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Abst rac t  

The o b j e c t i v e  o f  the  presenr s t u d y  w a s  t o  d e v e l o p  a o n e -  

d i m e n s i o n a l ,  u n s t e a d y  s ta te  m o d e l  f o r  coa l -wa te r  m i x t u r e  d r o p l e t  

c o m b u s t i o n ,  a n d  t o  c o m p a r e  the charac ter is t i c  t i m e s  i f o r  the  va r i ous  

p rocesses ,  such  as w a t e r  vapor iza t ion ,  d e v o l a t i l i z a t i o n  and char o x i d a t i o n  

w i t h  ava i l ab le  expe r imen ta l  data. 

A w a t e r  f i l m  sur round ing a spher ica l  c o a l  p a r t i c l e  i s  cons ide red  t o  

u n d e r g o  v a p o r i z a t i o n  b y  I l ea l  Lranster t r 6 M  1t1e l ~ u l  6i1'. A f t c r  the w a t e r  

v a p o r i z a t i o n  i s  c o m p l e t e ,  devo la t i l i za t i on  bey ins .  T h i s  p r o c e s s  i s  assumed  

t o  b e  k i n e t i c a l l y  con t ro l l ed .  W a t e r  v a p o r i z a t i o n  and devo la t i l i za t i on  

p r o c e s s e s  are m o d e l e d  b y  us ing  a h y b r i d  Euler ian-Lagrangian m e t h o d  t o  

o b t a i n  the  p r o p e r t i e s .  o f  the  gas-phase and  the  condensed-phase.  A n  

e x p l i c i t  f i n i t e  d i f f e r e n c e  scheme i s  used  t o  s o l v e  the  Eu ler ian  gas-phase 

e q u a t i o n  where  as a Ruriya-Kutta scheme i s  e m p l o y e d  t o  s o l v e  the 

Lag rang ian  condensed-phase equat ions.  The p r e d i c t e d  charac ter is t i c  t i m e s  

f o r  w a t e r  v a p o r i z a t i o n  i s  i n  g o o d  agreement  w i t h  va lues  p r o p o s e d  in the  

l i te ra ture .  At the  present  t i m e  there  i s  i n s u f f i c i e n t  da ta  t o  d r a w  any 

c o n c l u s i o n s  on the mode l .  M e t h o d s  are p r o p o s e d  t o  r e f i n e  the  s i m p l e  

k i n e t i c  m o d e l  w h i c h  takes  i n t o  account  p o r e  d i f f u s i o n  and  m a s s  t rans fe r  

f o r  d e v o l a t i l i z a t i o n  and char ox ida t ion .  
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1. I n t r oduc t i on  

C o n s i d e r a b l e  i n t e r e s t  i n  c o a l - w a t e r  m i x t u r e  c o m b u s t i o n  has  b e e n  

g e n e r a t e d  i n  t h e  r e c e n t  p a s t  due  t o  the  e f f o r t s  o f  t h e  f o s s i l  f u e l  a n d  

c o m b u s t i o n  d i v i s i o n  o f  t he  D e p a r t m e n t  o f  Energy .  I t  h a s  b e e n  

d e m o n s t r a t e d  t ha t  a  s t a b l e  coa l -wa te r  m i x t u r e  c o n t a i n i n g  a b o u t  60-70% 

s o l i d s  l o a d i n g  c a n  b e  m a d e ,  a t o m i z e d  and  b u r n t  in a c o n v e n t i o n a l  i n d u s t r i a l  

b o i l e r .  In o r d e r  t o  d e s i g n  a b o i l e r  w i t h  m a x i m u m  e f f i c i e n c y ,  i t  i s  e s s e n t i a l  

t ha t  a  t h e o r e t i c a l  b a s i s  h e  d e v e l o p e d  t o  p ~ . e d i c t  c o m b u s t i o n  k i n e t i c s .  I t  i s  

i m p o r t a n t  t o  k n o w  w h e t h e r  t he  k i n e t i c s  o r  t he  m i x i n g  p h e n o m e n o n  

d e t e r m i n e s  t he  r a t e  c o n t r o l l i n g  s t e p  in t h e  o v e r a l l  c o m b u s t i o n  p r o c e s s .  

D e p e n d i n g  u p o n  t h e  t y p e  o f  coa l ,  t h e  c o m p o s i t i o n  a n d  p o r o s i t y  v a r i e s  a 

g rea t  deal.  

F o r  t h e  p r o p e r  d e s i g n  o f  a c o m b u s t o r ,  u s i n g  Coa l -Wa te r  M i x t u r e  

(CWM) fue l ,  a k n o w l e d g e  o f  t h e  c h a r a c t e r i s t i c  t i m e s  f o r  t h e  v a r i o u s  

c o m b u s t i o n  p r o c e s s e s  ( w a t e r  v a p o r i z a t i o n ,  d e v o l a t i l i z a t i o n ,  and  , char  

o x i d a t i o n )  i s  necessa ry .  A r r ~ o d e l  t o  p r e d i c t  t h e s e  v a r l a b l e s  accurately i s  

l a c k i n g  a t  t h e  p r e s e n t  t i m e .  

S o l o r n o r i  a n d  C o l k e t  (I) o b t a i n e d  d e v o l a t i l i z a t i o n  d a t a  o v e r  a w i d e  

range  o f  e x p e r i m e n t a l  c o n d i t i o n s  a n d  f o r  a  v a r i e t y  o f  coa l s .  T h e s e  

resea rche rs  r e p o r t  g o o d  agreement b e t w e e n  t h e o r y  a n d  e x p e r i m e n t  u s i n g  a 

s i n g l e  s e t  o f  r a t e  p a r a m e t e r s  w h i c h  v a r y  w i t h  v o l a t i l e  spec ies ,  b u t  a re  

i n d e p e n d e n t  o f  c o a l  t y p e .  The  a c t i v a t i o n  e n e r g i e s  a n d  A r r h e n i u s  p r e -  

e x p o n e n t i a l  f a c t o r s  appear  t o  b e  l o w e r  t h a n  t ha t  o b t a i n c d  by o l h e r  



investigators. Solomon and Colket (I) consider only kinetic parameters, 

pore dif fusion and mass transfer contributions are neglected in the above 

study. Work done by Suuberg, Peters, and Howard (2)  indicate that lignite 

volatiles are dominated by CO, CO and H,O while volatiles f rom the 
2' L 

bituminous coal are tar and light hydrocarbons. The kinetics of  lignite 

devolati l ization was modeled by one, two, or ihree first-order 

decomposition reactions. For the devolatilization modeling of bituminous 

coal, evaporation and dif fusion of  tar along wi th pyrolytic and secondary 

reactions have been considered. Smoot (3) has y iven an excellent revicw 

article ~n puller ized coal diffusion flame. Modeling efforts of  various 

researchers are summarized in the review article. The characteristic times 

tor  devo lar l l l za l iu~~ is slSclund 10-100 milliceconds \~!!ll?ereas the char 

oxidation time is o f  the order of  one minute. Clearly the rate- controlling 

step is the char oxidation step. Even though devolatilization step is ten 

times faster than char oxidation. the stability o f  a CWM flame is attributed 

to the high volatiles present in CWM. laherefore devolatilization is very 

important in the combustion of a fuel such as  CWM. Since char is the 

product obtained after devolatilization, the rate amount and type of 

volatiles evolved all have a bearilly WII  1l.1e structure of tho char formed. 

Some o f  the chains are presumed to  be broken and then repolymerized 

during devolatilization. Unger and Suuberg (4) developed a model which 

considers mass transfer in and around pyrolyzing coal particles. The 

i-lgroement be tween thenry and experiment is pretty good at one 

atmosphere pressure, but o f f  by an order of magnitude of two  at different 

pressures. 



The first step in the overall combustion process ' i s  water 

vaporization. The model developed in the present study considers rates of  

water vaporization, water temperature and coal particle temperature prior 

to completion of vaporization. The second step is the devola tilization. 

Some breakdown of  .the aromatic ring compounds in coal take place and 

these gases escape during devolatilization. For proper flame stabil ity the 

presence of  these volatiles is very important as pointed out earlier. There 

is some evidence to show that repolymerization also takes place. Char 

oxidation is the third step and the characteristic times reported for this 

step is o f  the order one second compared to 50-100 milliseconds for 

vaporization and devolatilization steps. Depending upon the particle size, 

dif fusion rate or surface reaction rate could control the char oxidation 

step. . I f  the dif fusion rate is sufficiently low and/or i f  the surface 

oxidation rate is sufficiently .high (large particles andlor high particle 

temperature), the reaction would primarily occur a t  the outer char surface. 

For larger f i lm dif fusion . . rates, a significant amount of diffusion into the 

pores occur with heterogeneous oxidation and internal heterogeneous 

oxidation. 

The objective of  this research is to develop a sound theoretical 

model to predict the characteristic times and the rate of combustion of 

coal-water mixture (CWM). This informatlon is necessary for '  the proper 

design of  a furnace using CWM as the ~IIRI. Equations o f  cur~rlnuity, 

energy and momentum would be developed for the two  cases ,  I.e., 

individual droplet and slurry. 



The equations that govern the behavior of  the burning of  coal-water 

slurries are a challenging system. The subsystem of  equations governing 

the gas-phase properties have elliptical spatial operators while the 

subsystem governing the droplet and particle properties wi l l  be hyperbolic. 

Generally a hybrid numerical scheme is desirable with an Eulerian finite- 

difference scheme for the gas-phase and a Lagrangian finite-difference 

scheme for the condensed-phase properties, i.e., internal process of  water 

vaporization, devolatilization and char oxiddtlon art! b e l l e l  fol lowed b y  

employing. a Lagrangian scheme. Following this approach a numerical 

study been conducted t o  predict the particle heating, water vaporization 

and devolatilization processes for a coflowing air and coal-water slurry 

spray. The char oxidation process is not examined in the present case. 

The physical model and the governing equations for the two phases are 

discussed in section 2. The results are presented in section 3. A method 

to  Include the pore dif fusion in the devolatilization and char oxidation 

processes is discussed in  the Appendix. 

2. A Spray Model for Water Vaporization and Devolatilization 

2a. Physical Model 

This section gives the details ~f a spray model, shown schematically 

in Figure 1 for describing the laminar one-dimensional transient f l ow o f  air 

and coal-water-slurry droplets in an open tube. Conditions at the tube 

entrance are prescribed. Air f low is continuous, whereas the droplets are 

injec.ted intermittently. The frequency of  injection is determined by 



prescribing the mass f low rate o f  the condensed phase, the number of 

droplets per unit area of  the tube, the initial droplet size, and density. A 

dilute monodisperse spray without any droplet interaction is considered, 

Droplet dynamics, droplet heating, water vaporization, and 

devolatilization processes are considered in the present study. The 

dynamics is modeled by using a drag law, where the drag coefficient is a 

function of  the Reynolds number based on the relative velocity of  the 

droplet wi th respect to gas the the droplet radius. The functional form of  

the drag coefficient is  the same as used in Ref. (5). The droplet heating is 

modeled by assuming that the droplet temperature is spatially uniform but 

temporally varying. Water vaporization and devolatilization processes are 

assumed to be mutually exclusive events. In modeling of  these processes, 

i t  is further assumed that the water surrounds the coal particle (see Fig. 7 ) .  

Following its introduction into the hot air f low, a droplet f i rst gets heated, 

without appreciable water vaporization, to its wet-bulb temperature. This 

is fol lowed by a period o f  water vaporization, during which the droplet 

temperature remains almost constant. After the water vaporization is 

completed. droplet heating and devolatilization processes follow. In 

addition, the droplets continuously accelerate since init ially a higher 

velocity is provided for the gas phases. The above condensed-phase 

processes influence the stale of  the gas, i.e., the gas-phase is continuously 

retarded, co~ le r i ,  and enriched with water vapor and volatiles. Al l  these 

gas-phase and condensed processes are modeled by a system of  unsteady, 

one-dimensional equations. The gas-phase is represented in Eulerian 

coordinates and the liquid-phase is represented in Lagrangian coordinates. 

The governing equations in the non-dimensional form are given as follows: 



2b. Gas-Phase Equations 

where 



2c. Condensed-Phase Equations 



m  = m  + m  
k 

+ m 
rk chk ak 

1 2 
where T ' 

r = - 3 + 1 Tk' 

2d. Source ' ~ e r m s  for the Gas Phase 



where 



P"' x = -  . exp - -  
ws P ' R' bn 

T ' Tkf 

I = 1 du r ing  w a t e r  vapo r i za t i on  
W 

= 0 a f t e r  w a t e r  vapo r i za t i on  

N o t e  tha t  a t r a n s f o r m e d  tempera ture  as g i v e n  b y  Eq. (61, has b e e n  

e m p l o y e d .  T h i s  t ransforn iat io17,  w h i c h  i s  u s e f u l  f o r  c o n s t a n t  v o l u m e  

s i t ua t i on ,  hat b o o n  r e t a i n s d  h ~ r r !  Ia cnns tan t  pressure c a s e )  f o r  t he  sake o f  

genera l i t y .  A l so ,  the  i n c l u s i o n  o f  ox id izer  spec ies  in the  gas-phase, though 

redundant  f o r  t h e  ca l cu la t i ons  r e p o r t e d  here, i s  f o r  the  sake o f  genera l i t y .  

O f  course,  t h i s  will b e  requ i red  f o r  the  char o x i d a t i o n  s tudy .  

For  non -d imens iona l i z i ng  the  gas-phase equat ions ,  the l u b e  length and 

t h e  gas  v e l o c i t y  at the tube  ent rance are used  as the  l eng th  sca le  and the  

v e l o c i t y  sca le  respec t i ve l y .  The t i m e  sca le  i s  d e t e r m i n e d  b y  these t w o  

scales.  The  gas-phase p r o p e r t i e s  are non-d i rnens iona l ized b y  us ing  the 



, -espect ive p roper t i es  at the entrance. For  the  condensed  phase, the 

d rop le t  pos i t i on ,  v e l o c i t y  ' a n d  temperature  are r e s p e c t i v e l y  non-  

d imens iona l i zed  b y  the gas-phase length, v e l o c i t y  and tempera tu re  scales. 

The d rop le t  rad ius  and dens i t y  are non-d imens iona l i zed  b y  the i n i t i a l  

d rop le t  rad ius  and the c o a l  d e n s i t y  respec t i ve l y .  The a b o v e  n o n -  

d imens iona l i za t i on  g i ves  r i s e  t o  three add i t i ona l  d imens ion less  g roups  tr, L 
r 

and pr ; tr is the  r a t i o  o f  c o n v e c t i v e  t i m e  t o  d i f f u s i o n  t i m e  i n  the  gas-  

phase, L i s  the  r a t i o  o f  gas-phase length  sca le  and the i n i t i a l  d r o p  rad ius ,  
r 

and  pr i s  the r a t i o  o f  i n i t i a l  gas-phase d e n s i t y  and the condensed-phase 

dens i ty .  
. . 

The impor tan t  assumpt ions  made  i n  w r i t i n g  the  gas-phase equa t ions  

are tha t  the  gas pressure i s  constant ,  the rad ia t i ve  heat  t rans fer  i s  

negl ig ib le,  the  spec ies  d i f f u s i o n  f o l l o w s  Fick 's  l a w  w i t h  equal  m a s s  

d i f f u s i v i t i e s  f o r  each paper, the s p e c i f i c  heats  are cons tan t  and equal  and 
, . 

the gas-phase ~ e w i s  .and ~ c h r n i d t  numbers  are constant .  In add i t i on ;  the  

p roduc t  pD i s  assumed, constant .  I t  i s  n o t e w o r t h y ,  however ,  tha t  f o r  the  

ca l cu la t i on  o f  condensed-phase Reyno lds  number  (Eq. 21), p i s  c o n s i d e r e d  a 

f u n c t i o n  o f  temperature  (see Ref. 5) as g i v e n  b y  Eqs. (22) and  (23). 

For  the  condensed-phase equat ions,  the  i m p o r t a n t  a s s u m p t i o n s  and 

the va r ious  fea tures  are d iscussed be low:  

1. The  e f f e c t  o f  gas-phase c o n v e c t i o n  o n  the  w a t e r  vapor i za t i on  and 

p a r t i c l e  hea t ing  i s  g i v e n  by a Ranz-Marshal l  c o r r e l a t i o n  [6] as ind i ca ted  i n  

Eq. (30). 



2. The wa te r - vapo r i za t i on  p r o c e s s  i s  d i f f us ion -con t ru l l ed ,  w h e r e  the  

d i f f u s i o n  r a t e  i s  m a i n l y  de te rm ined  b y  the  w a t e r  vapor  m a s s  f r a c t i o n  at 

t he  d rop le t  s i ~ r f a c e  and  tha t  in the gas env i ronmen t .  A phase equ i l i b r i um 

r e l a t i o n  (C las ius-C lapeyron r e l a t i o n  as g i v e n  b y  Eq. (35)) i s  u s e d  . t o  

ca l cu la te  the  w a t e r  v a p o r  m a s s  f r a c t i o n  at the  sur face.  

3. D u r i n g  the  wave r -vapo r i za t i on  per iod ,  the  pa r t i c l e  d e n s i t y  i s  g i v e n  

b y  Eg. (25). These v o l u o ~  are req i~ iPsd  1 1 1  ~ e l h t i o n  ( 1  1). 

4. A f t e r  water v a p u i i ~ 0 t i o n  i s  c o m p l e t ~ d ,  the  pa r t i c l e  t empera tu re  

s t a r t s  r i s i n g  ayaln. The heat  t rans fe r  r a t e  f r o m  the gas-phase t o  t he  

p a r t i c l e  i s  b a s e d  o n  a Nusse l t  number  f o r  a s o l ~ d  sphere wit11 a c o n v c c t i v e  

c o r r e c t i o n  as g i v e n  b y  Ranz-Marshal l  cor re la t ion .  

5. A s  the p a r t i c l e  rerr iperature rises,. t he  d e v o l a t i l i z a t i o n  p r o c e s s  i s  
. , 

i n i t ia ted .  The d e v o l a t i l i z a t i o n  i s  assumed  t o  b e  k i n e t i c a l l y  c o r l t r o l l e d  and  

the  e f f e c t  o f  p o r e s  i s  neg lec ted  in the p resen t  ca lcu la t ions .  The  ra te  o f  

d e v o l a t i l i z a t i o n  i s  a s s u m e d  t o  b e  g i v e n  b y  t w o  c o m p e t i n g  f i r s t -o rde r  

r e a c t i o n s  as d i scussed  b y  Ub l~ay ,ska r  c t  al. [71. A s ing le  f i r s t -o rde r  

r e a c t i o n  scheme i s  f o u n d  t o  b e  inadequate t o  exp la in  the  measured  v o l a t i l e  

y i e l d s  o v e r  a range o f  c o n d i t i o n s  [a ] .  S ince  the  amoun t  and  ra te  o f  

m e a s u r e d  v o l a t i l e  y i e l d s  i s  m u c h  higher a t  h igher  temperatures,  the t w o  

r e a c t i o n  scheme of  Ref. [ 7 ]  and tha t  o f  Ref. [ 8 ]  g i v e s  a m u c h  b e t t e r  f i t  

t o  the  expe r imen ta l  data, N o t e  tha t  b o t h  the  re fe rences  have used  s i m i l a r  

r e a c t i o n  schemes  b u t .  w i t h  d i f f e r e n t  values o f  the  r e a c t i o n  r a t e  parameters.  

I n  the  present  s t u d y  the  pa ramete r  values are taken  f r o m  Ref. [71. These 

v s l u c s  have  a l so  b e e n  used  b y  S m i t h  and S n i o o t  [9]. 



The in i t i a l  cond i t i ons ,  boundary  cond i t i ons ,  and  the  s o l u t i o n  p r o c e d u r e  are 

the s a m e  as t h o s e  used  i n  Ref. [51. Essen t i a l l y  an h y b r i d  Eu ler ian-  

Lagrang ian m e t h o d  has been  used  t o  s o l v e  the  two-phase equat ions .  A n  

exp l i c i t  f i n i t e - d i f f e r e n c e  scheme i s  u s e d  t o  s o l v e  the Eu le f ian  gas-phase 

equa t i ons  whereas  a second-order ~ u n g e - ~ u t t a  scheme i s  e m p l o y e d  to 

s o l v e  t h e  Lagrang ian condensed-phase equat ions .  

3. Results 

Resu l ts  f o r  pa r t i c l e  heat ing,  w a t e r  vapo r i za t i on ,  and d e v o l a t i l i z a t i o n  

p r o c e s s e s  are s h o w n  in Figs. 2-12. A m i x t u r e  o f  air and  m o n o d i s p e r s e  

s p r a y  o f  coa l -water  s lu r r y  f l o w i n g  in a t u b e  i s  cons idered.  Va lues  o f  a l l  

the  pa ramete rs  used  in the ca l cu la t i ons  are l i s t e d  in Tab le  1. I n i t i a l l y  each 

p a r t i c l e  i s  c o m p o s e d  o f  50  pe rcen t  o f  c o a l  and 50 percent  o f  w a t e r  b y  

v o l u m e .  F o r  a c o a l  s p e c i f i c  g r a v i t y  o f  1.5, t h i s  a m o u n t s  t o  6 0  pe rcen t  

c o a l  b y  w e i g h t  in each part ic le.  The i n i t i a l  c o a l  c o m p o s i t i o n  i s  a s s u m e d  

t o  be 90 percent  r a w  coal ,  6 percent  cl'ldr and 5 percent  ash. Du r ing  

d e v o l a t i l i z a t i o n  process ,  t a w  c o a l  y i e l d s  char and vo la t i les .  The ai r  f l o w  

i s  con t i nuous ,  whereas the  s lu r r y  f l o w  i s  i n te rm i t t en t .  The f r e q u e n c y  o f  

i n j e c t i o n  i s  de te rm ined  a f te r  p resc r i b ing  t h e  m a s s  f l o w  r a t e  o f  the  s lurry,  

p a r t i c l e  radius,  and the number  o f  p a r t i c l e s  per  un i t  area (o r  number  o f  

p a r t i c l e s  in a group). For  the  present  ca l cu la t i ons  one  g r o u p  ( o f  pa r t i c l es )  

i s  ~ n j e c t e d  a f t e r  e v e r y  25 m s e c  and  there  are 400 pa r t i c l es  in each group.  

T h i s  a m o u n t s  t o  a s lu r r y  f l o w  r a t e  o f  0.104 g r a m  pe r  s e c o n d  per  u n i t  area, 

whereas  the co r respond ing  air f l o w  i s  0.47. 



Figur'e 2 g i v e s  t h e  pa r t i c l e  p o s i t i o n  in the  tube versus  t i m e  fo r  

d i f f e r e n t  p a r t i c l e  g roups.  O n l y  a f e w  rep resen ta t i ve  g r o u p s  are s h o w n .  

For  example,  b e t w e e n  g r o u p  '1' and g r o u p  '5' there are f o u r  a d d i t i o n a l  

p a r t i c l e  groups.  The ins tan t  o f  in jec t ion ,  g i v e n  by the  t i m e  a t  p o s i t i o n  

x =o, i d e n t i f i e s  the  d i f f e r e n t  pa r t i c l e  groups.  A s  Fig. 2 indicates,  t h e  
k 

r e s i d e n c e  t i m e  f o r  a p a r t i c l e  i s  about  64 msec.  The v a r i a t i o n  o f  v e l o c i t y  . . 

w i t h  t i m e  f o r  d i f f e r e n t  p a r t i c l e  g roups  i s  g i v e n  in Fig. 3. The i r i i t i a l  

p a r t i c l e  v e l o c i t y  i s  20 crn lsec,  whereas the  ga's v e l o c i t y  i s  200 cmlsec at 

t he  tube  entrance.  The  pa r t i c l es  acce lera te  at a decreas ing  ra te  w h i c h  

approaches n e a r l y  ze ro  a f t e r  20 msec.  N o t e  that f o r  g roups  '10'. '20'. and  

'?r\', t h ~  s t a r t i n g  point f o r  t h e .  v e l o c i t y  p l o t  d o e s  n o t  appear t o  be at 20 

cm lsec .  T h i s  i s  due t o  the  d i f f e r e n c e  in the  actual  i n j e c t i o n  i ns tan t  and  

the  ins tan t  p l o t t i n g  i s  s ta r t ing .  Fur  example ,  'g roup '10' is  . in jec ted  at 22.5 
. . 

msec ,  whereas the  , p l o t t i n g  . i s  s ta r ted  a t  23  rnsec. The  pa r t i c l e  s i ze  

v a r i a t i o n  with t i m e  Is g l v e n  I r t  Flg. 4. The pe r t i c l c  h c o t i n g  par lod,  w h e n  

the  w a t e r  vapo r i za t i on  r a t e  i s  neg l ig ib le ,  i s  about  2.0 msec .  Then  t h e  

p a r t i c l e  s i ze  decreases c o n t i n u o u s l y  u n t i l  the  w a t e r  vapo r i za t i o r i  i S  

e o m p l c t c d .  Tho t i m e  f o r  comp!r?t.e \NatP.r vapnr i za t i on  is  about 25 m s e c !  

a f t e r  w h i c h  the  d e v o l a t i l i z a t i o n  s t a r t s  and the  p a r t i c l e  s i ze  r e m a i n s  

cons tan t .  A s  Fig. 5 shows ,  i t  takes  about  3.0 m s e c  f o r  t h e ,  p a r t i c l e  

t empera tu re  t o  a t ta in  i t s  w e t - b u l b  value. A t  t h e  we t -bu lb  tempera ture ,  t he  

heat  supp l i ed  f r o m  the gas phase g o e s  as the  la ten t  heat  of  v a p o r i t a t i o n  

w i t h o u t  r a i s i n g  pa r t i c l e  temperature.  Thus the  tempera tu re  r e m a i n s  a l m o s t  

cons tan t  u n t i l  t h e  w a t e r  vapo r i za t i on  i s  c o m p l e t e .  Pheri  i t  s t a r t s  i n c r e a s ~ n g  

aga in  du r ing  the  devo la ' t l l i za r l on  per iud .  T l ie  pa r t i c l e  t empero tu rc  r cschcc  a 

va lue  o f  abou t  1 1 4 0 ' ~  at  t he  tube exit .  The  pa r t i c l e  d e n s i t y  , .p lo ts  are 



g i v e n  in Fig. 6. Dur ing  the  w a t e r  v a p o r i z a t i o n  per iod ,  t he  pa r t i c l e  d e n s i t y  

i s  the  average o f  coa l  d e n s i t y  and w a t e r  dens i ty .  Consequent ly .  as the  

w a t e r  vapor izes,  the ,  pa r t i c l e  d e n s i t y .  increases.  W h e n  the  w a t e r  

v a p o r i z a t i o n  i s  comp le te ,  the' d e n s i t y  s ta r t s  decreas ing  due t o  

devo la t i l i za t i on .  ~ o t e  tha t  the  ' p a r t i c l e  rad ius  i s  a s s u m e d  cons tan t  du r i ng  

the  d .evo la t i l i za t ion  process .  

. . . . .  

The h i s t o r y  o f  d e v o l a t i l i z a t i o n  pro,cess i s  s h o w n  i n  Figs: 7-8. The 
. . 

v a r i a t i o n  o f  r a w  c o a l  m a s s  f rac t i o r i  in the  c o a l  pa r t i c l e  w i t h  t i m e  i s  g i v e n  

in Fig. 7.  I n i t i a l l y  t h i s  m a s s  f r a c t i o n  i s  0.9. W h e n  the  d e v o l a t i l i z a t i o n  

s t a r t s  (a f t e r  30 rnsec), r a w  c o a l  y i e lds .  char and vo la t i l es .  A s  a resul t ,  i t s  

m a s s  f r a c t i o n  decreases cont inuous ly .  S ince the  pa r t i c l e  tempera ture  i s  
. . ,  

increasing,  the ra te  o f  decrease o f  r a w  c o a l  m a s s  f r a c t i o n  increases. The 

increase o f  char m a s s  f r a c t i o n  w i t h  t i m e  i s  d e m o n s t r a t e d  i n  Fig. 8. 
. . . . . ,  

l n i t i a l l y  i t s  va lue  i s  0.05 and i t  inc reases a t  an i nc reas ing  rate. N o t e  tha t  

f o r  pa r t i c l e  g roup  '1' the  char m a s s  f rac t i on ,  s e e m s  t o  b e c o m e  c o n s t a n t  

a f t e r  65 msec.  Th i s  i s  s i m p l y  due t o  t he  f a c t  that  t h i s  g r o u p  has reached 

t h e  tube  ex i t  a t  t h i s  t ime.  (see Fig. 2 )  

The p r o f i l e s  o f  gas-phase proper t ies '  in tube a t  d i f f e r e n t  instances o f  

t i m e  are s h o w n  i n  Figs. 9-12. The p r o f i l e s  g i v e n  i n  Fig. 9 i nd i ca te  tha t  the 

gas  tem'perature conl inuousl .y  . d e c r e a s e s  due t o  t h e  heat  t rans fe r  t o  the  

c o n d e n s e d . p h a s e .  N o t e  that  the .osc i l l a t i ons  i n  the gas temperature 's  are 

w e l l - b e h a v c d  and  are ei.lt irely due t o  the  p e r i o d i c l ' n a t u r e ' ' o f  the '  pa r t i c l e  

i n j e c t i o n  p r o c e s s  w h i c h  causes a f i n i t e  d r o ~ l e t  spac ing  in t h e  s t r e a m w i s e  . 

d i rec t ion .  A l s o  n q t e  .that the  p e r i o d  : o f  t h i s  osc i l la t i .on  i s  i h e  s'ame a s '  the 



t i m e  in te rva l  b e t w e e n  t w o  subsequent in jec t ions ,  These osc i l l a t i ons  are 

o b s e r v e d  i n  the  o the r  gas-phase proper t ies .  The p r o f i l e s  o f  w a t e r  'vapor 

m a s s  f r a c t i o n  are g i v e n  i n  Fig. 10. The wa te r  vapor i za t i on  i s  c o m p l e t e d  at 

about  25 m s e c  ( the  co r respond ing  axial l o c a t i o n  i s  3.5 cm), a f te r  w h i c h  the 

p r o f i l e s  change m a i n l y  due t o  the  gas-phase convec t i on .  The v o l a t i l e  

m a s s  f r a c t i o n  p r o f i l e s ,  s h o w n  in Fig. 11, ind ica te  tha t  the  devo la t i l i za t i on  

s t a r t s  at  abou t  25 m s e c  (a f te r  the w a t e r  vapor i za t i on  i s  comple ted) .  N o t e  

that  t he  d e v o l a t i l i z a t i o n  s ta r t s  b e c o m i n g  s igr i i f i cant  o n l y  a t rer  35 m s e c  

(see a l so  Fig. 7). I t  i s  a l so  w o r t h  n o t i n g  that  the d e v o l a t i l i z a t i o n  p r o c e s s  

is  n o t  c o m p l e t e  in the  present  calculat ions.  A larger res idence t i m e  i s  

requ i red  for i t s  c o m p l e t i o n .  Figure 12 g i ves  the  gas v e l o c i t y  p lo ts .  The 

gas v e l o c i t y  c o n t i n u o u s l y  decreases due t o  the m o m e n t u m  t rans fe r  t o  the 

condensed-phase.  N o t e  that f o r  t i m e  = 10 m s e c  (a lso  40 m s e c )  t l ie  gas  

v e l o c i t y  p r o f i l e s  s h o u l d  f i n a l l y  recove r  the  va lue 200 c m l s e c  at some p o i n t  

i n  the tube. That  i s  n o t  the  case i n  the present  ca lcu la t ions  because 

pressure  i s  a s s u m e d  un i fo rm.  

Conclusions 

I t  has b e e n  s h o w n  that  the  unsteady s ta te  one-d imens iona l  m o d e l  

d e v e l o p e d  i n  the  present  w o r k  adequate ly  p red ic t s  the i n i t i a l  w a t e r  

vapor i za t i on  ra te  in the coa l -water  m ix tu res  c o m b u s t i o n  process.  

Condensed-phase and gas-phase p roper t i es  c o u l d  be ca lcu l8 ted from the 

m o d e l  and the  charac ter is t ic  t i m e  f o r  w a t e r  vapor i za t i on  ca lcu la ted has 

b e e n  f o u n d  t o  b e  i n  agreement w i t h  values r e p o r t e d  i n  the l i terature. A 



beg inn ing  in the  m o d e l i n g  o f  the  d e v o l a t i l i z a t i o n  p r o c e s s  has b e e n  m a d e  i n  

the  present  s tudy .  A t w o - s t e p  chemica l  k i n e t i c  r e a c t i o n  scheme has b e e n  

used  t o  deve lop  the m o d e l .  M o r e  w o r k  i s  necessa ry  t o  ca lcu la te  the  

chara'cterist ic t i m e  requ i red  f o r  c o m p l e t e  d e v o l i t i z a t i o n  and  char ox ida t i on .  

Th i s  m o d e l  w i l l 1  inc ludue p o r e - d i f f u s i o n  and  mass- t rans fer .  The bas i c  

equat ions  necessa ry  t o  deve lop  th i s  m o d e l  have been  i nc luded  in the  

Append ix .  

Nomenclature 

A I t  ', f requency  f a c t o r  i n  the  d e v o l a t i l i z a t i o n  
rn c 

r a t e  exp ress ion  (Eq. 38). l l s e c  

Trans fer  Number  (see Eq. 31) 

d rag c o e f f i c i e n t  

C C ', gas-phase s p e c i f i c  heat, Ca l l gm lok  
P PS 

'pg 
', condensed-phase s p e c i f i c  heat 

C C ', c o a l  spec i f i c  heat  
PC P!l 

C C ', w a t e r  s p e c i f i c  heat  
PW Pg 

2 D D ', gas-phase d i f f u s i o n  c o e f f i c i e n t ,  c m  l s e c  
9 

Reference va lue  o f  the  d i f f u s i o n  c o e f f i c i e n t  

d rop le t  spacing,  c m  

Tm T ' R', a c t i v a t i o n  ene rgy  i n  the 
devopat i l i za t ion  r e a c t i o n  ra te  (Eq. 38) C a l l m o l e  

-. - 
Hk C 'T ', heat  g i v e n  t o  the  pa r t i c l e  f r o m  
the $ 3 ~ - b h a s e  du r ing  w a t e r  vapor iza t ion ,  C a l l g m  



parameter  t o  d is t ingu is l i  b e t w e e n  the w a t e r  
vapor i za t i on  and devo la t i l i za t i on  

K I t  ' i n  the devo la t i l i za t i on  reac t i on  ra te  t e r m  
m g '  (see Eq. 37) 

Tube length,  a l so  the gas-phase charac ter is t ic  
length, c m  

L 'Ir ' 
g ko 

' T ' Heat of vapor i za t i on  f o r  water ,  
I ,  ! 

Molecu lar  w e i g h t  o f  air, g m l m o l e  

Mo lecu la r  we igh t  o f  w a t e r  

?3 , ' par t ic le  ma33, gm 
k ko Pkc ' 

m 3 .  ' char m a s s  i n  one 
chk rko Pkc ' 

p a r t ~ c l e ,  gm 

.3 , 
mrk rko c 

', r a w  c o a l  m a s s  i n  . 

one pa r t i c j e  

' 3 ,  ' ash mass i n  one  
mak Pkc ' 
part  id$ 

It L ' p ' I t  ' +I, 
Mwk r 8 9 g 
w a t e r  va  or1 a t i o n  rate, g m l s e c  

3 M p '  L '  I t . ' ,  
dSol&i l i !a t i& rare, grnlsec , 

nklLc'. number  o f  pa r t i c l es  per un i t  c r o s s  
s e c t ~ o n a l  area o f  the tube, I l c m  2 

p pg', pressure,  atrn 

n o r m a l  pressure  ( 1  atrn l  

Q C  ' T ' r k . ' p  ' D ', heat  give^ 
l u  . t@ pBrticPe f?omgthe gas-phase 
a f t e r  w a t e r  vapor i za t i on  



r  r  . '  c o a l  p a r t i c l e  radius,  c m  
c ko ' 

r  r  ' pa r t i c l e  .radius, c m  
k ko ' 

i n i t i a l  pa r t i c l e  radius; c m  

g i s  constant ,  Ca l lmo le l °K  

3 gas constant ,  a t m  c m  l m o l e l O ~  

Reyno lds  number  (see Eq. 2 i )  

c o n v e c t i v e  c o r r e c t i o n  (see Eq. 32) 

non -d imens iona l  source  terri7 f o r  t h e  gas-phase 

t  t ', t ime,  sec  
9 

T T ', gas-phase temperature,  O K  
9 

Tk Tg', par t i c l e  t empera tu re  

b o i l i n g  tempera tu re  o f  wa te r  a t  n o r m a l  
p ressure  (1  a tm)  

V V ', gas-phase ve loc i t y ,  c m l s e c  
9 

Vk V g '  p a r t i c l e  v e l o c i t y  

X L ', spa t i a l  co'ordinate,. c m  
9 

X L - ' ,  p a r t i c l e  p o s i t i o n ,  cm 
k g 

w a t e r  vapo r  m o l e  f r a c t i o n  at the p a r t i c l e  su r face  

mass  f rac t i on ,  a l s o  the  var iab le  u s e d  in Eq. ( 2 )  

wate r  vapo r  m a s s  f r a c t i o n  at the  su r face  

m a s s  s t o i c h i o m e t r y  c o e f f i c i e n t  (see Eq. 37) 

Ax L ', spa t i a l  s t e p  size, c m  
9 

Ax' 



At '  

' 

+ 

- - A t  t  ', t e m p o r a l  s t e p  size, sec  
9 

- - gas  v i s c o s i t y ,  y rn l cm lsec  

- - + T ' ( p ' y )  t r a n s f o r m e d  
tembera?ure (scc  Eq. 6) 

- - r a t i o  o f  s p e c i f i c  heats  

- - p pg' ,  gas-phase dens i t y ,  g m l c m  3,  

- - ' pa r t i c l e  d e n s i t y  
"k Pko ' 

- - 
P,'IP,~' 

' c o a l  dens i t y  P ,  "ltc ' 

' w a t e r  d e n s i t y  Pw Pk, 

SUBSCRIPTS 

air 

c o a l  

reference value used for 
non -d imens iona l i za t i on  

pal.ticla, a l so  the pa r t i c l e  
g roup number  

d e v o l a t i l i z a t i o n  r e a c t i o n  r a t e  number  

neut ra l  spec ies  (Eq. 5) 

i i ~ i t i a l  lvroluc, a l s o  ox id izer  

pa r t i c l e  sur f  ace 

v o l a t i l e  



W - water  

SUPERSCRIPT 

I - , dimensional  var iable 
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Table 1 

Values o f  Various Parameters Used in the Calculations 

A,' = 1.46 x 1013 I l s e c  

G I  = 0.25 ~ a l l g m l ' ~  
P9 

C ' =  1.0 ~ a l l g m l ~ ~  
P w 

I 10 crn 

- - 480 Cal lmole 

- - 28.0 mo le l gm 

- - 18.0 mo le l gm 

- - 400 l l e m 2  

- - 10 atm. 

- - 1.98717 ~ a l l m o l e l ~ ~  , 

- - 2.05576 a tm c m 3 1 m o l e 1 0 ~  

- - 
5O ~ r n  

- - in i t ia l  coa l  par t ic le  radius = 
(.51''~ r 

ko 



a - - 
2 

0.80 

Ax' - - 0.1 cm 

A t '  - - sec 

5.2597 x loi4 gmlcmlsec 

t , - - 2.3488 gmlcm3 

' -  
P w 

0.99 c ~ m l c m ~  , 

, - - 1.485 gmlcm 3 
P C  



APPENDIX 

Approach t o  Scaling o f  Devolatil ization Rates 

Consider a vo la t i l e  species fo rm ing  as a gas i n  the in ter ior  o f  the 

coal. Assume spherical . symmet ry .  The radial  ve l oc i t y  

where p i s  the pressure and k has uni ts o f  length d iv ided  b y  the product 

o f  dens i ty  and ve loc i t y  or  equivalent ly length squared d iv ided  b y  k inemat ic  

v iscos i ty .  Since w e  expect that the f l o w  has a ve ry  l o w  Reynolds number 

o n  account o f  the f ine pore structure, a f r i c t i on -domina ted  f l o w  i s  

expected. 

For the moment ,  w e  can assume that the pressure o f  the t rapped 

vo la t i l e  gas in the pores is propor t iona l  t o  the prodwct of  a gas dens i ty  

and the temperature. The gas temperature and the so l i d  (or  l iquid) 

temperature will be assumed t o  be  ident ical  f o r  a g iven ne ighborhood in 

the coal  part ic le.  SO p = pgRT. 

There is some quest ion about this assumpt ion i f  the pore  size i s  as 

sma l l  as the average distance between molecu les o f  the gas. Let us 

assume that i s  no t  the case. 

Furthermore, we shall - con.sider a un i f o rm  but  t ime-vary ing 

temperature through the part icle. Then 



a p  a~ 
u = - k - z -  k RT 

a r a r 

Were k i s  g i v e n  b y  a charac ter is t ic  length  (po re  size) squared d i v ided  b y  an 

e f f e c t i v e  v i s c o s i t y .  T h i s  v i s c o s i t y  shou ld  b e  p r o p o r t i o n a l  t o  gas d e n s i t y  

t i m e s  a speed  o f  s o u n d  t i m e s  a charac ter is t ic  length. I t  f o l l o w s  that 

s o  that  

RT 3 3  
u = - constant .  - -9 

ar  
g 

The a b o v e  assumes  that  a molecu lar  m e a n  f ree  pa th  i s  longer than 

the  p o r e  size. Perhaps th is  c o n d i t i o n  is  v i o l a t e d  at very h lgh  pressures. 

Cons ider  n o w  a c o n s e r v a t i o n  e q u a t ~ o n  tor the v o l a t l l e  specles. I I I  l l~r 

c o a l  

C )  a a, r = constant ,  R i 12  - ( r 2 7  P 9) + r Z  5 '  
3 t  ar a r v 

I t  'can be s l i o w h  that  



n = number  d e n s i t y  o f  pores; s = n - I t 3  = spac ing  b e t w e e n  p o r e s  

Cons ider  n o w  that  e and 7 change s l i g h t l y  w i t h  r and t 

a s 9 = cons tan t  s T 1 1 2 ~ 1 1 2 -  (r2+f-) + r 2 2  r 
a t  a r a r C 

I t  f o l l o w s  that  s T 1 1 2 ~ 1 1 2  i s  an e f f e c t i v e  d i f f u s i v i t y .  I f  s < X the  

m e a n  f r e e  path, then d i f f u s i o n  i s  s l o w e r  in the pa r t i c l e  than i n  the  gas; i f  

s > X,  fas ter  d i f f u s i o n  occurs  i n  the  pa r t i c l e  than i n  the  gas. N o t e  i n  

e i ther  case, i t  i s  assumed that  4 < X .  

N o t e  that  i f  f! w e r e  greater  than X, i t  can be s h o w n  that  t h e  

e f f e c t i v e  d i f f u s i v i t y  w o u l d  b'e f! lX greater  than  shown. 

I f  s i s  n o t  t o o  m u c h  sma l le r  than X t he  d i f f u s i o n  ra te  th rough t h e  

p o r e s  will n o t  b e  t o o  m u c h  less  than the gas-phase d i f f u s i o n  rate. I n  tha t  

case, spec ies  d i f f u s i o n  th rough the p o r e s  m i g h t  be jus t  as  r a p i d  as heat  

d i f f u s i o n  th rough  t l ie  s o l i d  mater ia l .  I n  that  case, one  m i g h t  assume a 

u n i f o r m  b u t  t ime-va ry ing  gas dens i t y  i n  the  p o r e s  as w a s  done  f o r  t h e  

temperature .  Then  



The intecestiriy finding is that this conclusion w i l l  hold for large s 

even i f  1 is very small. There is question though whether s and 1 wi l l  be 

different in order of  magnitude. Probably, it is reasonable to  assume that 

they are the same order of  magnitude and for not-too-high pressures, they 

w i l l  be smaller than a mean free path. 

Let us examine the quantity S v l t .  We expect that Sv (the mass o f  

volatile3 crcatod per urlil time per ~ m i t  volume ~f the coal  particle) is a 

function of the temperature, the hydrocarbon' compositisn of  rhe cud ,  ar.~d 

the surface ares per ur.lil volume in the pares. That is, SV N n 9' 1 (T, 

composition). I t  fo l lows that 

S 1 f 
--I! = - f (T, composition)' = - 
C e e 

For the simple model 

and 

d(c ) r f 
A = -  

& 

e n e 2 f  = - J f  
dt s 

I f  e = O(s), then c = O(1) and 



P, 
is the mass of  volatiles per unit volume of  coal particle. 

In this limit, the rate,at which volatile mass is being created would 

equal 

This would show a linear dependence upon the volume of  the particle. 

Let us now look a t  a model where mass dif fusion in the particle is 

not so rapid compared to  diffusion of  heat. So temperature is uniform 

but tirne-varying while .volat i le density varies spatially and temporally 

through the particle. 

Define a = constant s T llZR 112 

Nondimensionalize 

X . =  f l f  
re f  



t 
1 tdiff . 

chern = i J r e f ' p r e f  
0-, D = - .  

ae a 2 ae 2 7 - = - ( . q 2  -) + - 
f 

2 ref 

a7 a? a ,  l a  
1 7  - 

P r  e  f 

I3 is a damkohler number, also re!ated t o  a Thiele modulus. For very 

small  D, chemistry is rate-controlling and gradient disappear. This is the 

same case a s  befure.  Fur lalye D ( L O I . I I ~ B I ~ ~  1 ~ i ~ i f y )  di f fus ion i s  

controll ing and we  may f ind a quasi-steady solution. This .solution 

establishes itself after a characteristic di f fusion t ime during which a 

transient occurs. It is assumed that the l i fet ime i s  long compared to  the 

d i f fus ion time. 

The governing equation becomes 

Integrating, we  have 



Now, mass flux f rom ,surface is given by 

= 4 n 7 R' 1 RT ( - constant - 
R 

= 4 n 7 1  
RT  re, (constant) R D 

2 Since D N R we have 

3 So again we can expect a devolatilization rate proportional to  R , .  

Further 



N o w  i f  s = Orel = 0 ( r ~ - ' ' ~ ) ,  the above i s  o f  order of 

Basical ly,  this i s  the sarrie resul t  8s bcforc;  

*P ' 3  

Examine the t.ransient behavior leadit19 to this quasi-steakdy 
, 1,': .;f, 

?:' ., * 

eS,yrnptotic. Wo C O I . ~ ! ~  qrilvt? partial di f ferential  equations but first ,we 

m o d e l  as 



The amount diffused to the outside is 

Note 

,Again we see asymptotically the same order of  magnitude with a 

transient time of the order of the diffusion time 

For t << ~ ~ l n " ,  it follows that 

2 
- t a v l R  N 1 - e  N ajltlR 2 

and 



while for t >>  la 

So with time the sealing with R wil l  change significantly. I f  the 

devolatilization time is not greater than the diffusion time (a possibility a t  

very high temperatures), theR3 dependence will not be reached. 

The governing equations become more complicated when we account 

for; (i) s p ~ t i s l  \lariatinns in temperature, and (ii) temporal and spatial 

variations in composition which affect the devolatilization rate. 

The ideas proposed in the above section are refinements that must 

be incorporated in any future modeling effort. It i s  expected that a better 

f i t  with experimental data would be obtained based on the proposed 
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FIGURE 10 

WATER VAPOR MASS FIIAC'I'ION VS AXlAL POSI'l'ION 

AT DIlT'EREN'I' TIMES 
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GAS VOLgl'ILES MASS F'1lAC'l1lON VS AXEAL POSlrL'ION 

FIGURE 11 
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GAS VELOCITY VS AXTAL POSZT'ION 

FIGURE 1 2  
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