h a t  i g n i t i o n  occurred a t  the  su r face  of t he  cha r  
p a r t i c l e s  bu t  in the  gas  phase surrounding pyro lyz ing  coa l  p a r t i c l e s .  Homogeneous 
i g n i t i o n  Occurred a t  830 K caus ing  a temperature r ise i n  the  gas in a narrow 
s p h e r i c a l  l aye r ' abou t  1.5 mm from t h e  su r face  of t h e  c o a l  p a r t i c l e .  
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Table 1 
Characteristics of Texas Subbituminous B Coal, 

PS 0 c -423 
Proximate Analvsis M~J) A s  Received DrvBasis , 

Moisture 24.11 
Ash 10.31 13.59 
Volatile Matter 38.31 54.48 
Fixed Carbon 27.27 35.93 

Ultimate Analvsis (wto/o) 

C 
H 
N 
s (total) 
0 (diff.) 

Calorific Value Btdlb 
(mm-Free Basis) 

47.58 
4.01 
0.71 
1.34 

11.95 

9836 

62.69 
5.29 
0.93 
1.76 

15.74 
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COPPER I- DRlERlTE 
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FIG. 1 SCHEMATIC DIAGRAM OF THE EQUIPMENT 
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