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INTRODUCTION 

Considerable controversy e x i s t s  concerning t h e  r a t e  of c o a l  pyrolysis .  For example, 
a t  800'C, r a t e s  reported i n  the l i t e r a t u r e  (der ived assuming a s i n g l e  f i r s t  order 
process  to def ine  weight l o s s )  vary from a low of around 1 sec-' (1-4) t o  a high near 
100 sec-' (5-8), v i t h  va lues  i n  between (9,lO). 
by d i f fe rences  i n  sample composition because experiments in which coa l  rank alone was 
var ied  t y p i c a l l y  show no more than a f a c t o r  of 5 v a r i a t i o n  i n  r a t e  (11). One problem 
is t h a t  i f  the higher  r a t e  is correc t ,  then any experiment which a t tempts  t o  obtain 
isothermal  r a t e  data  a t  800°C must heat  the  coa l  in a t i m e  s h o r t  compared v i t h  the 
pyro lys i s  time, Le. on t h e  order  of 100,000"C/sec. At higher  temperatures  the  
hea t ing  r a t e  t o  obta in  i so thermal  data  must be even f a s t e r .  But f o r  most experiments 
a t  temperatures  of 800°C or higher, ca lcu la t ions  of h e a t  up r a t e s  f o r  pulver ized coal 
suggest  t h a t  i f  the higher  r a t e  i s  cor rec t ,  pyro lys i s  w i l l  t y p i c a l l y  be occurr ing 
during heat  up, even assuming zero hea ts  of reaction. Under these  circumstances i t  is 
necessary t o  know t h e  coa l  p a r t i c l e  temperature to  der ive  k i n e t i c  ra tes .  Coal 
p a r t i c l e  temperatures  dur ing  rapid pyro lys i s  have not  genera l ly  been measured. 

I n  an at tempt  t o  resolve t h i s  controversy, a new pyro lys is  experiment was designed 
which provided f o r  high hea t ing  r a t e s  and a geometry which s i m p l i f i e d  the predict ion 
of p a r t i c l e  temperatures (12). It used a small diameter  e l e c t r i c a l l y  heated tube i n t o  
which coal  and helium c a r r i e r  gas were in jec ted .  The r e a c t i o n  d is tance  was varied by 
moving t h e  e lec t rode  posi t ions.  The p a r t i c l e  temperatures  and the  p a r t i c l e  residence 
t imes were ca lcu la ted  from the  measured tube w a l l  temperatures  and t h e  gas f low r a t e s ,  
respec t ive ly .  Even a l lowing  f o r  the uncer ta in ty  i n  these  es t imated  values ,  the r a t e s  
measured a t  asymptot ic  tube  temperatures of 700'C. 800°C and 900'C agreed with the 
h ighes t  reported r a t e s  and were incons is ten t  with the  low rates. 

These heated tube experiments  therefore ,  l e n t  support t o  t h e  high r a t e  advocates but 
suf fe red  i n  conclusiveness as d i d  the other  experiments  i n  t h i s  temperature range i n  
not  having a d i r e c t  measure of p a r t i c l e  temperature (2-10.12) and reac t ion  t i m e  
(2,5,7-9.12). 
Temperatures of the s o l i d s  were determined a t  the  tube e x i t  using FT-IR emission and 
t ransmiss ion  spectroscopy (13,14) and the  t r a n s i t  t ime f o r  the  coa l  v a s  measured using 
photo t r a n s i s t o r s  a t  t h e  t o p  and bottom of t h e  tube. Temperature measurements were 
a l s o  made i n s i d e  and o u t s i d e  the tube with a thermocouple. 

Measurements were made of t h e  amount and composition of t h e  t a r ,  char  and gases  
evolved as a funct ion of t h e  measured reac t ion  t i m e  and temperature. 
primary pyrolysis ,  during which the  i n i t i a l  rapid weight loss, the  evolu t ion  of t a r  
and l i g h t e r  hydrocarbons, and t h e  disappearance of the  a l i p h a t i c  (or hydroaromatic 
hydrogen) i n  the  coal /char  a l l  happen a t  s i m i l a r  ra tes .  
of a dry  North Dakota l i g n i t e  i n  a 115 cm long tube having an asymptot ic  tube 
temperature  of 800°C, pr imary pyro lys i s  vas  completed in a period of 14 mil l iseconds 
based on t h e  mean p a r t i c l e  res idence times. 
During t h i s  period, t h e  maximum coal  temperature was increas ing  from 600 to 74OOC. 
These data, a s  w e l l  as d a t a  obtained a t  equi l ibr ium tube temperatures  of 700OC and 
935'C. a re  i n  agreement v i t h  t h e  high pyro lys i s  r a t e  o r i g i n a l l y  reported (12). 

The d iscrepancies  cannot be explained 

The tube r e a c t o r  experiment was modified t o  e l i m i n a t e  these  dravbacks. 

We focus on 

For a 200 x 325 mesh f r a c t i o n  

The e x t e n t  of a x i a l  d i spers ion  was small. 
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This paper descr ibes  t h e  experimental apparatus  and measurement technique, and 
presents  t h e  r e s u l t s  f o r  a l i g n i t e  a t  temperatures  between 600°C and 935OC. 
r e s u l t s  a r e  compared t o  the  pred ic t ions  of a pyro lys i s  model and t o  t h e  l i t e r a t u r e  
data. Reasons f o r  the  discrepancies  are discussed. 

The i 

EXPEBIllENTAL 

The r e a c t o r  is i l l u s t r a t e d  i n  Fig. 1. 
which is heated e l e c t r i c a l l y .  
top of the tube. 
(7.8). The coal-gas mixture  e n t e r s  t h e  heated s e c t i o n  of tube and h e a t s  rapidly. The 
heat  t r a n s f e r  r a t e  i s  l a r g e  because of t h e  smal l  tube diameter ,  the  high thermal  
conduct ivi ty  of the  helium c a r r i e r  gas ,  and the  f a c t  t h a t  t h e  p a r t i c l e s  c o l l i d e  with 
the hot w a l l s  of the tube. After  a v a r i a b l e  res idence t i m e ,  t h e  r e a c t i n g  s t ream is 
quenched i n  a water cooled sec t ion  of tube. The product c o l l e c t i o n  t r a i n  cons is t s  of 
a cyclone t o  separa te  t h e  char followed by a c o l l e c t i o n  bag t o  c o l l e c t  t h e  gas, t a r  
and soot. The gas from the bag is analyzed by FT-IR and t h e  s o l i d s  and l i q u i d s  a re  
co l lec ted  on the bag sur face  and i n  a f i l t e r .  

Temperature Measurements 

The temperature of the  gas-coal mixture  and outs ide  tube temperature  has  been measured 
wi th  a thermocouple. A t  constant  cur ren t ,  t h e  tube w i l l  reach an equi l ibr ium 
temperature such t h a t  t h e  ex terna l  power loss by r a d i a t i o n  and convection is equal t o  
the e l e c t r i c a l  power input. With gas and coa l  f lowing i n  the  tube. the  tube is 
i n i t i a l l y  cooler  than t h e  equi l ibr ium temperature, s i n c e  hea t  is used t o  r a i s e  the 
temperature of the  gas and coal. The heat  absorbed by the  coa l  and gas  can be 
ca lcu la ted  from the measured tube temperature. When t h e  r e a c t a n t s  reach t h e  
equi l ibr ium temperature, the  outs ide  of t h e  tube reaches a constant  temperature. 

The r e s u l t s  f o r  one s e t  of measurements wi th  coa l  present  a r e  presented i n  Fig. 2. 
The measurements include: a )  thermocouple measurements i n s i d e  and outs ide  the tube; 
b) FT-IR measurements a t  the  center  of the  g a s l s o l i d  s t ream 0.75 cm below the  end of 
the  hot tube; c) thermocouple measurements a t  t h e  p o s i t i o n  of t h e  FT-IR measurement; 
and d) thermocouple measurements i n s i d e  a water  cooled tube at tached t o  the  hot tube 
t o  measure the  quenching ra te .  

Heat t r a n s f e r  c a l c u l a t i o n s  suggest t h a t  ins ide  the  tube t h e  thermocouple reads 10- 
20°C higher than the  gas  due t o  r a d i a t i o n  from the  wal l .  The bead temperatures  a t  
the FT-1R foca l  point was ca lcu la ted  t o  be lower by approximately the  same amount 
outs ide  the tube. The measurements of t h e  e x t e r n a l  tube w a l l  temperature  a r e  low due 
t o  heat  loss from the  thermocouple bead t o  t h e  surroundings. However, t h e  maximum 
e f f e c t  of t h i s  e r r o r  can be determined by comparing t h e  asymptot ic  va lues  of the  
ex terna l  w a l l  temperature  and the  i n t e r n a l  gas  temperature ,  which come t o  thermal 
equi l ibr ium f o r  s u f f i c i e n t l y  long dis tances .  The knowledge of t h i s  temperature 
d i f fe rence  along wi th  t h e  apparent w a l l  temperature can be used t o  determine the  
e r r o r  a t  each measured w a l l  temperature, which g e t s  lower a s  t h e  tube g e t s  cooler. 
For example, i n  t h e  800°C experiment, t h e  cor rec t ions  ranged from +35"C at  8OO'C t o  
+lOec a t  500°C when using a 0.002" diameter  thermocouple bead. The cor rec t ions  
sca led  with bead diameter ,  as expected. The w a l l  p r o f i l e  shown i n  Fig. 2 has been 
cor rec ted  f o r  r a d i a t i o n  e r rors .  
the  i n s i d e  of the tube was ca lcu la ted  t o  be negl igible .  

Measurements of coa l  p a r t i c l e  temperatures  were made using FT-IR emission and 
t ransmission spectroscopy. A s  descr ibed in a previous publ ica t ion  (13), the  
t ransmi t tance  measurement is used t o  determine the  t o t a l  e m i t t i n g  sur face  of t h e  coal  
p a r t i c l e s  so t h a t  a normalized emission,  (emission/(l-transmittance)) can be compared 

It  c o n s i s t s  of a 0.2" 1.d. I n c o n e l  7 0 2  t u b e  
Coal en t ra ined  i n  cold c a r r i e r  gas i s  i n j e c t e d  a t  the  

The coa l  i s  fed using a previously descr ibed entrainment  system 

The temperature  d i f f e r e n c e  between t h e  outs ide  and 
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i n  both shape and ampli tude t o  a t h e o r e t i c a l  black-body. 
provide a d i r e c t  measurement of the  coa l  p a r t i c l e  temperature  during heat  up. 
s i m p l e  case i s  i l l u s t r a t e d  i n  t h e  i n s e r t  of Fig. 2. 
v a s  a l loved  for t h e  coa l  t o  reach t h e  asymptot ic  tube temperature of 935'C (1208 K) 
and f o r  pyro lys i s  t o  have occurred. 
the  shape of the  normalized emission spectrum gives  t h e  temperature  and the amplitude 
gives  the emittance. 
t h e o r e t i c a l  black-body a t  1190 K with  a n  ampli tude corresponding t o  an emiss iv i ty  of 
0.9. The measured temperature  i s  i n  exce l len t  agreement v i t h  the tube temperature as  
a 10°C drop i n  temperature i s  expected between the  end of t h e  tube, and the measuring 
point  a t  0.75 cm below the  end. The measurement of temperature  before and during 
pyrolysis  i s  not a s  s imple,  s ince  f o r  the  s i z e  of coa l  p a r t i c l e s  used here only 
s p e c i f i c  bands (corresponding t o  t h e  absorbing bands i n  coa l )  provide s u f f i c i e n t  
absorbance f o r  the s p e c t r a l  emit tance t o  reach 0.9. Then, only these  regions can be 
used t o  compare t o  the  black-body. The measurement technique, the problems 
encountered, t h e i r  s o l u t i o n s  and t h e  results a r e  discussed i n  another paper a t  t h i s  
meeting (14). The r e s u l t s  a t  800°C a r e  presented a s  t h e  t r i a n g l e s  i n  Fig. 2. 

Calculat ions of the temperature  of the gas, the  thermocouple bead, and the  coa l  
p a r t i c l e s  were performed given the tube wal l  temperature  as a boundary condition. The 
ca lcu la t ions  assume t h e  temperature  dependent heat  capac i ty  f o r  coa l  derived by 
Merrick (15) vhich agrees  v i t h  the measurements of Lee (16), an average s p e c t r a l  
emit tance of 0.5 f o r  t h e  200 x 325 mesh p a r t i c l e s  of c o a l s  i n  agreement v i t h  recent  
FT-IR measurements (14) and zero hea t  of react ion.  The c a l c u l a t i o n s  aasume convective 
heat  t r a n s f e r  betveen t h e  tube v a l l  and gas and betveen t h e  gas  and coal  p a r t i c l e  o r  
thermocouple bead and r a d i a t i v e  heat  t r a n s f e r  betveen the  v a l l  and the  coal  p a r t i c l e  
o r  thermocouple bead. The h e a t  t r a n s f e r  c o e f f i c i e n t  between the v a l l  and t h e  gas, 
vhich was determined from t h e  Sieder-Tate equat ion (17), was val ida ted  by equating the 
e l e c t r i c  power input  t o  t h e  power rad ia ted  and convected outs ide  t h e  tube (determined 
from the tube  temperature and emiss iv i ty)  p lus  the  hea t  t r a n s f e r  t o  the  gas ins ide  the 
tube. 

I n  order  t o  match t h e  measured p a r t i c l e  temperatures i n  t h e  e a r l y  p a r t  of the  tube 
(e.&, < 50 cm a t  8OOOC) it  was necessary t o  include a term t o  account f o r  heat  
t r a n s f e r  due t o  c o l l i s i o n s  of  r e l a t i v e l y  cold p a r t i c l e s  v i t h  the  hot  v a l l s .  This 
phenomenon, knovn a s  wall-contact  heat  t r a n s f e r ,  has  been descr ibed by Boothroyd (18). 
A heat  t r a n s f e r  c o e f f i c i e n t  v a s  def ined by analogy to  a convent ional  convective 
coef f ic ien t ,  

The predicted r e s u l t s  ( l i n e s  i n  Fig. 2) are  i n  good agreement v i t h  the measured 
temperatures. 
predicted va lues  is a good i n d i c a t i o n  t h a t  the  cor rec ted  v a l l  temperature p r o f i l e  i s  
accurate. 
i n  agreement v i t h  a 10°C drop  from the  tube end t o  the  measuring point. 
values  f o r  the  heat  of r e a c t i o n  were considered. 
v o l a t i l e  m a t e r i a l  r e s u l t s  i n  a predicted temperature  which i s  too low although the 
shape of t h e  temperature v s  d i s t a n c e  curve matched the  FT-IR data  b e t t e r  than the zero 
heat of reac t ion  case. 
t h e  heat  of reac t ion  and t h e  chemical reac t ions  t o  vhich it a p p l i e s  (e.& t a r  loss, 
o v e r a l l  v e i g h t  loss, etc.). 

P a r t i c l e  Residence T l ~ e  

The heated tube r e a c t o r  v a s  modified f o r  p a r t i c l e  v e l o c i t y  measurements. 
of a pulse of coal  through t h e  system v a s  measured f o r  each e lec t rode  pos i t ion  by 
recording s i g n a l s  from photo t r a n s i s t o r s  mounted on g l a s s  s e c t i o n s  a t  the top and 
bottom of t h e  reac tor  tube on a dual  channel osci l loscope.  Photographs of the  
osci l loscope t r a c e s  a l l o v  a n  assessment of the  mean p a r t i c l e  res idence time and the  
ex ten t  of a x i a l  dispers ion.  

The FT-IR measurement can 
A 

For t h i s  case s u f f i c i e n t  time 

For a grey-body (such as shovn here  f o r  char) 

The normalized emission spectrum is i n  good agreement v i t h  a 

Le. Qvc = h,, (Tvall - Tcoal). 

The agreement between t h e  a c t u a l  thermocouple measurements and the 

The measured p a r t i c l e  temperatures  a r e  s l i g h t l y  belov t h e  predicted values 

A value of 250 K cal/gram of t o t a l  
Possible  

Addit ional  da ta  a r e  needed t o  determine t h e  poss ib le  values  for 

The passage 
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A technique vas  developed where short ,  well-defined pulses  could be introduced by 
using an e l e c t r i c a l l y  ac t iva ted  solenoid t o  i n j e c t  the  conten ts  of a tube containing 
the  coa l  charge and gas a t  10 psig. I n  addi t ion ,  the  r e a c t o r  v a s  s e t  up over the  
FT-IR bench i n  preparat ion f o r  hot  tests wi th  temperature  measurements. 
conf igura t ion  has the  added advantage of using a l a s e r  from t h e  FT-IR beam a s  the  
l i g h t  source f o r  the  l o v e r  photo t r a n s i s t o r ,  which improved the  s i g n a l  t o  noise  
s ign i f icant ly .  
wi th  tar a f t e r  a few hot  runs. 
p a r t i c l e  stream a s  i t  emerged from the tube, which meant t h a t  t h e  measured d ispers ion  
v a s  i n  excess of what a c t u a l l y  occurred i n  the  tube. 

The photographs enabled an assessment of the p a r t i c l e  res idence t ime and of the  
p a r t i c l e  dispers ion,  which impacts on t h e  k i n e t i c  ana lys i s .  Some representa t ive  
t r a c e s  from cold and hot  tests a r e  shown i n  Fig. 3. F igure  3a i n d i c a t e s  a 
t r a n s i t  t ime of approximately 60 mil l iseconds f o r . t h e  coa l  i n  the  cold tube. 
average t r a n s i t  t ime i n  t h e  cold experiments v a s  determined from a number of 
measurements t o  be 56 milliseconds. The p a r t i c l e s ,  therefore ,  t r a v e l  at  about 80% of 
the  gas ve loc i ty  of 2 8  m/sec. 
heated over increasing d is tances  (75, 100 and 115 cm). The t r a n s i t  time is reduced t o  
about 32 mil l iseconds when 115 cm i s  heated (Fig. 3d). 

The ex ten t  of a x i a l  d i spers ion  v a s  smal l  and v a s  t y p i c a l l y  a lmost  symmetrical, which 
would lead t o  a s l i g h t  (approximately 10%) underest imat ion of the  r a t e  constant. It 
v a s  neglected i n  the  a n a l y s i s  of r e s u l t s  f o r  t h i s  paper. 

Data a r e  presented i n  Fig. 4 f o r  the  mean p a r t i c l e  t r a n s i t  times f o r  hot  experiments. 
The hot da ta  a r e  adjusted so t h a t  t h e  t r a n s i t  t i m e  i n  t h e  cold p a r t  of t h e  tube is not 
included. 
t h e  de tec tors  (125 cm) and using the  cold da ta  t o  determine t h e  t r a n s i t  time which 
should be subtracted from the  observed t r a n s i t  t ime f o r  t h e  hot  experiment. The 
adjusted d a t a  then r e f l e c t  the  amount of time i t  takes  t o  t raverse  the hot  zone. 

The p a r t i c l e  residence t ime data  d e f i n i t e l y  i n d i c a t e  t h a t  the  p a r t i c l e s  a r e  
acce lera t ing  i n  the  hot experiments a t  c lose  t o  t h e  same rate as t h e  gas  except f o r  a 
slowdown i n  the  region where pyro lys i s  begins  (-50 cm). This  is reasonable  i n  l i g h t  
of the  small value of the  c h a r a c t e r i s t i c  drag t ime,  1.5 mil l iseconds,  (which 
i n d i c a t e s  the  re laxa t ion  t i m e  f o r  a p a r t i c l e  f o r  a s t e p  change i n  gas ve loc i ty)  f o r  
t h e  s i z e  f r a c t i o n  used i n  the  hot experiments (-200, +325 mesh) (17). The data  were 
f i t  by a model which assumes the  p a r t i c l e s  a r e  moving a t  80% of the  average gas 
v e l o c i t y  u n t i l  primary pyrolysis  is 1% complete, a t  40% of the  gas  v e l o c i t y  between 
1% and 75% pyrolysis ,  and back t o  804 of the gas v e l o c i t y  a f t e r  pyro lys i s  is  75% 
completed. 
probably associated with evolut ion of gas from t h e  coa l  o r  swel l ing  which has been 
observed f o r  t h i s  l i g n i t e  under these extremely high hea t ing  rates .  

Addit ional  confirmation of the  p a r t i c l e  v e l o c i t i e s  v a s  obtained from comparing the 
p a r t i c l e  feed r a t e  wi th  t h e  dens i ty  of p a r t i c l e s  e x i t i n g  t h e  tube determined by FT-IR 
t ransmi t tance  measurements, where the  dens i ty  of p a r t i c l e s  i n  the  focus i s  inverse ly  
propor t iona l  t o  t h e i r  veloci ty .  

This 

i 
It a l s o  e l imina ted  the  l o v e r  g l a s s  tube  which tended to  be obscured 

The only problem v a s  a s l i g h t  spreading of t h e  

The 

Figures  3b-3d show the  t r a n s i t  t ime when t h e  tube is 

This  v a s  done by subt rac t ing  t h e  heated length  from t h e  d is tance  between 

The reason f o r  t h e  slow down during pyro lys i s  is not  y e t  c l e a r  but  is 

BESIILTS 

The r e s u l t s  a re  shown i n  Fig. 5 f o r  isothermal  tube temperatures  of 700'C, 800°C, and 
935% 
indiv idua l  gas spec ies )  as a func t ion  of the  r e a c t i o n  dis tance.  The mass balance v a s  
between 96.5 and 101%- 

Figures 5a-c present  the weight % char, tar, and gas  ( the sum of measured 
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The measured and c a l c u l a t e d  p a r t i c l e  temperatures  and t i m e s  a s  func t ions  of dis tance 
are shown in Figs. 5d-f. 
temperature  d a t a  obta ined  at  800°C and 935% and the  p a r t i c l e  times match t r a n s i t  
t ime da ta  obtained a t  80OOC. Confidence can be placed in the  ca lcu la ted  temperature 
at 70OoC because t h e  c a l c u l a t i o n s  use t h e  same heat  t r a n s f e r  c o e f f i c i e n t s  which give 
t h e  va l ida ted  c a l c u l a t i o n s  a t  800'C and 930°C. The t ime ca lcu la t ions  a t  70OoC and 
935% employ t h e  same r e l a t i v e  v e l o c i t y  between gas and p a r t i c l e s  t h a t  w a s  measured 
at 800°C. For a l l  three  temperatures ,  pyro lys i s  occurs  during p a r t i c l e  hea t  up, even 
though hea t ing  r a t e s  a r e  in excess of 40,000°C/sec. 

The s o l i d  l i n e s  in Figs. 5a-5c are generated using a previously presented pyrolysis  
theory ( 8 )  which c a l c u l a t e s  the  evolut ion of ind iv idua l  spec ies  using a d is t r ibu ted  
a c t i v a t i o n  energy of the  form introduced by Anthony e t  a l .  (1) f o r  each species. The 
r a t e s  f o r  t a r  and hydrocarbon gases  a r e  shown in Fig. 6. The gas  r a t e  is f i v e  times 
h igher  than t h e  r a t e  f o r  t h e  same spec ies  in Ref. 8. This  i s  t o  account f o r  the  
f a c t o r  of 5 higher  r a t e s  observed f o r  l i g n i t e s  compared t o  bituminous coa ls ,  
discussed in (11). An e r r o r  was discovered i n  t h e  c a l c u l a t i o n  of t a r  evolut ion in 
Ref. 8. The r a t e  in Fig. 6 is f o r  the  corrected ca lcu la t ion .  As a f u r t h e r  
comparison, t h e  r e c i p r o c a l s  of t h e  t imes  required t o  achieve 63% t a r  y i e l d  a r e  
p lo t ted  ( s o l i d  c i r c l e s )  in Fig. 6 a s  a func t ion  of t h e  r e c i p r o c a l  of the  average 
absolute  temperature dur ing  t h i s  period. 
a r a t e  cons tan t  of 6.3 sec-l. 
r a t e .  

The theory is i n  e x c e l l e n t  agreement wi th  t h e  data. A t  a l l  three  temperatures the  
observed weight loss is a r e s u l t  of rap id  evolut ion of tar and s lower evolut ion of the  
gases. The increase  in t o t a l  weight l o s s  wi th  increas ing  f i n a l  temperature  is the  
r e s u l t  of gas evolut ion (pr imar i ly  CO and H20) due t o  l o s s  of t i g h t l y  bound funct ional  
groups. 

For comparison with previous weight loss data ,  a s i n g l e  f i r s t  order  weight loss has 
been ca lcu la ted  (dashed l i n e s )  using a r a t e  k - 4.28 x 1014exp(-55,400/RT) sec-l. 
This is one ha l f  k t  
evolut ion of tar an% the  s lower r a t e  f o r  gas evolution. The s i n g l e  f i r s t  order  r a t e  
does not f i t  t h e  d a t a  a s  w e l l .  It g ives  a s teeper  weight l o s s  than is observed and 
t h e  y i e l d  does not increase  with temperature. Given these  l i m i t a t i o n s  inherent  i n  a 
s i n g l e  f i r s t  order  model, t h e  theory is in good agreement with t h e  data. 

The ca lcu la ted  p a r t i c l e  temperatures  match PT-IR 

A s i n g l e  pyro lys i s  experiment a t  600% gave 
These da ta  f a l l  c l o s e  t o  t h e  l i n e  def in ing  the  t a r  

( see  Fig. 6 )  and represents  a compromise between t h e  rapid 

DISCUSSION 

The measured rate f o r  pr imary pyro lys i s  weight loss is therefore  higher than the  high 
r a t e s  o r i g i n a l l y  measured b y  Badzioch and Hawskley (5 ) .  
k c a l  is what is expected from thermochemical k i n e t i c s  f o r  e thylene br idges between 
aromatic  r ings  and a g r e e s  wi th  pyro lys i s  r a t e s  f o r  model compounds and polymers where 
these  bonds are t h e  weak l i n k s  (19). 
obtained a t  much lower temperature  (-450°C) a t  a hea t ing  r a t e  of 30'C/sec. 

What a re  the  reasons f o r  t h e  d iscrepancies  between these  rates and r a t e s  reported by 
many other  i n v e s t i g a t o r s  (1-4,9,1,0,20-22)? There a r e  two reasons f o r  t h e  
discreparicies, i n t e r p r e t a t i o n  of the  r a t e  and knowledge of the  p a r t i c l e  temperatures. 
Consider f i r s t  the  g r i d  experiments. The da ta  and a n a l y s i s  by Anthony et  al .  (1) 
i l l u s t r a t e s  t h e  f i r s t  reason. They presented two k i n e t i c  i n t e r p r e t a t i o n s  f o r  t h e i r  
data. a s i n g l e  f i r s t  order  process  and a s e t  of p a r a l l e l  processes  wi th  a Gaussian 
d i s t r i b u t i o n  of a c t i v a t i o n  energies. Both i n t e r p r e t a t i o n s  f i t  t h e  da ta  using 
Arrhenius expressions f o r  k i n e t i c  ra tes .  The s i n g l e  f i r s t  order  process  which uses 
an a c t i v a t i o n  energy of 11 kcal/mole requi res  two parameters, while  the  d is t r ibu ted  
r a t e d  model which uses  a mean a c t i v a t i o n  energy of 56 kcal /mole requi res  a t h i r d  
parameter t o  descr ibe  t h e  spread in ra tes .  Niksa e t  al. (3) used a s i n g l e  f i r s t  

The a c t i v a t i o n  energy of 55 

The r a t e  is a l s o  in agreement w i t h  data  
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order  model with i ts  low a c t i v a t i o n  energy. 
a c t i v a t i o n  of the two parameter f i t  a s  being chemical ly  unreasonable, and s e t t l e d  f o r  
a less accura te  f i t  but  wi th  appropr ia te  a c t i v a t i o n  energies. The problem i s  t h a t  a 
v a r i e t y  of i n t e r p r e t a t i o n s  may provide good f i t s  t o  t h e  d a t a  over a l i m i t e d  range of 
temperature and heat ing ra tes .  
information t o  choose between the  p o s s i b i l i t i e s ,  some of which lead  t o  h ighly  
inaccurate  extrapolat ions.  It i s  only by performing a d d i t i o n a l  experiments  a t  higher 
heat ing rates and therefore  higher  pyro lys i s  temperatures  t h a t  t h e  ambigui t ies  can be 
el iminated.  
a c t i v a t i o n  energy model was t h e  b e t t e r  choice t o  produce k ; y  100 sec-l a t  800°C. 
Addit ional  discrepancies  a r e  probably due t o  inaccura te  assumptions regarding 
p a r t i c l e  temperatures which have not been measured i n  t h e  g r i d  experiments. 

I f  the  high a c t i v a t i o n  energy r a t e  is the  b e t t e r  choice, what about the  d a t a  of 
Koba ash i  e t  a l .  (2) which give a rate on t h e  order  of 1 sec-’ a t  800°C and only 100 
sec-’ a t  17OO0C? There was no d i r e c t  measurement o r  conf i rmat ion  of the  p a r t i c l e  
temperature i n  these experiments. Ins tead ,  a n  assumption was made t h a t  t h e  p a r t i c l e s  
were a t  t h e  gas  temperatures  a t  t h e  longes t  res idence t i m e  (200 mi l l i seconds)  f o r  a 
nominal furnace temperature  of 1260 K where a weight loss of 26 w t .  % was observed. 
It w a s  assumed t h a t  t h e  26 w t . %  point  was always reached a t  a temperature of 1260 K 
i n  the  higher  temperature experiments. These assumptions were used t o  determine a 
parameter, 8 ,  defined a s  the  r a t i o  of t h e  momentum shape f a c t o r  t o  the energy 
shape factor .  The p a r t i c l e  temperature  c a l c u l a t i o n s  were performed assuming: a 
value of 8 = 3, although a value c l o s e r  t o  uni ty  would be more l i k e l y ;  a smal le r  value 
of p a r t i c l e  heat capaci ty  than i s  now bel ieved (15,16); a higher value f o r  the 
absorpt ion of rad ia t ion  than recent  da ta  would i n d i c a t e  f o r  s m a l l  coa l  p a r t i c l e s  (13) 
and zero heat  of pyrolysis .  The r e s u l t i n g  c a l c u l a t i o n  g ives  a heatup t i m e  of 
approximately 18 mil l iseconds a t  1260 K, i n  c o n f l i c t  wi th  the  observat ion t h a t  no 
weight loss has occurred a t  70 mil l iseconds.  Furthermore, t h e  i n i t i a l  assumption i s  
i n  c o n f l i c t  with the  da ta  presented i n  t h i s  paper which suggest  t h a t  had t h e  coal  
been a t  1260 K f o r  even 10 mil l iseconds.  s u b s t a n t i a l l y  more than 26% weight l o s s  
would have occurred. We be l ieve  t h a t  the p a r t i c l e  temperatures  a t  which pyro lys i s  
was occurr ing were s i g n i f i c a n t l y  overest imated by Kobayashi e t  al. (2), leading t o  
underest imat ion of t h e  k i n e t i c  ra tes .  

There a r e  o ther  da ta  which do not agree wi th  our r a t e s  and where two color  temperature 
measurements were made (20-22). These measurements suggest  a high s o l i d s  temperature. 
But these measurements may i n d i c a t e  the  temperature  of a hot  cloud of soot  surrounding 
the  p a r t i c l e  or hot  spots  on t h e  p a r t i c l e  sur face  and not r e f l e c t  t h e  temperature i n  
the  region of the  p a r t i c l e  where pyro lys i s  i s  occurring. It is a l s o  t r u e  t h a t  the  
assumption of constant  e m i s s i v i t y  used i n  i n t e r p r e t a t i o n  of two-color d a t a  can be 
erroneous i n  some cases  (13.14). 

Suuberg e t  a l .  (6) r e j e c t e d  t h e  low 

The g r i d  experiments  do n o t  provide s u f f i c i e n t  

The da ta  presented i n  t h i s  paper i n d i c a t e  t h a t  t h e  d i s t r i b u t e d  

ConcLusIon 

An experiment has been performed t o  determine pyro lys i s  r a t e s  f o r  a l i g n i t e  i n  which 
both the t r a n s i t  t i m e  and temperature  of p a r t i c l e s  have been measured. The measured 
r a t e  f o r  weight loss i s  g r e a t e r  than 100 sec-’ a t  8OOOC. 
r e i n t e r p r e t a t i o n  of heated gr id  d a t a  which have given r a t e s  much lower than t h i s  a t  
comparable temperatures. 
en t ra ined  f low reac tors  were due t o  heat  t r a n s f e r  l i m i t a t i o n s .  

The r e s u l t s  suggest  a 

The r e s u l t s  a l s o  suggest  t h a t  lower r a t e s  obtained i n  
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F i g u r e  2 .  
w i t h  Coal  and  Hel ium. 
Heat Loss. 0 Thermocouple  Tempera ture  I n s i d e  t h e  Tube. +Thermo- 
c o u p l e  Tempera ture  a t  FT-IR F o c a l  P o i n t .  
Coal  P a r t i c l e s .  Upper L i n e  is t h e  Wall Tempera ture  used  as I n p u t .  
Lower L i n e  is t h e  C a l c u l a t e d  Coal  P a r t i c l e  Tempera ture .  Dashed 
L i n e  is t h e  C a l c u l a t e d  Thermocouple  Tempera ture .  I n s e r t  is a 
Comparison of  a n  FT-IR Normalized Emiss ion  Spectrum w i t h  a T h e o r e t i c a l  
Black-body Assuming 6 = 0.9. 

Measured and C a l c u l a t e d  Tempera tures  i n  t h e  Tube Reac tor  
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Figure 3 .  
f o r  4 Electrode Pos i t ions .  a )  125 cm Cold, b )  50 cm Cold, 75 cm Hot, c )  25 
cm Cold, 100 cm Hot, and d )  10 cm Cold, 115 cm Hot. 
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Figure 4 .  Measured and Calculated P a r t i c l e  Residence Time and Calculated 
Gas Residence Time i n  t h e  Heated Tube Reactor.  The Calcula t ion  Assumes 
t h e  t h e  P a r t i c l e s  a r e  a t  80% of t h e  Gas Velocity before  and a f t e r  Primary 
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Figure 5 .  
and P a r t i c l e  Time Temperature H i s t o r i e s .  
in a-c are from the Functional Group Model (8). 
a Single Rate F i r s t  Order Model. Lines i n  d-f are from a Heat Transfer Model. 
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p a r t i c l e s .  The Ra te s  f o r  Tar and A l i p h a t i c  Gas are t h o s e  used  i n  t h e  
T h e o r e t i c a l  C a l c u l a t i o n .  Note t h a t  t h e  Number i n  t h e  Exponent is Roughly 
1 / 2  t h e  A c t i v a t i o n  Energy. 

277 


