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INTRODUCTION 

Pyrolysis of coal occurs i n  a l l  coal conversion processes and is  
perhaps the most d i f f i c u l t  to  model mathematically. 
on coal pyrolysis  have been proposed during t h e  pas t  several  decades. 
However, very few of  these models address t h e  simultaneous changes i n  
product d i s t r ibu t ion  and p a r t i c l e  weight l o s s  (or  conversion) over a 
wide range of  operat ing conditions. Such a mathematical model which 
could take i n t o  consideration the e f f e c t s  of  residence time, f i n a l  
temperature, heating r a t e  and pressure i s  needed f o r  design and scale-up 
of  coal pyrolysis  and gas i f ica t ion  reactors .  The purpose of t h i s  study 
i s  t o  develop such a mathematical model f o r  simulation of the  pyrolysis  
phenomena o f  a coal p a r t i c l e .  
general enough t o  be appl icable  t o  o ther  pyrolysis  system such as t h e  
pyrolysis  of wood. 

A number of  models 

The model t o  be developed should be 

MODEL DEVELOPMENT 

The assumptions used t o  formulate the  s ing le  p a r t i c l e  model a r e  as 
follows : 

(a) pseudo-steady s t a t e  concentration p r o f i l e s  
(b) 
(c) equal binary d i f f u s i v i t i e s  

This model combines t h e  chemical react ions and the  t ranspor t  processes 

negl ig ib le  increase i n  in te rna l  pressure 

occurring during pyrolysis. 

1. Chemical Reactions : 

Three chemical react ions a re  assumed t o  simultaneously occur within 
a coal p a r t i c l e  which is  undergoing pyrolysis  i n  an i n e r t  atmosphere. 
These a re  devola t i l i za t ion ,  cracking and deposition. For convenience, 
t h e  products of pyrolysis  a re  Categorized as  char ,  t a r  and gas. Char 
i s  defined as  the  u n d i s t i l l a b l e  mater ia l  which remains i n  the  form of  
a s o l i d .  Tar i s  defined as  t h e  d i s t i l l a b l e  l i q u i d  which has a molecular 
weight la rger  than 6 .  
C6, i .e.,  CO, CH4, COz, CzHg, H20, e t c .  
form o f  vapor when coal is pyrolyzed. 
t o  the c a t a l y t i c  cracking of  petroleum(l l ) .  During pyrolysis  a l l  of 
t h e  chemical react ions a r e  assumed t o  be f i r s t  order  with respect  t o  
the  concentration of reac tan ts  and r a t e  constants a r e  expressed i n  
Arrhenius form. The chemical react ions and the  r a t e  expressions f o r  
the  pyrolysis  o f  a coal p a r t i c l e  a re  formulated as follows: 

Gas is defined as  those components l i g h t e r  than 
Both t a r  and gas occur i n  the 

A s imi la r  treatment was appl ied 
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Devolat i l izat ion 

kl Coal __* X T a r  + (1-X ) Char 1 1 

Rate = k I 0  . exp(-E1/TiT) Ccoal 

Cracking 

Tar ---+ Gas k 2  

Rate = k Z 0  * exp(-E2/ET) Ctar 

Deposit ion 

Tar - Char k3 

Rate = k30 . exp(-E3/ET) Ctar 

The n e t  production r a t e s  of  t a r ,  gas and i n e r t  gas can be obtained 

R = k  C gas 2 t a r  

and R. = o  

coal and char  can be obtained a s :  

inert gas 
While the  s o l i d  concentrations, $,and t h e  n e t  production r a t e s  of 

dCi 

d t  1 
_ -  - R. 

where 

i i s  t h e  coal o r  char 

and 

Rcoal = - k C 
1 coal 

2 .  Transport Processes: 

Both mass and heat t r a n s f e r  a f fec t  the pyrolysis  of a s i n g l e  coal 
This i s  par t icu lar ly  s i g n i f i c a n t  f o r  large p a r t i c l e s .  p a r t i c l e .  
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2 - 1 .  Mas t r a n s f e r  

A. Gas phase 

The coal p a r t i c l e  can be considered as  a porous sphere which r e t a i n s  
i t s  i n t e g r i t y  as the  pyrolysis  react ion proceeds. 
equation f o r  the  gaseous species ,  i, t a r ,  gas or  i n e r t  gas, i n s i  e t h e  
p a r t i c l e  having a mass concentration, C i ,  can be formulated 

The conservation 

1 

where 
react ions.  

i s  the r a t e  of  generation of the species i due t o  t h e  chemical 

N i  i s  the mass f l u x  o f  the  species  i and can be expressed as t h e  
sum of the diffusion f l u x  i n  t h e  r a d i a l  d i rec t ion  and the  bulk flow 
through the  pores. Thus 

(4) 

- W., the  weight f rac t ion  of  the  species i i n  the  gas phase, can be 
expres4ed as:  

- w. = c. /x  c .  
1 l j  3 (5) 

B.  Gas f i lm 

?he conservation equation f o r  the  gaseous species ,  i ( t a r ,  gas o r  
i n e r t  gas) across the  gas f i l m  can be wri t ten as: 

where, 

surface and a t  the bulk gas stream outs ide,  respect ively.  

estimafed from an appropriate mass t r a n s f e r  cor re la t ion .  

C i , s  and C i  b a r e  the  concentrations of species  i a t  the  p a r t i c l e  

k i is  t h e  mass t r a n s f e r  coef f ic ien t  acress  the  gas f i lm and can be 

2-2.  Heat t r a n s f e r  

The energy balance equation f o r  the p a r t i c l e  is derived by taking 
i n t o  account convective, rad ia t ive  and conductive heat t r a n s f e r  with the  
heating devices and t h e  heat  of react ion of t h e  pyrolysis  process. 
temperature gradient which occurs ins ide  of  the  p a r t i c l e  due t o  the  
conduction is negl ig ib le  f o r  small p a r t i c l e s  and i s  neglected. 
a 1000 pm p a r t i c l e ,  t h e  maximum temperature gradient i s  2 0 %  a t  0 .5  
s e c  and l e s s  than 5'C a t  1 sec. This i s  the  case, i f  t h e  p a r t i c l e  a t  
room temperature i s  dropped i n t o  a pyrolyzer maintained at  1OOO'C.  
heat ing r a t e  of  the  p a r t i c l e  i s  1000'C/sec which i s  i n  t h e  range usual ly  
encountered i n  pyrolyzers or g a s i f i e r s ) .  

The 

(For  

The 

Accordingly, 
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+ C(-mi)Ri 
i (7) 

where, a represents  the f rac t ion  of  t h e  surface area o f  the  p a r t i c l e  
t h a t  comes in  contact with the  heating elements. 
of  the  heat ing elements and can be character ized by t h e  following equation: 

Tw, i s  the  temperature 

dTw . 
cpw * Pw . - dt - - hov (Tf Tw) 

Since t h e  heating r a t e  of  a heating device i s  spec i f ied  in the experi- 
mental work the wire temperature, Tw! can be obJained by subs t i tu t ing  a 
r e l a t i v e  overa l l  heat  t r a n s f e r  coef f ic ien t ,  hov, i n t o  Equation 8. 

DETERMINATION OF PARAMETERS 

S e n s i t i v i t y  analysis  of  each parameter of the model on the  weight 
loss  of t h e  p a r t i c l e  under d i f fe ren t  operating conditions shows t h a t  the 
value o f  k l  f o r  d i f f e r e n t  types o f  coal can be estimated by comparing 
the weight loss  h i s t o r y ,  the  value of k2 can be estimated based on product 
d i s t r i b u t i o n  of t a r  and gas under d i f fe ren t  temperatures and t h e  value of 
k3 can be estimated based on the pressure e f f e c t  on the  weight loss .  

The pyrolysis  data  of ACp@ony and f o r  bituminous coal 
and those of  Suuberg e t  al .  
the  reac t ion  r a t e  constants f o r  the  devola t i l i za t ion  s t e p  and the  
deposition s tep.  For sub-bituminous coal ,  due t o  the lack of data  on 
weight l o s s  h i s tory  and pressure e f f e c t s ,  an average value between the 
r a t e  constant of bituminous coal and t h a t  of  l i g n i t e  i s  used. The 
cracking react ion r a t e  constants f o r  each type of coal were chosen based 
on the  product d i s t r i b u t i o n  da ta  of  Solomon e t  a l .  (9). 
r a t e  constants  obtained f o r  d i f fe ren t  ranks of  coals a r e  tabulated i n  
Table 1. 

f o r  l i g n i t e  coal were used t o  determine 

'Ihe react ion 

A comparison between t h e  calculated r e s u l t s  and t h e  experimental 
data  f o r  the  weight loss  h i s tory  and t h e  e f f e c t  of pressure on bituminous 
coal  i s  shown i n  Figure 1 and 2 .  The e f f e c t  of pressure on weight loss  
f o r  l i g n i t e  has been reported to  be negl ig ib le  f o r  pressures ranging 
from 0.01 t o  100  atmosphere^(^). Figure 2 a l s o  demonstrates t h i s  trend. 
Figure 3 shows the  e f f e c t  of  the heat ing r a t e  on the weight loss  h i s tory  
f o r  l i g n i t e .  
experimental da ta  ind ica tes  tha t  the proposed model can represent the 
pyrolysis  process successful ly .  
bution of t a r  and gas a r e  shown i n  Figures 4 , 5 ,  and 6 f o r  bituminous, 
sub-bituminous and l i g n i t e  coal, respect ively.  The calculated t a r  yield 
i s  s l i g h t l y  higher than the observed y i e l d  especial ly  i n  the  1ow.tempera- 
t u r e  range. 
predetermined react ion r a t e  constants f o r  bituminous, sub-bituminous 
and l i g n i t e  coal. X , the  amount of t a r  formed i n  the devola t i l i za t ion  s t e p ,  
i s  cor re la ted  with t i e  v o l a t i l e  matter content f o r  each type of  coal and 
is shown i n  Figure 10. 
types of coals  can be seen t o  represent t h i s  value closely f o r  bituminous 
coal. This r e s u l t s  from the  aforementioned lack of  da ta  necessary for  
accurately determining the chemical react ion r a t e  constants. 
of X 1  with v o l a t i l e  matter content (dry ash f r e e  basis)  a re  l i s t e d  below: 

Good agreement between t h e  calculated l i n e s  and the  

The comparisons of t h e  product d i s t r i -  

Figures 7 t o  9 show the  appl icat ion of t h e  model with the 

The cor re la t ion  equations f o r  X1 with d i f fe ren t  

The relat ion 
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(9) 

(10) 

Bituminous 

Lignite 

X1 = 1.3  (V.M.) + 0.025 

X1 = 0.95 ( V . M . )  + 0.025 

DISCUSSION AND CONCLUSIONS 

Although the r a t e  of  heating a f f e c t s  the  weight loss h is tory  of 
l i g n i t e  coal as shown i n  Figure 3,  it appears t h a t  the ul t imate  weight 
loss  i s  not affected by the  heat ing r a t e  over the range between 650 t o  
lo4 'C/sec. However, Badzioch and H a ~ k s l e y ( ~ )  reported the  ul  imate 
weight loss  o f  the p a r t i c l e  a t  a rapid heating r a t e  (>2.5 x loE  'C/sec) 
tay  be 1 . 2  t o  1.4 times higher than t h a t  a t  slow heating r a t e  (i 1/20 

the experimental conditions employed t o  achieve t h e  rapid heating r a t e  by 
use of small p a r t i c l e s  i n  an entrained reactor .  For a slow heat ing r a t e ,  
the ultimate weight l o s s  i s  approximately the  same as the proximate 
v o l a t i l e  matter content of the  coal('). 
t o  c l a r i f y  t h e  e f f e c t  of heat ing r a t e  on the ul t imate  weight loss. 

C/sec). There i s  a concern t h a t  t h e i r  r e s u l t s  might be a t t r i b u t a b l e  t o  

Additional s tudies  a re  needed 

?he estimation of  the amount of  t a r  formed a t  low temperatures based 
on the  model is higher than those observed experimentally. This i s  shown 
i n  Figures 4 t o  6. 
react ion r a t e  constants ,  but t h i s  d id  not improve on the r e s u l t .  
the  model cannot adequately represent the pyrolysis  at low temperatures 
(< 600'C). 

A minor adjustment was attempted i n  the  cracking 
Hence, 

The weight loss  curves a t  d i f f e r e n t  temperatures f o r  bituminous, 
sub-bituminous and l i g n i t e  coals  show tha t  the  calculated weight loss  o f  
the p a r t i c l e  a t  temperatures higher than BOO'C tends t o  peak r a t h e r  than 
continuously increase as  seen i n  some of  the  experimental data .  The 
v a l i d i t y  of t h e  model above 100O'C is  s t i l l  undetermined due t o  t h e  lack 
of experimental da ta  above t h i s  temperature. 

The phenomena of  coal pyrolysis  between bituminous and l i g n i t e  coals  
a r e  apparently qui te  d i f f e r e n t .  Bituminous coal i s  more pressure dependent 
and has a lower proportion of gas i n  the pyrolysis  products than l i g n i t e .  
The e f fec t  o f  pressure on t h e  weight loss ,  according t o  the  model, is 
primarily re la ted  t o  the r a t e  of t a r  deposition. Since t h e  r a t e  of  t a r  
deposition i s  higher f o r  t h e  bituminous coal compared to  t h a t  of l i g n i t e ,  
the e f fec t  o f  pressure on the  weight l o s s  during pyrolysis is a l s o  more 
appreciable f o r  bituminous coal than l i g n i t e .  Furthermore, t h e  r a t i o  of  
the cracking r a t e  t o  the deposition r a t e  has an important e f f e c t  on the 
amount of gas and t a r  formed. Since t h i s  r a t i o  is greater  f o r  l i g n i t e  
than bituminous coal ,  l i g n i t e  produces more gas than bituminous coal 
under similar pyro ly t ic  conditions. This implies tha t  the  f rac t ion  of  
t a r  formed during t h e  devola t i l i za t ion  s t e p ,  X1, i s  smaller f o r  l i g n i t e  
than tha t  f o r  bituminous coal as indicated by Equations 9 and 10. 

The model developedais appl icable  within the  operating range of 
pyrolysis process l i s t e d  below: 

400'C < Temperature < 1000 'C 

25 Dm < P a r t i c l e  s i z e  < 1000 pm 
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1/1SO OC/sec <Heating r a t e  < lo4 OC/scc 

0.01 atm < Pressure < 100 atm 

l o r  l a r g e  p a r t i c l e s  beyond 1000 pm, temperature grad ien t  within t h e  
p a r t i c l e  may not  be rcglected requi r ing  an addi t iona l  term on h e a t  
condi t ion within t h e  p a r t i c l e  t o  be included in Equation 7. 
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3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

BIBLIOGRAPHY 
Anthony, D. B . ,  J .  B .  Howard, H .  C .  Hottel and H. P. Meissner, 
"Rapid Devolat i l izat ion.  of Pulverized Coal ,I1 Fi f t een th  Symposium 
( In t e rna t iona l )  on Combustion, pp. 1303-1317, The Combustion 
I n s t i t u t e ,  Pittsburgh, PA (1975). 

, "Rapid Devolatil i zat ion and Hydrogasi f i  cat ion of 
Bituminous Coal," 55, 121-128 (1976). 

Anthony, D. B . ,  and J. B. Howard, "Coal Devolat i l izat ion and 
Hydrogasification," AIChE Journal ,  2, No. 4 ,  625-656 (1376). 

Badzioch, S .  and P. G .  W .  Hawksley, "Kinetics o f  Thermal Decompo- 
s i t i o n  o f  Pulverized Coal Pa r t i c l e s , "  Ind. Eng. Chem. Process 
Des. Develop., 9, No. 4,  521-530 (1970). 

Goodman, 3 .  B . ,  M. Gomez, and V. F.  Parry, "Laboratory Carboniza- 
t i on  Assay of  Low-Rank Coals a t  Low, Medium and High Temperatures," 
Report o f  Invest igat ions,  No. 5383, U.S. Bureau of  Mines (1958). 

Jones, J .  F . ,  M. R. Schmid, and R. T. Eddinger, "Fluidized Bed 
Pyrolysis  o f  Coal," Chem. Eng. Progr., 60, No. 6,  69-73 (1974). 

Pyrcioch, E .  J . ,  H.  L .  Feldkirchner, C .  L. Tsaros, J .  L .  Johnson, 
W .  G .  Bair, B .  S .  Lee, F. C .  Schora, J .  Huebler, and H .  R.  Linden, 
"Production o f  Pipeline Gas by Hydrogasification o f  Coal," IGT 
Res. Bu l l . ,  No. 39, Chicago (1972). 

Russel, W .  B . ,  D. A. Sav i l l e ,  and M. I .  Greene, "A Model f o r  
Short Residence Time Hydropyrolysis o f  Single Coal Pa r t i c l e , "  
AIChE Journal ,  25, No. 1 ,  65-80 (1979). 

Solomon, P .  R. ,  "The Evolution of  Pol lutants  During t h e  Rapid 
Devolat i l izat ion of Coal," Project  R77-952588-3 Report f o r  t h e  
per iod April 1, 1976 through September 30, 1977, N S F  Grant No. 
AER75-17247 U.S. ERDA, pp. i - i x ,  IV-1-10 (1977). 

Suuberg, E .  M . ,  W .  A. Peters ,  and J .  B .  Howard, "Product Composi- 
t i on  and Kinetics of Lignite Pyrolysis," Ind. Eng. Chem. Process 
Des. Develop., 11, No. 1, 37-46 (1978). 

Weekman, V. W . ,  Jr., "Kinetics and Dynamics o f  Cata ly t ic  Cracking 
S e l e c t i v i t y  i n  Fixed-Bed Reactors," Ind. Eng. Chem. Process Des. 
Develop., 8, No. 3, 385-391 (1969). 

I 

146 



50 
+ : 40. 
6 
v 

_I 301 

Bituminous Coal Heating Rate: 750 "CIS 

Anthony  8. Howard'1976' Pressure : 69 a t m  

- oExperimenta1 Data Final Temperature:SOO"C 

02/ o--o-O- 

/ 0 

Model Calculation : - 

3o 
F 

s 2 0 -  

10 

L. 

- Coal Bituminous (-) Lignite (----- 1 
X i  064 0 4 3  
k, 1 1 1O5exp(-21,200/RT) 51 * ld exp(-l6,200/RT) 

k, 50 j. lO9exp(-29,000/RT) 80~10'"exp(-26,500/RT) 

- k, 53*104exp( -7000 /RT)  1 1 *lo3 exp(-4,000/RT) 

a 

,f 

, , xi,o.64 , , , , , 

k,= 1 . 1 0 X 1 0 5 .  exp(-21,200/Ri) 

k,= 5.00 x109. exp(-29,000/RT) 

k,= 5.30 XlO" exp( - 7,0001RT) 
0 

0 2 4 6 8 10 

Time (sec  1 

FIG. 1. PYROLYSIS WEIGHT LOSS HISTORY OF BITUMINOUS COAL 

8 0  1 I 

0 Experimental Data 

Anthony 8. Howard (1976) Final Temperature: 1000°C - 60 70 t 

0' 

lo2 IO' 10" 1 0' 1 o2 IO' 
Pressure ( a t m  1 

FIG. 2. EFFECT OF PRESSURE ON THE WEIGHT LOSS OF 
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