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ABSTRACT 

In-depth fundamental information was obtained from a two-inch inner diameter 
laminar flow reactor referred to as the Drop Tube Furnace System (DTFS). 
information consists of the following: 
of four coals of various rank (Texas lignite, Montana subbituminous, Alabama 
high volatile bituminous, and Pennsylvania anthracite); and (2) combustion 
kineti'c studies of chars produced from the foregoing parent coals. A number 
of standard ASTM and special in-house bench scale tests were also performed on 
the coals and chars prepared therefrom to characterize their physicochemical 
properties. The pilot scale (500,000 Btu/hr) Controlled Mixing History 
Furnace (CMHF) was used to determine the effect of staged combustion on 
NOx emissions control from and overall combustion performance of the Alabama 
high volatile bituminous coal. 

This 
(1) pyrolysis kinetic characteristics 

The quantitative fundamental data developed from this study indicate signifi- 
cant differences in coal/char chemical, physical, and reactivity characteris- 
tics, which should be useful to those interested in modeling coal combustion 
and pyrolysis processes. These results underscore the fact that coal selec- 
tion i s  one of the keys governing a successful coal conversion/utilization 
process. The combustion kinetic information obtained on the high volatile 
bituminous coal has been used in conjunction with Combustion Engineering's 
proprietary mathematical models to predict the combustion performance of this 
coal in the Controlled Mixing Histdry Furnace. 
data with the experimental results shows a virtually one-to-one scale-up from 
the DTFS to the CMHF. These data should provide vital information to design- 
ers in the area of carbon burnout and NOx reduction for large scale coal 
utilization applications. 

Comparison of the predicted 
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

SUMMARY 

Object i ve 

The Department o f  Energy's i n t e n t  n sponsoring t h i s  and o the r  r e l a t e d  pro- 
grams i s  t o  f o s t e r  increased usage of our vast  domestic coal reserves. 
e f f e c t i v e l y  use coal i n  e x i s t i n g  and new app l i ca t i ons  requ i res  a more d e f i n i -  
t i v e ,  q u a n t i t a t i v e  understanding of coal p roper t i es  vs. performance. As such, 
t he  o b j e c t i v e  of t h i s  program was t o  p rov ide  d e t a i l e d  data on the  combustion 
c h a r a c t e r i s t i c s  of coals by burn ing  them i n  w e l l  c o n t r o l l e d  bench and p i l o t  
sca le  reactors.  The data were subsequently used t o  develop the  methodologies 
t h a t  most re1  i a b l y  cha rac te r i ze  coals from a pyro lys is lcombust ion  standpoint  
thereby p e r m i t t i n g  accurate performance p red ic t i ons  t o  be made. 

To 

Technical Approach 

Four coals were se lec ted  f o r  t h i s  study on the bas is  of a balanced considera- 
t i o n  of rank, geo log ica l  region, and a v a r i e t y  of chemical and phys ica l  
c h a r a c t e r i s t i c s .  
subbituminous, an Alabama (Black Creek) h igh  v o l a t i l e  bituminous, and a 
Pennsylvania (Buck Mountain) an th rac i te .  

They i nc lude  a Texas (Wi lcox) l i g n i t e ,  a Montana (Rosebud) 

Standard ASTM (American Society f o r  Tes t ing  and M a t e r i a l s )  procedures along 
w i t h  spec ia l  bench sca le  t e s t s ,  the  Drop Tube Furnace System (DTFS), and 
Con t ro l l ed  Mix ing  H i s t o r y  Furnace (CMHF) were employed i n  t h i s  program. 
Standard ASTM t e s t s  cons is ted  of proximate, u l t ima te ,  and screen analyses, 
h ighe r  heat ing  value, ash composit ion, ash f u s i b i l i t y  temperatures, and 
Hardgrove Gr indab i l  i t y  Index. 
Proximate and M ic ro iU l t ima te  (H, C, N) Analyses, Flammabi l i ty  Index, Pore 
Surface Area and Thermo-Gravimetric (TGA) R e a c t i v i t y .  

Special bench sca le  t e s t s  cons is ted  of Micro- 

The Perkin-Elmer TGS-2 System was used t o  determine bo th  the  micro-proximate .... l....,.. -0 ,,-l- ---I ab.-,- --A &L.- &Le--- ---..:.--&-:- ---I-..-&-.-- ----&:..:A:-- 

of DTFS-generated chars i n  a i r .  
used t o  determine mic ro-u l t imate  analyses o f  coa ls  and chars. 

The Perkin-Elmer 240 Elementa 

s- 1 



The Quantachrome Corporation Surface Area Analyzer was used to measure both 
the N p  and C02 adsorptions under specific conditions. 
were subsequently used in conjunction with the Brunauer, Emmett, and Teller 
(BET) and Dubinin-Kaganer gas adsorption principles (L, - 2) to calculate the N2 
and C02 specific pore surface areas of coals and chars. 
Index Apparatus was used to determine relative ignition temperatures of coals 
in an oxygen atmosphere. 

These adsorption data 

The Flammability 

The electrically-heated Drop Tube Furnace System was used to determine the 
pyrolysis and combustion characteristics of coals and/or chars in the 1450- 
2650°F gas temperature range. 
commensurate with those encountered in practical systems. The reaction 
histories were monitored by solid/gas sampling at various points along the 
DTFS reaction zone, which is two inches in inner diameter and sixteen inches 
i n  l ength .  

The heating rates encountered in the DTFS are 

The pilot scale Controlled Mixing History Furnace was used to determine the 
effect of staged combustion at 500,000 Btu/hr on NOx emissions from and 

gh volatile bituminous coal. combustion performance of the Alabama h 

The combustion kinetic information obta 
bituminous coal was used in conjunction 

ned on the Alabama high volatile 
with a Combustion Engineering's 

proprietary mathematical model to predict the combustion performance of the 
Controlled Mixing History Furnace. 

Results 

DTFS pyrolysis of coals in nitrogen atmosphere in the 1450-2650°F temperature 
range and 0.05-0.8 sec. residence time range showed a clear dependence upon 
fuel property, temperature, and time. For example, for Texas lignite, at 0.2 
sec. the pyrolysis weight loss increases from 16% to 51% as the temperature 
increases from 1450°F to 2650°F; and at 1450°F the pyrolysis weight loss 
increases from 3% to 34% as time increases from 0.05 to 0.8 sec. 
2650°F pyrolysis is virtually complete within 0.2 sec. for the lignite, 
subbituminous and high volatile bituminous coals. 

However, at 

5-2 



Apparent activation energies ( E )  
7825, and 7755 cal/mole, respect 
( subB) ,  high vo la t i l e  bituminous 
frequency factors (k,)  are 50.8, 

fo r  the pyrolysis of coa s are 7980, 4740, 
vely, fo r  the l i gn i t e  (1 gA) ,  subbituminous 
(hvAb)  , and anthracite. The corresponding 

-1 13.5, 32.5, and  38.7 sec. 

Fuel properties, temperature, and residence' time had significant effects on 
char combustion i n  the DTFS. 
closely related t o  char pore structures. 

Combustion char react ivi t ies  were, i n  general, 

Relative DTFS char r eac t iv i t i e s  were: Montana subbi tuminous  ( s u b B )  > Texas 
l i g n i t e  (ligA) > Alabama h i g h  volat i le  bituminous (hvAb)  >> Pennsylvania 
anthracite. 
efficiencies a re  93, 81, 74 ,  and  13%, respectively, fo r  the subB, ligA, hvAb, 
a n d  anthracite chars. The respective total  open pore volumes of these chars 

3 are 0.95, 0.68, 0.59, and 0.08 cm / g ,  indicating the important role played by 
pore structure d u r i n g  char  combustion. These resu l t s  show for example, t h a t  
the low react ivi ty 'of  the anthracite char i s  a resul t  o f  inaccessibil i ty of 
i t s  microporous structure by oxygen during combustion. 

For example, i n  0.03 O2 atm a t  2650°F and 0.5 sec. the combustion 

Apparent activation energies ( E )  and frequency factors ( A )  f o r  the combustion 
of chars i n  the DTFS showed significant s ens i t i v i t i e s  t o  the fuel nature and  
method of derivation. For example, using measured bulk gas  temperatures gave 
E values of 21050, 26730, 23380, and 17990 cal/mole f o r  ligA, subB, hvAb,  and  
anthracite chars, respectively, w i t h  corresponding A values of 57 ,  593, 80, 

2 and  4 . 3  g/cm sec. O2 atm.; whereas using calculated par t ic le  surface tempera- 
tures gave corresponding E and A values of 20350, 25400, 22250 and 17840 

2 cal/mole and 36, 271, 50, and 3.7 g/cm sec. O2 atm.  
parameters between the two methods are due t o  differences between correspond- 
i n g  gas  and par t ic le  temperatures. 
temperatures by 14 t o  100°K. These differences a re  similar t o  those found by 
Field (3) .  - 

Differences i n  kinetic 

Particle temperatures a re  greater t h a n  gas  

A comparison between the present resu l t s  and selected 1 i t e r a tu re  results show 
tha t  a t  1600°K: 
char ( 4 )  - i s  greater t h a n  t h a t  of Smith and Tyler's semi-anthracite (5)  - by a 
factor  approaching three orders of magnitude; ( 2 )  the surface reaction rate  
coefficient of th is  work's most reactive char (subB) i s  greater t h a n  t h a t  of 
t h i s  work's l e a s t  reactive char (anthracite) by a factor  of 6; a n d  (3)  while 

(1) the surface reaction ra te  coefficient of Field 's  subB 

5-3 



sec. 

the surface reaction rate coefficient of this work's anthracite is less than a 
factor of two higher than that of Beer and co-workers' anthracite (6,7), -- it is 
almost two orders of magnitude higher than that of Smith and Tyler's semi- 
anthracite. 

CMHF testing on the Alabama high volatile bituminous coal indicated that a 
judicious use of the staged combustion concept brought about drastic reduc- 
tions in NO, emissions without adversely affecting the overall fuel combus- 
tion. For example, at 20% excess air and 50% optimum primary stage stoichio- 
metry, a 1.56 sec. primary stage residence time led to a.50% reduction in NO, 
emissions (from 498 for the unstaged baseline case to 249 ppm (h 3% 02). 
overall fuel combustion efficiency under these circumstances was 98%. While a 
primary stage residence time of 1.56 sec. is actually impractical on a commer- 
cial scale, it is important to note that a substantial reduction in NOx 
emissions occurred even only after a primary stage residence time o f  0.5 

(a 21% NO, reduction from 498 to 395 ppm). 

Mathematical modeling studies on the CMHF combustion performance of the 
Alabama hvAb coal using DTFS kinetic data showed a good agreement betwee 
experimental and theoretical results, indicating a virtually one-to-one 
DTFS-to-CMHF scale-up. These results indicate that a properly refined model 
could be used to predict the combustion performance on a commercial scale. 

CONCLUSIONS 

The major conclusions that can be drawn from the results o f  this study are as 
fol 1 ows. 

The 

0 The pyrolysis of each coal is clearly dependent upon temperature and 
time. 
higher pyrolysis weight losses. 
virtually complete within 0.2 sec. for the lignite, subbituminous 
and high volatile bituminous coals. 

The apparent activation energies (4.7-8.0 kcal/mole) encountered 
here are rather low. Information in the literature suggests that 
such low values are not necessarily indicative of a physical (i.e., 
heat and mass transfer) control of the pyrolysis process. 

Higher temperatures and/or longer residence times yield 
At 265OoF, however, pyrolysis is 

0 
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Texas l i g n i t e ,  Montana subB, and Pennsylvania a n t h r a c i t e  d i d  no t  
show any s w e l l i n g  by v i r t u e  of t h e i r  chemical nature ( they are 
thermosett ing,  i.e., they do n o t  sof ten upon r a p i d  heat ing) .  
Alabama hvAb on the  o t h e r  hand swel led by 34% ( t h i s  coal  i s  thermo- 
p las t i c ;  i .e .  , i t  sof tens upon r a p i d  heat ing) .  The l i g A  and subB 
showed, respec t ive ly ,  12% and 14% v o l a t i l e  mat te r  enhancements over 
t h e i r  ASTM v o l a t i l e  mat te r  contents. The hvAb and a n t h r a c i t e  showed 
no v o l a t i l e  mat te r  enhancements. V o l a t i l e  mat te r  enhancements i n  
d i l u t e  phase reac tors  are a r e s u l t  o f  t h e  min imiza t ion  o f  secondary, 
char- forming react ions.  

The open pore volumes of the  l i g n i t e ,  subbituminous and h igh  vo la -  
t i l e  bituminous coals  increased by about one order  o f  magnitude a s  a 
r e s u l t  o f  n e a r l y  complete pyro lys is .  
a n t h r a c i t e ,  on the o t h e r  hand, i s  such t h a t  the . inc rease i n  the  open 
pore volume under comparable experimental cond i t ions  was l e s s  than 
5%. 

The microporous nature of the  

Char combustion e f f i c i e n c i e s  vary s i g n i f i c a n t l y  w i t h  f u e l  proper ty ,  
temperature and time. 
t rend:  Montana subB char > Texas l i g n i t e  char > Alabama hvAb char 
>> Pennsylvania a n t h r a c i t e  char. This i s  cons is ten t  w i t h  the  open 
pore volume trends e x h i b i t e d  by these chars, i n d i c a t i n g  the  import-  
a n t  r o l e  played by the  pore s t r u c t u r e  dur ing  combustion. 

The dependence of char combustion upon temperature and fuel  p roper ty  
i s  depic ted by the  magnitudes o f  the  k i n e t i c  parameters obtained. 
The apparent a c t i v a t i o n  energies a r e :  21050, 26730, 23380, and 
17990 cal/mole f o r  the  l i g n i t e ,  subbituminous, h igh  v o l a t i l e  b i t u -  
minous, and a n t h r a c i t e  chars, respec t ive ly .  
frequency f a c t o r s  are 57, 593, 80, and 4.3 g/cm sec. O2 atm. 

Di f ferences i n  r e a c t i v i t i e s  of chars der ived from coals  o f  var ious 
rank are  due t o  actual  d i f f e r e n c e s  i n  r e a c t i v i t i e s  and/or d i f f e r -  
ences i n  e x p e r i m x c o n d i t i o n s  used by d i f f e r e n t  i n v e s t i q a t o r s .  
These r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  us ing k i n e t i c  p a r a m e t e r s  found 
i n  t h e  l i t e r a t u r e  f o r  a p a r t i c u l a r  modeling a p p l i c a t i o n  can be 
r i s k y ,  a n d ,  therefore,  should be done w i t h  circumspection. 

Combustion e f f i c i e n c i e s  show the  f o l l o w i n g  

Thf corresponding 

CMHF t e s t  r e s u l t s  showed t h a t  bo th  pr imary stage s to ich iomet ry  and 
pr imary stage residence t ime are impor tant  parameters f o r  c o n t r o l  - 
l i n g  NO emissions. 
was achfeved a t  a pr imary stage s to ich iometry  o f  50% and pr imary 
stage residence t ime o f  1.56 sec. The o v e r a l l  excess a i r  and fue l  
f ineness had small  b u t  s i g n i f i c a n t  i n f l u e n c e  on NOx reduct ion.  

CMHF r e s u l t s  i n d i c a t e  t h a t  a j u d i c i o u s  use o f  staged combustion 
leads t o  an e f f e c t i v e  c o n t r o l  o f  NO emissions w i thout  adversely 
a f fec t ing  t h e  o v e r a l l  f u e l  combus t ih  e f f i c iency .  I t i s  pos tu la ted  
t h a t  cond i t ions  i n  the.neighborhoods o f  50% pr imary stage s t o i c h i o -  
metry and 0.5 sec. pr imary stage residence t ime are e f fec t i ve  
i n  s i g n i f i c a n t l y  reducing NOx emissions i n  commercial a p p l i c a t i o n s .  

For the  Alabama hvAb coal ,  a 50% NOx reduc t ion  
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0 Model s i m u l a t i o n  s tud ies  on t h e  CMHF combustion performance o f  t h e  
A1 abama h i  gh v o l  a t  i 1 e b i  tumi nous coal  , us ing  t h e  DTFS-deri ved 
k i n e t i c s ,  i n d i c a t e  a v i r t u a l l y  one-to-one DTFS-to-CMHF scale-up. 
These f i n d i n g s  i n d i c a t e  t h a t  a p r o p e r l y  re f ined model can be used t o  
p r e d i c t  t h e  combustion performance on a commercial scale. C-E i s ,  
indeed, us ing  t h i s  type  of concept t o  p r e d i c t  carbon heat losses i n  
u t i l  i t y  and i n d u s t r i a l  b o i l e r s .  

RECOMMENDAT I ON 

The wide d i v e r s i t y  i n  physicochemical c h a r a c t e r i s t i c s  o f  American coals  
i n e v i t a b l y  leads t o  wide di f ferences i n  combustion performance o f  the same 
coa ls  i n  p r a c t i c a l  systems. As such, more work needs t o  be done t o  character-  
i z e  t h e  r e a c t i v i t i e s  of s u i t e s  of coals  so t h a t  t h e i r  performance f o r  p a r t i c -  
u l a r  a p p l i c a t i o n s  may be b e t t e r  predic ted.  
n a t i o n a l  goal o f  increased coal  u t i l  i z a t i o n  w i t h  increased e f f i c i e n c y  and 
d r a s t i c a l l y  reduced p o l l u t a n t s  emissions i n t o  t h e  environment. Since t h e  
Department o f  Energy i s  on t h e  c o r r e c t  course i n  suppor t ing coal  research and 
development programs i n  t h e  area descr ibed here and i n  o t h e r  areas as w e l l ,  i t  

s imply  i s  recommended t h a t  t h e  DOE cont inue t o  do so w i t h o u t  r e l e n t i n g .  
S p e c i f i c  recommendations fo l low.  

This  i s  c r u c i a l  f o r  meeting the  

0 

0 Apply fundamental data f o r  l a r g e  sca le  performance p r e d i c t i o n s .  

Expand the  data base t o  i n c l u d e  var ious coals  w i t h  a p o t e n t i a l  
commercial s i g n i f i c a n c e .  
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Sect ion 1 

INTRODUCTION 

BACKGROUND 
P y r o l y s i s  Process 

I n  e s s e n t i a l l y  a l l  coal  u t i l i z a t i o n  processes, t h e  impor tan t  f i r s t  s tep  i s  
d e v o l a t i l i z a t i o n  i n  e i t h e r  t h e  presence (combustion, g a s i f i c a t i o n ,  l i q u e f a c -  
t i o n )  o r  absence (coke making) o f  a r e a c t i v e  atmosphere. 
i s  normal ly  caused by sub jec t i ng  t h e  coal t o  a thermal s t ress ;  t h a t  i s ,  
hea t ing  it. 

The d e v o l a t i l i z a t i o n  

The products  o f  d e v o l a t i l i z a t i o n  are  permanent gases , t a r s ,  l i g h t  hydrocarbon 
gases and a s o l i d  res idue (char ) .  
a f u n c t i o n  o f  t he  na ture  o f  t he  parent  coal and o f  how t h e  p y r o l y s i s *  i s  
performed. 
t h e  degree t o  which pr imary and secondary reac t i ons  occur. 
o f  t h e  p y r o l y s i s  cond i t ions ,  however m i ld ,  o r  a change i n  coal  composit ion, 
due t o  m i l d  o x i d a t i o n  f o r  example, can markedly a f f e c t  t he  y i e l d  and composi- 
t i o n  o f  t h e  vapor phase components versus t h a t  o f  t h e  s o l i d  res idue.  

The s p e c i f i c  composit ion o f  t h e  products  i s  

I t i s  the  coal  p r o p e r t i e s  and p y r o l y s i s  cond i t i ons  t h a t  determine 
Thus, a l t e r a t i o n  

For  a l l  processes o t h e r  than coke making, i t  i s  genera l l y  d e s i r a b l e  t o  maxi- 
mize t h e  y i e l d  o f  t h e  vapor ( o r  l i q u i d )  phase components and min imize the  
p roduc t i on  of char .  
p y r o l y s i s  i n  a d i l u t e  phase mode o f  ope ra t i on  (as compared t o  a f i x e d  bed). 
Th i s  c a r r i e s  t h e  a t tendant  advantages o f  h i g h  hea t ing  r a t e s  and enhanced 
i n t e r a c t i o n  between pr imary  v o l a t i l e s  and t h e  r e a c t i n g  atmosphere, thereby 
m in im iz ing  unwanted secondary char- forming reac t ions .  

For a g iven coa l ,  t h i s  can be achieved by conduct ing the  

3 The terms p y r o l y s i s  and d e v o l a t i l i z a t i o n  a r e  o f t e n  used in terchangeably .  
S t r i c t l y  speaking, however, p y r o l y s i s  r e f e r s  t o  hea t ing  coal  i n  an i n e r t  
atmosphere w h i l e  d e v o l a t i l  i z a t i o n  occurs i r r e s p e c t i v e  of atmosphere when coal 
i s  heated. 
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It i s  g e n e r a l l y  understood t h a t  the  proximate v o l a t i l e  mat te r  o f  a coal  i s  n o t  
a q u a n t i t a t i v e  i n d i c a t i o n  of p y r o l y s i s  behavior under p r a c t i c a l  opera t ing  
c o n d i t i o n s  (e.g., r a p i d  heat ing,  suspension f i r i n g )  encountered i n  p u l v e r i z e d  
coal  f i r e d  b o i l e r s ,  

Numerous i n v e s t i g a t o r s  ( 8 ,  - - - - - - - - - - -  9, 10, 11, 12, 13, .  14, 15, 16, 17, 18) ,  and o thers  
n o t  c i t e d  here, have conducted a v a r i e t y  of t e s t s  i n  d i lu te -phase and heated 
g r i d  reac tors  t o  study t h e  p y r o l y s i s  phenomenon on coals  o f  var ious rank. 
This  phenomenon i s  so complex t h a t  i t  s t i l l  i s  n o t  w e l l  understood. I t i s  
b a s i c a l l y  t h i s  understanding gap t h a t  provides t h e  i n c e n t i v e  f o r  f u r t h e r  
i n v e s t i g a t i o n  i n  t h i s  area. 

Combustion Process 

The combustion of p u l v e r i z e d  coal  i s  a complex process c o n s i s t i n g  o f  a number 
o f  over lapping steps i n c l u d i n g  heat ing  and i g n i t i o n  of the dust cloud, devol -  
a t i l i z a t i o n  and burnout of t h e  carbonaceous residue. 
r e l a t i v e l y  cool  coal  p a r t i c l e s  i s  heated by f lame r a d i a t i o n  and by mix ing  w i t h  
r e c i r c u l a t e d  h o t  combustion products.  
a small  f r a c t i o n  o f  t h e i r  v o l a t i l e  mat ter .  
heat ing  r e s u l t s  i n  very  r a p i d  o x i d a t i o n  and i g n i t i o n  occurs. 
coal ,  the  temperature a t  which i g n i t i o n  occurs i s  n o t  a f i x e d  p o i n t ,  b u t  i s  
c o n t r o l l e d  by a Semenov heat  balance (19)  - and may vary depending upon t h e  type 
o f  furnace and i t s  opera t ing  cond i t ions .  

I n i t i a l l y ,  a c loud o f  

Dur ing t h i s  process t h e  p a r t i c l e s  l o s e  
A p o i n t  i s  reached where f u r t h e r  

For a g iven 

A f t e r  i g n i t i o n  occurs d e v o l a t i l i z a t i o n  proceeds a t  a r a p i d  pace. 
d e v o l a t i l i z a t i o n  takes up approximately 10% o f  t h e  t ime beyond i g n i t i o n ,  t h e  
remainder o f  t h e  t ime being r e q u i r e d  f o r  char burnout. 
t h a t  t h e  v o l a t i l e  y i e l d s  d u r i n g  t h e  r a p i d  heat ing  r a t e s  ( l o 4  - 1O5'C/sec) 
c h a r a c t e r i s t i c  o f  d ispersed p a r t i c l e s  i n  coal  flames may be s i g n i f i c a n t l y  
h i g h e r  (by as much a s  30%) than t h e  y i e l d s  observed d u r i n g  the  slow heat ing  
r a t e s  o f  the  ASTM proximate v o l a t i l e  mat te r  ana lys is .  

Rapid 

Studies have i n d i c a t e d  

Occurr ing s imultaneously w i t h  d e v o l a t i l  i z a t i o n  ( fo r '  the  smal le r  p a r t i c l e s )  and 
r e q u i r i n g  most o f  the  combustion t ime i s  the  process o f  char burnout. Th is  i s  
a m u l t i - s t e p  process c o n s i s t i n g  o f  a number o f  phys ica l  and chemical steps. 
The slowest o f  t h e  steps c o n t r o l s  t h e  r a t e  o f  the  o v e r a l l  process. F i r s t ,  



form a carbon-oxygen comp 
detach i t s e l f  from e i ther  
gaseous product formed by 
o u t  of the pores and away 
char burnout i s  dependent 
s i r e  distribution. 

Other aspects of the fuel 

oxygen i s  transported t h r o u g h  a boundary layer t o  the par t ic le  surface. 
oxygen diffuses into the pores of the particle.  
chemically attach i t s e l f  t o  the pore walls or, i n  the case of a s l ight ly  
porous material, to  the external surface. 

Next 
Oxygen now must adsorb or 

Oxygen next reacts w i t h  the char t o  
ex. 
the pore wall or the external surface. 
the complex desorption from the surfaces diffuses 
from the particle.  

This complex must then desorb or chemically 
Next the 

The rate  determining step d u r i n g  
ty  and pore upon temperature, par t ic le  s ize ,  poros 

t h a t  may influence the combustion rate  i ncl ude 
swelling, agglomerating tendency, and mineral matter. 
t i o n  affect  the nature of the pore structure of the residual char, thus 
influencing the b u r n i n g  characterist ics of th i s  char. 
depending on i t s  chemical nature and degree of dispersion i n  the coal matr ix ,  
may catalyze or hinder the chemical reactivity of the coal char. 

Swelling and agglomera- 

The mineral matter, 

Temperature exerts a considerable influence upon reaction rates .  
controlled reaction rates increase w i t h  temperature t o  the 0.75 power and  
chemical controlled rates increase w i t h  temperature according t o  exp(-E/RT) or 
i n  some cases T’”2exp(-E/RT), where E is the activation energy, R i s  the gas 
constant and T is  the absolute temperature. 

Diffusion 

Coal combustion phenomenon has a1 so been investigated by numerous researchers 
(3, k,  5, 6,  L, 20, 21, 22, 23) u s i n g  var ious  experimental techniques. These 
and other studies not  ci ted here depict the extreme complexity of coal cornbus- 
t ion phenomenon. 
standing of this phenomenon. 

More work needs to  be done i n  order to  enhance our under- 

OBJECTIVE AND TECHNICAL APPROACH 
Objective 

The Department o f  Energy’s intent  i n  sponsoring th i s  and other related pro- 
grams i s  t o  fos te r  increased usage of our  vast domestic coal reserves. 
effectively use coal i n  existing and new applications requires a more defini-  
t i ve ,  quantitative understanding of coal properties vs. performance. 

To 

As such , 
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t he  o b j e c t i v e  of t h i s  program was t o  p rov ide  d e t a i l e d  data on the  combustion 
c h a r a c t e r i s t i c s  o f  cQals by burn ing  them i n  w e l l  c o n t r o l l e d  bench and p i l o t  
scale reactors.  The data were subsequently used t o  develop the  methodologies 
t h a t  most re1 i a b l y  cha rac te r i ze  coals from a pyro lys is lcombust ion  standpoint  
thereby p e r m i t t i n g  accurate performance p red ic t i ons  t o  be made. 

Technical Approach 

Four coals were selected f o r  t h i s  study on the  bas is  of a balanced considera- 
t i o n  o f  rank, geo log ica l  region, and a v a r i e t y  o f  chemical and phys ica l  
c h a r a c t e r i s t i c s .  
subbituminous, an Alabama (Black Creek) h igh  v o l a t i l e  bituminous, and a 
Pennsylvania (Buck Mountain) an th rac i te .  

They i nc lude  a Texas (Wilcox) l i g n i t e ,  a Montana (Rosebud) 

The study program was s t r u c t u r e d  t o  cover the  f o l l o w i n g  milestones: 

Fuels Charac ter iza t ion .  Standard ASTM and spec ia l  in-house techniques were 
used t o  p rov ide  var ious phys ica l  and chemical c h a r a c t e r i s t i c s  o f  t he  f o u r  
paren t  coals and chars produced therefrom. 

Drop Tube Furnace System (DTFS) Studies. This laminar f low,  l abo ra to ry  scale, 
r e a c t o r  was used ex tens i ve l y  t o  de r i ve  p r i n c i p a l l y :  (1) t h e  p y r o l y s i s  k i n e t i c  
parameters o f  c l o s e l y  s i z e  graded p a r t i c l e s  from each parent  coal; and ( 2 )  t he  
combustion k i n e t i c  parameters of c l o s e l y  s i z e  graded p a r t i c l e s  from each 
parent  coal  char. 

Con t ro l l ed  Mix ing  H i s t o r y  Furnace (CMHF) Studies. 
f low,  r e a c t o r  was f i r e d  a t  500,000 Btu/hr t o  study t h e  e f f e c t s  o f  t he  staged 
combustion concept on the  NOx emissions and o v e r a l l  combustion performance o f  
t he  Alabama h igh  v o l a t i l e  bituminous coal .  

This p i l o t  scale, p lug- 

Mathematical Modeling. An in-house computer model was used t o  s imulate the  
combustion performance of t h e  Alabama h igh  v o l a t i l e  bituminous coal i n  the  
CMHF us ing  the  k i n e t i c  i n fo rma t ion  del-ived from t h i s  coal i n  the  DTFS. The 
u l t i m a t e  goal here was t o  develop a DTFS-to-CMHF combustion performance 
scale-up f o r  t h i s  p a r t i c u l a r  h igh  v o l a t i l e  bituminous coal .  
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COMMERCIAL APPLICABILITY 

Combustion Engineering, Inc., i s  now us ing the  type o f  combustion performance 
s imu la t ion  expla ined i n  t h i s  r e p o r t  on a commercial basis.  I n  t h i s  respect,  
t h e  combustion k i n e t i c  in fo rmat ion  der ived from the  Drop Tube Furnace System 
i s  used i n  con junc t ion  w i t h  advanced p r o p r i e t a r y  computer models and extens ive 
f i e l d  data base t o  p r e d i c t  carbon heat losses i n  u t i l i t y  and i n d u s t r i a l  
b o i l e r s .  Carbon heat loss guarantees are being made on t h e  bas is  o f  t h i s  
technique.. As such, t h i s  technique i s  o f  i n t e r e s t  from both academic and 
p r a c t i c a l  standpoints.  
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Section 2 
TECHNICAL APPROACH 

SELECTION OF COALS 

The selection of the four coals studied in this program was based on a balanc- 
ed consideration o f  rank, geological region, ash contents, ash fusibility 
temperatures, and volatile matter contents. The sources o f  these four parent 
coals are (Table 2-1): (1 )  a Texas lignite from Wilcox seam; (2) a Montana 
subbituminous coal from Rosebud seam; (3) an Alabama high volatile bituminous 
coal from Black Creek seam; and ( 4 )  a Pennsylvania anthracite from Buck 
Mountain seam. The mines and counties of these coals are also identified in 
Table 2-1. 

TABLE 2-1 
SOURCES AND ASTM RANKS OF COALS 

SOURCLS 
ASTM RANK 

SEAM MINE COUNTY STATE 

Wilcox Monticello Titus Texas L i  nite A 
91 i S A )  

Rosebud Colstrip Rosebud Montana Subbituminous B 

Black Creek Arkadelphia Cullman A1 a bama High Volatile 

(subB) 

Bituminous A 
(hvAb) 

Buck Mountain Eckley Luzerne Pennsylvania Anthracite 
(an> 

BENCH SCALE STUDIES 

Standard ASTM (American Society f o r  Testing and Materials) and special in- 
house techniques were used to conduct the bench scale studies on the four 
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coals 
techn 

identified above and chars prepared therefrom. The standard and special 
ques are, respectively, identified and briefly described below. 

ASTM Techniques 

ASTM techniques were used to determine the proximate, ultimate, and screen 
analyses, higher heating values, and Hardgrove grindabil ity indices of parent 
coals, and coal ash fusibility temperatures and compositions. The proximate, 
ultimate, and screen analyses of coal chars were also determined by ASTM 
techniques. 

Special Techniques 

Special in-house techniques were used to determine the following: 
Flammability Indices of the parent coals; (2) the micro-proximate analyses, 
particulate surface areas and densities, and thermo-gravimetric analyses of 
coal chars. 
sections. 
using the dry screen analysis technique. 

(1) the 

These techniques are briefly described in the following sub- 
The particle size distributions of coals and chars were determined 

Flammability Index. The Flammability Index is a relative ignition temperature 
obtained by running tests under a given set of conditions in a specific 
apparatus. Briefly, testing involves firing 0.2 gram of 200x0 mesh’fuel in an 
oxygen atmosphere through a preheated furnace. The temperature of the furnace 
i s  increased incrementally until a point is reached where the fuel will 
ignite. This temperature is called the Flammability Index. 
Flbmmabil ity Index compared to other fuels indicates the ignition temperature/ 
flame stability on a relative basis. 
A. 

The value of the 

This apparatus is described in Appendix 

Micro-Proximate Analyses. 
the micro-proximate analyses of chars after it had been established that this 
apparatus yielded volatile matter results which were virtually indistinguish- 
able from the corresponding ASTM proximate analyses. This method was used to 
save the Drop Tube Furnace System (DTFS) testing time since only milligrams of 
samples were required t o  determine their proximate analyses. 

The Perkin-Elmer TGS-2 System was used to determine 
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I n  t h i s  t e s t  procedure, a 4 t o  6 mg sample i s  purged w i t h  n i t r o g e n  t o  remove 
oxygen t races.  The mois ture l o s s  i s  obtained by heat ing  i n  an i n e r t  atmos- 
phere ( n i t r o g e n )  t o  105°C and ho ld ing  f o r  th ree  minutes. Subsequently, the  
sample i s  heated a t  10O0C/min t o  950°C and he ld  a t  t h i s  temperature f o r  f i v e  
minutes t o  o b t a i n  v o l a t i l e  matter.  
75OOC and a sw i tch ing  va lve i s  opened t o  in t roduce oxygen f o r  the  combustion 
o f  f i x e d  carbon a t  t h i s  temperature. 
A sample p l o t  of t h i s  ana lys is  i s  shown i n  Figure 2-1. 
used f o r  t h i s  ana lys is  i s  descr ibed i n  Appendix A. 

A f t e r  t h i s ,  the  temperature i s  lowered t o  

The residue represents t h e  ash content.  
The TGS-2 equipment 

Speci f ic  Surface Areas and Densi t ies.  
gases was used t o  determine s p e c i f i c  surface areas o f  the coal  and char 
samples. 
298"K, r e s p e c t i v e l y ,  i n  the  Quantasorb Surface Area Analyzer (manufactured by 
Quantachrome Corporat ion)  were used i n  conjunct ion w i t h  t h e  Brunauer, Emmett, 
and T e l l e r  (BET),  and Dubinin-Kaganer Equations (1, - -  2 )  t o  determine t h e  BET 
( N 2 )  and C02 s p e c i f i c  sur face areas o f  the  sub jec t  samples. The Surface Area 
Analyzer i s  descr ibed i n  Appendix A. 
pycnometer were used t o  determine, respec t ive ly ,  t h e  "apparent" and " t r u e "  
d e n s i t i e s  o f  the  same coal and char samples. 

The p r i n c i p l e  o f  phys ica l  absorpt ion of 

Data obtained from n i t r o g e n  and carbon d i o x i d e  absorpt ions a t  77 and 

The mercury porosimeter, and hel ium n u l l  

Thermo-Gravimetric Analyses. The Perkin-Elmer TGS-2 System was a l s o  used t o  
determine char combustion r e a c t i v i t y  under isothermal cond i t ions  as fo l lows. 
A 4 t o  6 mg sample i s  placed i n  t h e  TGS-2 System and heated i n  t h e  presence of 
n i t r o g e n  a t  50"C/min t o  700°C. 

i s  in t roduced t o  burn o f f  t h e  f i x e d  carbon. Percent weight o f  the  unburned 
char and r a t e  o f  weight l o s s  are recorded on a s t r i p  c h a r t  as a f u n c t i o n  of 
time. 
percent combustion e f f i c i e n c y  of  t h e  char. 

A f t e r  stabilization a t  this temperature, air 

These thermo-grams (F igure 2-2) a re  subsequently used t o  determine 

DROP TUBE FURNACE SYSTEM (DTFS) STUDIES 

F a c i l i t y / T e s t  Procedure 

The DTFS i s  comprised o f  a 1- inch diameter h o r i z o n t a l  tube gas preheater and a 
2- inch i n n e r  diameter v e r t i c a l  tube t e s t  furnace f o r  p r o v i d i n g  contro ' l led 
temperature cond t i o n s  t o  study p y r o l y s  s and/or combustion phenomena. This  
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Figure 2-1 TYPICAL TGS-2 SYSTEM MICRO-PROXlrVIATE ANALYSIS OF COAL 
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ent ra ined f l o w  r e a c t o r  i s  capable of heat ing  reac tan t  gases and r e a c t i n g  
p a r t i c u l a t e s  t o  temperatures up t o  2650°F (1730°K) and ob ta in ing  p a r t i c l e  
residence t imes up t o  about one second t o  s imulate the  r a p i d  heat ing  suspen- 
s ion f i r i n g  cond i t i ons  encountered i n  pu l ve r i zed  coal f i r e d  b o i l e r s .  

The DTFS t e s t i n g  procedure e n t a i l s  the fo l low ing :  
p r e c i s e l y  known r a t e  ( i n  the  0.055-0.095 g/min range) through a water-cooled 
i n j e c t o r  i n t o  the  t e s t  furnace r e a c t i o n  zone; (2)  a l l o w  the f u e l  and i t s  
c a r r i e r  gas (% 150 cm /min) t o  r a p i d l y  mix w i t h  a preheated down-flowing 
secondary gas stream (12-16 l /min);  (3)  a l l o w  combustion and/or p y r o l y s i s  t o  
occur f o r  a s p e c i f i c  t ime ( d i c t a t e d  by the  t r a n s i t  d is tance) ;  ( 4 )  quench the 
reac t ions  by a s p i r a t i n g  t h e  products i n  a water-cooled sampling probe; ( 5 )  
separate the  s o l i d s  from the gaseous products i n  a f i l t e r  medium; and (6)  
determine o n - l i n e  NOx, 02, GOz, and CO concentrat ions i n  t h e  e f f l u e n t  gas 
stream. 

(1) feed the  fuel a t  a 

3 

D e t a i l s  on the  DTFS are given i n  Appendix A. 

An ash t r a c e r  technique (10, - -  14) i s  used i n  con junc t ion  w i t h  the proximate 
analyses o f  a given feed sample and the  chars subsequently obtained f rom- the  
t e s t  furnace t o  c a l c u l a t e  the  p y r o l y s i s  weight losses and/or combustion 
e f f i c i e n c i e s  as a f u n c t i o n  o f  selected opera t iona l  parameters (temperature, 
residence time, f u e l  type, etc.) .  

Coal Py ro l ys i s  Test M a t r i x  

F ive t e s t s  (Table 2-2) were run i n  the DTFS on each o f  the f o u r  sub jec t  coals 
s ized t o  200x400 mesh i n  n i t rogen  atmosphere i n  t h e  1450-2650°F (1060- 1730'K) 
temperature range and residence t imes ranging up t o  0.8 sec. 
study were used t o  determine the  p y r o l y s i s  e f f i c i e n c i e s  which were subsequent- 
l y  used t o  de r i ve  the  g lobal  k i n e t i c  parameters (apparent a c t i v a t i o n  energies 
and frequency f a c t o r s )  f o r  t he  p y r o l y s i s  o f  these f o u r  coal  samples. 

Data f rom t h i s  

Char Preparat ion 

The chars on which the  combustion k i n e t i c  parameters were determined (see next 
sect ion)  were prepared a p r i o r i  i n  t he  DTFS. A l l  the coal chars were prepared 
under s t r i c t l y  s i m i l a r  cond i t i ons  so t h a t  d i f ferences i n  t h e i r  phys ica l  and 
chemical c h a r a c t e r i s t i c s  were due s o l e l y  t o  d i f f e rences  i n  the  na ture  o f  t h e i r  
parent coals. 

2-6 



TABLE 2-2 

TEST MATRIX FOR PYROLYSIS OF 
COALS IN THE DROP TUBE FURNACE SYSTEM (DTFS) 

MONTANA 
subB COAL 

N 
I 
v 

REACT I ON GAS 
~~ 

MEDIUM TEMP E RATUR E 
COAL TEST NO. S I Z E  (MESH) (VOL. %) ( O F )  

TEXAS TML- 1-3 200x400 100% N2 1900 

TML-1-1 200x400 100% N2 1450 
TML- 1-2 200x400 100% N2 1600 

LIGNITE TML- 1-5 200x400 100% N2 2400 
TML- 1-6 200x400 100% N2 2650 

MRC-1-1 200x400 100% N2 1450 
MRC- 1-2 200x400 100% N2 1600 

MRC-1-5 200x400 100% N2 2400 
MRC- 1-6 200x400 100% N2 2650 

AAC- I - 1 200x400 100% N2 1450 
AAC- 1-2 200x400 100% N2 1600 

hvAb COAL AAC- 1-5 200x400 100% Np 2400 
AAC- 1-6 2QOx400 100% N2 2650 

PEA- 1-2 200x400 100% N2 1600 

PENNSYLVANIA PFA- 1-4 200x400 100% N2 2150 
ANTHRACITE PEA- 1-5 200x400 100% N2 2400 

PEA- 1-6 200x400 100% N2 2650 

MRC- 1-3 200x400 100% N2 1900 

ALABAMA AAC-1-3 iI00x400 100% N2 1900 

PEA- 1-3 200x400 1004: N2 1900 



Because o f  feeding d i f f i c u l t i e s  of the +50 mesh p a r t i c l e s  through an 18-gauge 
hypodermic tube, a l l  t he  DTFS feed coals and chars were s ized t o  -50 mesh. 
?he prepara t ion  procedure i nvo l ved  the  fol lowing: 
regu la r  g r i n d  (*70% through 200 mesh) and s i z e  graded t o  50x0 mesh. A11 the 
overs ize  (+50 mesh) p a r t i c l e s  were re-ground t o  -50 mesh then added t o  the  
o r i g i n a l  50x0 mesh f r a c t i o n .  This  enhanced the  degree of representat iveness 
o f  t he  coal  sample. 

Coal was pu lve r i zed  t o  a 

The r e g u l a r  g r i n d  (50x0 mesh) coal  was pyrolyzed i n  the  DTFS i n  the presence 
o f  n i t rogen  under t h e  fo l l ow ing  cond i t ions :  
( 2 )  n i t rogen  f l o w  r a t e  o 15 l /min; (3)  heated r e a c t i o n  zone length*  = 23 
inches; and (4)  temperature o 265OOF. 
s i z e  graded t o  200x400 mesh. Any overs ize  ma te r ia l s  ( i .e.,  >ZOO mesh) were 
re-ground and s i z e  graded t o  200x400 mesh. 
f i r s t  one t o  enhance the degree o f  representat iveness o f  t h e  t e s t  sample. 

(1)  coal feed r a t e  o 1 g/min, 

The r e s u l t i n g  char was subsequently 

This s i z e  c u t  was added t o  the 

C h a r Comb u s t i on Te s t f-la t r i x 

F ive  t e s t s  (Table 2-3) were run i n  the  DTFS on each of t he  f o u r  200x400 mesh 
coal chars (prepared a p r i o r i  as spec i f ied  i n  the  preceding sec t i on )  i n  0.03 
O2 atmosphere ( i n  n i t r o g e n  balance) i n  the 160O-265O0F ( 1140-1730°K) tempera- 
t u r e  range and residence t imes ranging up t o  0.85 sec. 
determine t h e  char combustion e f f i c i e n c i e s ,  which were subsequently used t o  
de r i ve  the  g lobal  combustion k i n e t i c  parameters (apparent a c t i v a t i o n  energies 
and frequency f a c t o r s ) .  

Data were used t o  

CONTROLLED M I X I N G  HISTORY FURNACE (CMHF) STUDIES 

F a c i l i t y l T e s t  Procedure 

The p i l o t  sca le  (500,000 Btu/hr)  CMHF i s  based on the  p r i n c i p l e  o f  p lug- f low 
which resolves t ime i n t o  d is tance along the  l eng th  of t he  furnace. 
s i s t s  o f  a r e f r a c t o r y - l i n e d  1.5 f o o t  i n n e r  diameter c y l i n d e r  w i t h  an o v e r a l l  

I t  con- 

* A f i x e d  probe, f i t t e d  onto the  bottom of the t e s t  furnace, was used 
du r ing  DTFS char preparat ion.  



TABLE 2-3 

TEST MATRIX FOR COMBUSTION OF 
COAL CHARS I N  THE DROP TUBE FURNACE SYSTEM (DTFS) 

REACT I N GAS 

( O F )  

TEMPERATURE MEDIUM 
S I Z E  (MESH) (VOL. %) COAL TEST NO. 

3% O2/97% N p  1600 
1900 
2150 
3400 
2650 

200x400 
200x400 
200x400 
200x400 

TMLC- I - 6 200x400 

3% O2/97% N2 
3% O2/97% Np 
3% O2/97% Np 
3% O2/97% N2 

TMLC- 1-2 
TMLC- 1-3 
TMLC-1-4 
TMLC- 1-5 

TEXAS 
LIGNITE 

MONTANA 
subB COAL 

MRCC-1-2 
MRCC-1-3 
MRCC- 1-4 
MRCC- I - 5 
MRCC- 1-6 

ALABAMA 
hvAb COAL 

PENNSYLVANIA 
ANTHRACITE 

AACC- 1-2 
AACC - I - 3 
AACC - I -4 
AACC- I - 5 
AACC- 1-6 

PEAC-1-2 
PEAC- I - 3 
PEAC-1-4 
PEAC- I - 5 
PEAC-1-6 

200x400 
200x400 
200x400 
200x400 
200x400 

200x400 
200x400 
700x400 
200x400 
200x400 

700x400 
200x400 
200x400 
200x400 
200x400 

3% 02/97% N2 
3% 02/97% N2 
3% 02/97% N2 
3% 02/97% L2 
3% 02/97% N2 

3% 02/97% N2 
3% 02/97% N2 
3% 02/97% N2 
3% 02/97% N2 
3% 02/1)7% N2 

3% 02/97% N2 
3% 02/97% N2 
3% 02/97% N1 
3% 02/97% N2 
3% 02/97% N2 

1600 
1900 
2150 
2400 
2650 

1600 
1900 
2150 
2400 
2650 

1600 
1900 
2150 
2400 
2650 

Chars were prepared a p r i o r i  i n  the DTFS i n  n i t rogen gas a t  2650°F. 



he igh t  of 22.6 fee t .  A m ix tu re  of pu lver ized  f u e l  and primary a i r  i s  f i r e d  
downward i n t o  t h e  furnace from a s i n g l e  burner c e n t r a l l y  located a t  the top o f  
the furnace. The furnace cons is ts  of four zones--preheat , combustion, water- 
cooled, and af ter-burner--proceeding downward from the  f u e l  admission po in t .  

By sampling a t  d i f f e r e n t  p o r t s  along t h e  l e n g t h  o f  t h e  furnace, i t  i s  poss ib le  
t o  examine the  carbon burnout and NO, formation h i s t o r i e s  o f  a f u e l .  
t r a c e r  method I s  a l s o  used t o  determine the s o l i d s  combustion e f f i c i e n c y  as  a 
f u n c t i o n  o f  opera t iona l  parameters. Gaseous products asp i ra ted  i n  a sampl i n g  
probe are analyzed on - l i ne  t o  determine NOx, 02, CO, and C02 concentrat ions.  
D e t a i l s  o f  t h i s  t e s t  f a c i l i t y  are given i n  Appendix A. 

An ash 

Coal Combustion/NO- Emissions Control  Test Matr ix .  The t e s t  m a t r i x  f o r  t he  
CMHF study on the Alabama hvAb coal  i s  g iven  i n  Table 2-4. For a l l  exper i -  
mental runs, the secondary / te r t ia ry  a i r  was preheated t o  700°F t o  s imulate 
f i e l d  condi t ions.  F i f t e e n  tests  were performed i n  four ser ies t o  study the 
e f f e c t  .of (1) pr imary stage s to ich iomet ry ;  ( 2 )  pr imary stage residence time; 
(3 )  o v e r a l l  excess a i r ;  and ( 4 )  f i n e  g r i n d i n g  upon carbon burnout and NO, 
format ion.  

n 

A f i r i n g  r a t e  of 0.5 x lo6 Btu /hr  (36 I b / h r )  was used. 

I n  the  f i r s t  t e s t  ser ies,  t he  pr imary stage a i r  s to ich iomet ry  (F igure 2-3)  was 
va r ied  a t  15, 30, 50, 60, 70, and 90% of t h e o r e t i c a l  a i r .  
was introduced i n t o  r i n g  4 such t h a t  t he  o v e r a l l  excess a i r  was maintained a t  
20%. 

The remaining a i r  

I n  the  second t e s t  ser ies,  the optimum pr imary stage s to ich iomet ry  found i n  
f i r s t  se r ies  was maintained constant and the  remaining a i r  was introduced i n t o  
r i n g s  2,  3 ,  and 5 i n  o rder  t o  vary the pr imary stage residence time. 

I n  the  t h i r d  ser ies;  t he  optimum values o f  the pr imary stage s to ich iomet ry  and 
pr imary stage residence t ime found i n  se r ies  1 and 2 ,  respec t i ve l y ,  were 
maintained constant and the  percentage of excess a i r  was va r ied  a t  0, 10, 20, 
and 35%. 
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TABLE 2-4 

TEST MATRIX FOR COMBUSTION OF ALABAMA 
HIGH VOLATILE BITUMINOUS COAL I N  THE 

CONTROLLED M I X I N G  HISTORY FURNACE (CMHF) 

Study Coa 1 Primary Stage Secondary A i  r Overal l  E xcess 
Test No. Parameter Fineness S t o i ch i  ome t ry Ring No. A i r  % 

15 
1-2 Stage + 30 
1-3 Sto ich io-  50 
1-4 metry 70 
1-5 90 
1-6 Regu 1 a r G r i  nd 60 

1-1 Primary -------- 

11-1 Primary (71% - 200 mesh) - 
11-2 Stage 50 
11-3 . Residence 50 
I i - 4  Time 50 

111-1 
I 11-2 
111-3 
111-4 

Overa l l  
Excess 
A i  r 

50 
50 
50 
50 

I V - 1  Coa 1 Fine Grind 50 
F i nenes s (87% - 200 mesh) 

1 and 4 
1 and 4 
1 and 4 
1 and 4 
1 and 4 
1 and 4 

20 
20 
20 
20 
20 
20 

1 and 1 
1 and 2 
1 and 3 
1 and 5 

20 
20 
20 
20 

1 and 4 
1 and 4 
1 and 4 
1 and 4 

0 
30 
20 
35 

1 and 4 20 
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I n  the  f o u r t h  ser ies ,  a s i n g l e  t e s t  was c a r r i e d  ou t  w i t h  f i n e  coal  g r i n d  (87% 
through 200 mesh compared t o  71% through 200 mesh i n  s e r i e s  1-3). 
t e s t  primary stage s to ich iomet ry  and t e r t i a r y  a i r  i n t r o d u c t i o n  l e v e l  were 
maintained a t  optimum, and excess a i r  was kept  a t  20%. 

I n  t h i s  

DROP TUBE FURNACE SYSTEM DATA REDUCTION PROGRAM 

The s a l i e n t  f ea tu res  o f  t h e  DTFS data reduc t ion  program a re  (1) c a l c u l a t e  the  
residence t ime o f  f u e l  p a r t i c l e s  as they f l o w  down the  t e s t  furnace r e a c t i o n  
zone t a k i n g  i n t o  account the  reac tan t  gas v e l o c i t i e s  as w e l l  as s o l i d  f r e e  
f a l l  v e l o c i t i e s  (24, - -  25); (2)  c a l c u l a t e  the  combustion o r  p y r o l y s i s  e f f i c i ency  
by ash t r a c e r  method; ( 3 )  c a l c u l a t e  t h e  r e a c t i o n  k i n e t i c  parameters (apparent 
a c t i v a t i o n  energy and frequency f a c t o r )  f o r  coal p y r o l y s i s  o r  char combustion; 
and (4 )  c a l c u l a t e  p a r t i c l e  surface temperatures du r ing  char combustion. A 
data reduc t i on  computer program, developed p rev ious l y  w i t h  in-house funding, 
was used t o  accomplish a l l  these tasks. 
b r i e f  1 y descr ibed b e l  ow. 

The c a l c u l a t i o n  methods used here a re  

Ash Tracer Method 

This method i s  p red ica ted  on the  assumption t h a t  t he  ash does n o t  undergo 
appreciable changes du r ing  coal combustion o r  py ro l ys i s .  As such, t h e  combus- 
t i o n  o r  p y r o l y s i s  e f f i c i ency  (q) can be ca l cu la ted  from the  values o f  the  ash 
contents i n  t h e  feed sample and p a r t i a l l y  reacted char ( c o l l e c t e d  a t  a g iven 
DTFS r e a c t i o n  zone p o s i t i o n ) .  This method i s  expressed i n  mathematical form 
(10, 14) as follows: 

TI = 100 [l - (Ao/(lOO-Ao))((lOO-A')/A')J (2-1) 

where A, and A '  a r e  the  percent ash contents (expressed on a d r y  bas is )  o f  t he  
feed sample and p a r t i a l l y  reacted char, respec t i ve l y .  

Coal P y r o l y s i s  K i n e t i c s  

The d e r i v a t i o n  method used by Nsakala. e t  a l .  (i2, - 14) ,  Scaroni e t  a t .  - (16) ,  
and Walker e t  a t .  (17) was a l s o  used here. That i s ,  b r i e f l y :  

' /  

- 
C = Co exp ( - k t )  (2 -2)  
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where Co i s  t he  maximum obta inab le  weight l o s s  under the  p r e v a i l i n g  cond i t ions  
r e f e r r e d  t o  as AW-, and C i s  the  remaining pyro lyzab le  ma te r ia l  weight a t  t ime 
t ( C  = A W ~  - AM, where AW i s  the  p y r o l y s i s  weight l o s s  a t  t ime t), and k i s  a 
py ro l ys i s  r a t e  constant. Plugging these values i n t o  and manipulat ing Equation 
(2-2) y i e l d s  

I n  ( ~ - A W / A W ~ )  = - k t  (2-3) 

P l o t t i n g  the  l e f t  h'and s ide  o f  Equation (2-3) vs. t y i e l d s  s t r a i g h t  l i n e s  from 
which the  k values can be obtained from the  slopes of t he  l e a s t  squares f i t s .  

Now, the k values can be used i n  con junc t ion  w i t h  a f i r s t  order  Arrhenius law 
t o  ob ta in  

k = ko exp (-E/RT) (2 -4  1 

where ko, E, R, and T are, respec t i ve l y ,  the  p y r o l y s i s  frequency f a c t o r ,  the  
apparent a c t i v a t i o n  energy, the  un iversa l  gas constant,  and the  reac t i on  gas 
temperature. 

P l o t t i n g  I n  k vs. 1/T y i e l d s  s t r a i g h t  l i n e s  from which the values of ko and E 
can be obtained from the  i n te rcep ts  and slopes o f  the l e a s t  squares f i t s ,  
data i l l u s t r a t i n g  t h i s  c a l c u l a t i o n  procedure are g iven i n  Sect ion 3 below. 

The 

Char Combustion K i n e t i c s  

Char combustion k i n e t i c  parameters were determined on the  bas is  of F i e l d ' s  
fo rmula t ion  given below (2, 5) .  

Overa l l  Reaction Rate Coe f f i c i en t .  
i s  def ined as the  r a t e  o f  carbon removal per  u n i t  ex te rna l  surface area per  
u n i t  atmosphere p a r t i a l  pressure of oxygen i n  gas. 

The o v e r a l l  r eac t i on  r a t e  c o e f f i c i e n t  (K) 

That i s  

K = q/Pg 



where q i s  the  r a t e  o f  carbon removal per  u n i t  ex te rna l  sur face area (g  
cm"sec"), and P i s  t he  p a r t i a l  pressure o f  oxygen i n  the  gas (atrn). 

9 

Reaction ra te ,  q, i s  g iven by 

where S i s  t he  sur face area a t  bu rn -o f f  l e v e l  B per  u n i t  weight o f  mois ture 
and ash-free char, and t i s  the  residence t ime i n  the reac t i on  zone, 
given by 

S i s  

S = 6UIXp (2-7) 

where U (= 1-B) i s  the  f r a c t i o n  o f  combustible char remaining unburnt, X i s  
the  mean weight p a r t i c l e  diameter (cm), and p i s  the  apparent dens i t y  o f  char 
( g/cm3, dry-ash-f  ree bas is )  . 
F i e l d  found the  f o l l o w i n g  v a r i a t i o n  o f  surface area w i t h  burn-of f  assuming a 
sh r ink ing  core mechanism 

s/so = u 2/3 (2-8) 

where So i s  t he  geometric sur face area o f  the  feed char. 
found p rev ious l y  i n  t h i s  l abo ra to ry  t h a t  char combustion proceeded p r i n c i p a l l y  
by a sh r ink ing  core mechanism. 

Goetz e t  a l .  (23) 

Combining Eqs. (2-6) and (2-8) y i e l d s  

which, upon i n t e g r a t i n g  between the  l i m i t s  

2-15 

leads t o  

(2-10) 



S u b s t i t u t i n g  q i n  Eq. (2-5) f r o m  Eq. (2-10) y i e l d s  

K = 3(1-U'/3)/(sot Pg) (2-11) 

D i  f fus  i onal Reaction Rate Coef f i c i  en t  . D i  f f u s i  onal r e a c t i o n  r a t e  c o e f f i c i e n t  

(KoIFF) i s  g iven by 

= 24 fl D/X R'Tg K~~~~ (2-12) 

where D i s  the  b ina ry  d i f f u s i o n  coe f f i c i en t  of oxygen through the  c a r r i e r  gas 
(n i t rogen)  (cm /sec.), !? i s  the  mean weight p a r t i c l e  diameter (cm), R '  i s  the  
gas constant (82.06 atm. cm /mole OK), T i s  the  gas temperature i n  the  
boundary l a y e r  (OK), and 0 i s  the  mechanism fac to r  (defined as the  r a t i o  o f  
moles o f  carbon consumed t o  moles o f  reac tan t  gas t ranspor ted  t o  the  sur face) .  
A value o f  equal t o  2 was used (which assumes t h a t  CO i s  the  pr imary combus- 
t i o n  product which i s  subsequently ox id ized  t o  C02 i n  the  boundary l a y e r ) ,  

2 
3 

9 

Surface Reaction Rate Coe f f i c i en t .  The o v e r a l l  r eac t i on  r a t e  c o e f f i c i e n t  (K) 
i s  dependent on both the r a t e  of t ranspor t  o f  oxygen by d i f f u s i o n  t o  the  
p a r t i c l e  surface (KD1FF) and the  r a t e  of reac t i on  of oxygen a t  the  p a r t i c l e  
sur face (KS). This  i s  represented mathematical ly as 

Eq. (2-13) can be rearranged t o  

(2-14) 

Eq. (2-14) was used.throughout t h i s  work t o  c a l c u l a t e  sur face reac t i on  r a t e  
c o e f f i c i e n t s  dur ing  char combustion. 

Apparent A c t i v a t i o n  Energy and Frequency Factor. 
used i n  con junc t ion  w i t h  Eq. (2-14) t o  c a l c u l a t e  the  apparent a c t i v a t i o n  
energy (E) and frequency f a c t o r  ( A )  f o r  char combustion. 

The Arrhenius r e l a t i o n  was 

That i s  

KS = A exp (-E/RT ) (2-15) 
9 

2-16 



The values of E and A i n  Eq. (2-15) were determined for each char combustion 
from the slopes and intercepts of the least  squares f i t s  of In KS vs. 1/T 
plots. 

9 
Results obtained from th is  work are i l lus t ra ted  i n  Section 3. 

Particle Surface Temperature Calculation. The procedure used by Field (3 )  was 
followed here. T h i s  temperature i s  calculated from a thermal balance on the 
par t ic le ,  equating the heat l o s t  by conduction and radiation t o  the heat 
released a t  the par t ic le  surface. 

- 

Assuming t h a t  carbon monoxide i s  the primary product  of char  combustion ( i . e . ,  
fl = 2 ) ,  the heat released a t  the surface i s  2300 cal per gram of carbon b u r n t .  
And the rate  of heat generation (H ) per u n i t  area i s  given by 

9 

H = 2300 q (2-16) 9 

where q i s  the rate  of carbon removal per u n i t  area [Eq. (2-lo)].  

The rate  of heat loss by conduction ( H c )  i s  given by 

Hc = 2 a ( T p  - Tg) /X (2-17) 

, and X are ,  respectively, the thermal conductivity of reactant P’ Tg where a ,  T 
gas (cal/cm. sec. OK), part ic le  surface temperature ( O K ) ,  measured b u l k  gas 
temperature ( O K ) ,  and par t ic le  diameter (cm). 

The rate  of heat loss by radiation i s  given by 

( 2- 18) 4 4  
P Hr  = EU(T - Tw) 

where C ,  a, and Tw are ,  respectively, the emissivity of the surface ( t aken  to 
be uni ty) ,  the Stefan-Bolttmann constant (1.36 x 
the reactor wall temperature (OK). 

cal/cm. sec. O K ) ,  and 

The equilibrium part ic le  temperature ( T  ) is calculated from P 

Hg = Hc t H r  

I 2- 17 

(2-19) 



Eq. (2-19) was solved by a p rev ious l y  developed computer program using a 
s t ra igh t fo rward  i t e r a t i v e  method t o  g i ve  t h e  p a r t i c l e  temperature correspond- 
i n g  t o  each measurement of char combustion e f f i c i e n c y .  

The T values obtained from t h i s  c a l c u l a t i o n  were subsequently used i n  con- 
j u n c t i o n  w i t h  the  Arrhenius Eq. (2-15)-- in t h i s  case KS = A exp (-E/RT ) - - to  
de r i ve  the char combustion k i n e t i c  parameters. 

P 
P 

As such, two methods were used t o  de r i ve  the char combustion k i n e t i c  paramet- 
e r s  i n  t h i s  study: 
us ing the  ca l cu la ted  p a r t i c l e  surface temperatures (T ). 
from t h i s  study are i l l u s t r a t e d  i n  Sect ion 3. 

(1) us ing t h e  measured bulk  gas temperatures (T ); and (2 )  
9 

Results obtained 
P 

CONTROLLED M I X I N G  HISTORY FURNACE 

A computer program formulated ear  

the  CMHF data r e s u l t i n g  from each 

DATA REDUCTION PROGRAM 

i e r  w i t h  in-house fund 
t e s t ,  

ng was used t o  reduce 

The fea tures  o f  t he  program are (1 )  computation o f  t he  cor rec ted  gas tempera- 
tures;  (2 )  c a l c u l a t i o n  o f  t he  residence t imes o f  the combustion products from 
the  mass f l o w  data, furnace geometry, and the  temperature p r o f i l e s ;  (3) 
c a l c u l a t i o n  o f  re levan t  var iab les  a t  each sampling p o r t  such as combustion 
e f f i c i e n c y  us ing  the  ash t r a c e r  technique, percent s to ich iomet ry  o f  the 
mixture,  concentrat ions o f  NO and NOx normalized t o  a t h e o r e t i c a l  3% 02, and 
f u e l  n i t rogen  f a t e  ca l cu la ted  i n  terms o f  percent r e t e n t i o n  by char, percent 
conversion t o  NO, percent conversion t o  gas phase n i t rogen  species, and 
percent conversion t o  molecular n i t rogen.  

NO, c o r r e c t i o n  t o  3% O2 was made on the bas is  of t he  f o l l o w i n g  r e l a t i o n s h i p  

(2-20) 

where [NOx lC ,  [NOx],,,, and O2 are, respec t i ve l y ,  the cor rec ted  NOx, measured 
NOx, and percent oxygen i n  the  e f f l u e n t  gas stream dur ing  NO, measurement. 

2- 18 



The i n p u t  t o  the  program f o r  each t e s t  cons is ts  of the  fo l l ow ing :  
ra tes  of pu l ve r i zed  f u e l  and a l l  t he  a i r  streams; po in ts  o f  secondary a i r  
i n t roduc t i on ;  fuel  composition; suc t i on  pyrometer data; gas ana lys is  data; and 
the  char and feed fuel  composit ion data. 

mass f l o w  

2-19 



Sect ion 3 

RESULTS 

CHARACTERISTICS OF COAL, CHAR, AND ASH SAMPLES 
Coal Analyses 

The analyses (Table 3-1) o f  t he  Montana Rosebud, Alabama Black Creek, and 
Pennsylvania Buck Mountain coa ls  a re  cons is ten t  w i t h  t h e i r  ASTM c l a s s i f i c a -  
t i o n s  o f  subbituminous B, h igh  v o l a t i l e  A bituminous, and ac th rac i te ,  respec- 
t i v e l y .  Although t h e  Texas l i g n i t e  i s  c l a s s i f i e d  as l i g n i t e  A, i t s  moist ,  
m ine ra l - f ree  h ighe r  heat ing  value i s  8870 B t u / l b  (no t  shown i n  Table 3- l ) ,  
which i s  570 B t u / l b  h ighe r  than t h e  top  value (8300 B tu / l b )  a l lowed f o r  a 
l i g n i t e  A (26). - Consistent w i t h  some o f  the  coal s e l e c t i o n  c r i t e r i a  app l i ed  
i n  t h i s  study, these coa ls  have w ide ly  vary ing  v o l a t i l e  mat te r  contents (4.1 - 
53.6% on a dry-ash-free bas i s )  and ash contents (2.1 - 18.0 l b s / l O  Btu).  6 

Hardgrove G r i n d a b i l i t y  Ind ices  

The Hardgrove g r i n d a b i l i t y  index (HGI) o f  the  a n t h r a c i t e  i s  30, i n d i c a t i n g  
t h a t  t h i s  coa l  i s  r e l a t i v e l y  hard t o  g r ind .  
vary  f rom 40 t o  58, i n d i c a t i n g  t h a t  these coals f a l l  w i t h i n  the  t y p i c a l l y  
encountered range and t h a t  no problems regarding t h e i r  p u l v e r i z a t i o n  should be 
encountered. 

The H G I  of t he  o the r  t.hree coa ls  

F lammabi l i t y  Ind ices  

The f l a m m a b i l i t y  i nd i ces  (Table 3-1) o f  the  sub jec t  coals a re  900°F, 980°F, 
l l lO "F ,  and 166OoF, respec t i ve l y ,  f o r  t h e  l i g A ,  subB, hvAb, and an th rac i te .  
These r e s u l t s  i n d i c a t e  t h a t  t he  f i r s t  t h r e e  coa ls  i g n i t e  r e l a t i v e l y  e a s i l y  and 
t h a t  they  should not,  under normal circumstances, present f lame s t a b i l i t y  
problems i n  pu l ve r i zed  coa l  f i r e d  b o i l e r s .  
t h a t  t h i s  coal i s  very  d i f f i c u l t  t o  i g n i t e  and t h a t  i t  would be expected t o  
present f lame s t a b i l i t y  problems i n  pu l ve r i zed  coal f i r e d  b o i l e r s .  

The a n t h r a c i t e ' s  value i nd i ca tes  

Ash Analyses 

Ash f u s i b i l i t y  temperatures and compositions are  a l so  given i n  Table 3-1. 
Analyses o f  t h e  Alabama and Pennsylvania coal ashes are  t y p i c a l  of "Eastern" 
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TABLE 3-1 
ANALVS~S~F~TOALS 

- Texas Montana A1 abama Pennsyl van1 a 
(Wilcox) (Rosebud) (Black Creek) (Buck Mountain) 

L i  gA sub6 hvAb an th rac i te  
AS AS AS AS - -  - -  ANALYS I S  

RECE I VED FREE RECE I VED FREE RECEIVED FREE RECEIVED FREE 
Proximate, W t .  Percent 

Moisture (To ta l )  
V o l a t i l e  Matter 
Fixed Carbon 
Ash 
Total 

Ult imate, W t .  Percent 
Moisture ( T o t a l )  
Hydrogen 
Carbon 
Sulfur 
Ni t rogen 
Oxygen (01 f f . 1 
Ash 
Total 

Higher Heating Value, 
B tu / l  b 

I Ash Loading, w 
ru lbs/mm Btu 

Flammabil i ty Index, OF 

Hardgrove C r i n d a b i l i t y  Index 

Ash F u s i b i l i t y  (Red. Atm.), OF 
I .T. 
S.T. 
H.T. 
F.T. 
AT (F.T. - I.T.) 

Ash Cmposit ion, W t .  Percent 
sio2 

2'3 
Fe203 
CaO 

MgO 
Na20 

T i 0 2  

Total 

K2° 

so3 

21.2  
34.7 
30.0 
14.1 

100.0 

2 1 . 2  
3.5 

45.6 
0.6 
0.8 

14.2 
14.1 

100.0 

7845 

18.0 

900 

48 

2160 
2210 
2250 
2360 
200 

52.1 
18.1 
3.5 

12.4 
2.3 
0.3 
0.4 
2 .0  
8.2 

99.3 

23.9 
30.7 
37.6 

7.8 
100.0 

23.9 
3.6 

51.6 
0.7 
0 .9  

11.5 
7.8 

100.0 

8800 

8.9 

980 

53 

2150 
2180 
2200 
2280 
130 

38.5 
16.3 
4.9 

18.5 
3.3 
0.3 
0.3 
0.7 

15.0 
97.8 

3.6 
37.7 
55.8 

2 .9  
100.0 

3.6 
4.9 

70.5 
0.7 
1.6 
7.8 
2.9 

100.0 

13935 

2.1 

1110 

40 

2600 
2700, 
270W 
270W 
+loo 

56.9 
28.0 
8.1 
1 .1  
0.6 
0 .6  
0.9 
1.6 
1.7 

99.5 

5.7 
3.5 

83.3 
7.5 

100.0 

5.7 
1.7 

82.7 
0.4 
0.7 
1.3 
7.5 

100.0 

12740 

5.9 

1660 

30 

2700, 
2700, 
2 7 W  
270W - 
48.5 
38.5 
4.2 
0.3 
0.4 
0.3 
1 .1  
3.2 
0.8 

97.3 



coal  ashes i n  which the  i r o n  contents are g rea ter  than the  sums o f  a l k a l i  and 
a l k a l i n e  ea r th  contents. 
t he  o the r  hand, t y p i c a l  o f  "Western" coal  ashes, whereby the sums o f  a l k a l i  
and a l k a l i n e  ea r th  contents  are g rea ter  than the  i r o n  contents. 

Analyses o f  the  Texas and Montana coal  ashes are, on 

The Texas and Montana coal  ashes have moderately h igh  ca lc ium contents (12.4% 
CaO and 18.5% CaO, respec t i ve l y ) .  
i s  probably l a r g e l y  responsib le  fo r  these ashes' r e l a t i v e l y  low f u s i b i l i t y  
temperatures. 

Due t o  i t s  f l u x i n g  tendency, t h i s  feature 

Char Charac te r i s t i cs  

Analyses. 
chars, subsequently s ized t o  200x400 mesh, a r e  given i n  Table 3-2. 
impor tant  t o  note t h a t  a l l  the  chars are v i r t u a l l y  v o l a t i l e  ma t te r - f ree  
(1.4-3.5% res idua l  v o l a t i l e  mat ters  on a dry-ash-free bas is ) .  
char has a dry-ash- f ree (da f )  carbon content  o f  87%, t he  o the r  th ree  chars a re  
97-99% carbonaceous. 

Selected physicochemical c h a r a c t e r i s t i c s  of the  DTFS-generated 
It i s  

While the  subB 

Pore Structures.  
Table 3-2. 
areas increase from 2.6 t o  191 m /g ( d a f )  as the  rank o f  t he  parent  coal 
decreases from a n t h r a c i t e  t o  l i g n i t e .  
s i m i l a r  t rend.  I t i s  however noteworthy t h a t  while the  t o t a l  open p o r o s i t y  of 
the  a n t h r a c i t e  char  i s  only 13%, those of the  o ther  th ree  chars are much 

h ighe r  and f a l l  i n  the  51 t o  66% range. 

The pore s t r u c t u r e  data on the  f o u r  chars a re  a l s o  g iven i n  
These data show, f o r  example, t h a t  the  BET s p e c i f i c  pore surface 

2 

The C02 surface areas a l so  f o l l o w  a 

P a r t i c l e  S ize D i s t r i b u t i o n s .  Dry s ieve ana lys is  was used t o  determine the 
p a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  t he  200x400 mesh chars. 
were analyzed by the  Rosin-Rammler method (27) - t o  determine the  d ispers ion  
f a c t o r s  (n), f ineness f a c t o r s  ( X I ) ,  and mean weight p a r t i c l e  s izes  (x). 
Resul ts  (Table 3-3) show a h igh  degree o f  u n i f o r m i t y  i n  p a r t i c l e  s i z e  d i s t r i -  
bu t ions  between a l l  f o u r  chars ( the  mean weight p a r t i c l e  s izes  f a l l  i n  a 
narrow range o f  54-56 um). This  c lose  c o n t r o l  o f  p a r t i c l e  s i z e  d i s t r i b u t i o n s  
ensures t h a t  t h e  d i f f e rences  i n  r e a c t i v i t i e s  between the  chars of i n t e r e s t  are 
n o t  due t o  d i f f e rences  i n  p a r t i c l e  s izes.  

These data (Table 3-3) 
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TABLE 3-2 

~ 53.8 65.7 50.9 12.9 

PHYSICOCHEMICAL CHARACTERISTICS OF 200x400 MESH 
DROP TUBE FURNACE SYSTEM - GENERATED CHARS 

~ 

* Dry-Ash-Free Basis (daf )  

ALABAMA 
PENNSYLVANIA 

QUANTITY 1 igA subs hvAb an th rac i te  

TEXAS MONTPNA (BLACK 
(WILCOX) (ROSEBUD) CREEK) (BUCK MOUNTAIN) 

Proximate, W t .  X 
V o l a t i l e  Mat ter  
Fixed Carbon ( D i f f .  ) 
Ash 

Ult imate,  W t .  X 
Hydrogen 
Carbon 

w Sul fyr 
I Nitrogen 

Oxygen ( D i f f . )  
Ash 

P 

2.3(3.5)* 2.3(2.8)* 1.5( 1.6)* 1.3( 1.4)* 
64.3 80.3 94.6 92.1 
31.2 14.9 3.9 5.9 

0.3 0.3 0.3 0.2 

0.8 0.8 0.5 0.4 
0.5 0.5 1.0 0.4 
0.4 8.9 1.1 0.0 
31.2 14.9 3.9 5.9 

64.6( 97.0)* 72.1(87.3)* 93.2 (97.0)* 92.4 (98.9)* 

191.3 
210.9 

89.9 
162.9 
0.69 
2.01 
0.952 

16.4 
16.3 
0.86 
i.is 
0.591 

2.6 
1.6 
1.62 
1.86 
0.080 

I 



TABLE 3-3 
PARTICLE S I Z E  DISTRIBUTIONS FOR 200x400 MESH CHARS 

CUMULATIVE WEIGHT PERCENT GREATER THAN X 

SIEVE 
OPENING, X, TEXAS MONTANA ALABAMA PENNSYLVANIA 
p l i g A  subB hvAb a n t h r a c i t e  

63 

53 

45 

38 

23.4 28.0 24.3 

48.4 52.2 51.2 

79.1 82.5 80.9 

99.8 98.5 96.3 

33.4 

47.1 

86.5 

97.7 

ROS I N-RAMML ER 
PARAMETERS 

n 12.4 7.8 7.1 

X '  (d 69.5 60.0 58.0 

X (rim) 55 56 54 

7.5 

60.0 

56 

n = Dispers ion fact .or  
X I  = Fineness f a c t o r  x = Mean weight p a r t i c l e  s i ze  

Thermo-Gravimetric R e a c t i v i t i e s .  
700°C (1292°F) f o r  t he  200x400 mesh chars are g iven i n  Figure 3-1. The 
f o l l o w i n g  r e a c t i v i t y  t r e n d  emerges: 
a n t h r a c i t e  char. Both l i g n i t e  and subbituminous chars are burned t o  comple- 
t i o n  i n  8 minutes; a t  t h i s  p o i n t  the  h igh  v o l a t i l e  bituminous and a n t h r a c i t e  
chars are burned t o - 9 0 %  and 30%, respec t ive ly .  

Thermo-gravimetric burn-o f f  curves i n  a i r  a t  

l i g A  char = subB char > hvAb char >> 

These r e a c t i v i t y  t rends support  t he  pore s t r u c t u r e  t rends repor ted f o r  the 
same chars. That i s ,  genera l ly ,  t he  h i g h e r ' t h e  open p o r o s i t y ,  the  h igher  i s  
the r e a c t i v i t y .  These r e s u l t s  ,show. the  impor tant  r o l e  played by the pore 
s t r u c t u r e  dur ing  char combustion. 
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PYROLYSIS AND/OR COMBUSTION OF COALS AND CHARS IN THE DROP TUBE FURNACE SYSTEM 
Py ro l ys i s  o f  Coals 

The c o n t r o l s  of the DTFS are  designed t o  mainta in  the  wa l l  temperatures o f  the 
preheater and t e s t  furnace a t  c e r t a i n  values. 
u l t i m a t e  gas temperature p r o f i l e s  i n  the reac t i on  zone of the  t e s t  furnace. A 
small suc t ion  pyrometer was used t o  measure the  n i t rogen  gas temperatures. 

These values d i c t a t e  the  

Resul ts a re  shown i n  F igure 3-2. 
l e v e l - o f f  a f t e r  a c e r t a i n  distance. The isothermal zone i s  1oca ted .w i th in  the  
l a s t  e i g h t  t o  ten  inches o f  the s ix teen- inch  reac t i on  zone. 
temperatures are  the ones t h a t  a r e  r e f e r r e d  t o  throughout t h i s  repo r t .  
Example, T6 = 2650°F ind i ca tes  t h a t  the isothermal zone was a t  t h i s  tempera- 
tu re .  A l l  the  temperature p r o f i l e s  used f o r  ob ta in ing  coal  p y r o l y s i s  k i n e t i c  
data a re  given i n  F igure 3-2. 

Gas temperatures are seen t o  r i s e  and 

These p la teau 

V o l a t i l e  Y ie lds  and Swel l ing Charac ter is t i cs .  
o f  each parent  coal  was pyrolyzed i n  n i t rogen  atmosphere a t  2650°F and the  
r e s u l t i n g  char was c o l l e c t e d  a t  the  16-inch DTFS reac t i on  zone. 
i ves  o f  t h i s  experiment were t o  determine: 
t i l e  y i e l d s  o r  p y r o l y s i s  weight losses (AW-)  under the  p r e v a i l i n g  condi t ions;  
and ( 2 )  the  Q- fac to r .  
enhancements i n  di lute-phase, r a p i d  heat ing  app l ica t ions ,  such as the  DTFS, 
over ASTM v o l a t i l e  mat te r  contents.  
var ious authors (10, 14,  16, 17). 
cat ions  have been found t o  be on the  order  o f  10 "C/sec. 

The 200x400 mesh s i ze  f r a c t i o n  

The ob jec t -  
(1) the maximum obta inab le  vo la-  

The Q- fac to r  i s  i n d i c a t i v e  o f  the  v o l a t i l e  y i e l d  

This technique has been discussed by 
The h e a t i n g  rates i n  the DTFS-type a p p l i -  

4 - -  - 

A regu la r  commercial g r i n d  ( ~ 7 0 %  - 200 mesh) o f  each parent  coal  was a l so  
pyro lyzed i n  the  DTFS i n  n i t rogen  atmosphere a t  2650°F. 
c o l l e c t e d  a t  4-, 8 - ;  and 16-inch reac t i on  zones. 
each coal  was determined, based on prev ious in-house experience, as fo l l ows  

Resu l t ing  chars were 
The swe l l i ng  fac to r  (a) of 

where R4, x,, I,, are respec t i ve l y ,  the  mean weight p a r t i c l e  s izes of chars 
obta ined a t  4-, 8-, and 16-inch reac t i on  zones, and xo i s  the  mean weight 
p a r t i c l e  s i z e  o f  the feed coal .  

3-7 
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Results from this study (Table 3-4) indicate that: 

0 Texas lianite, Montana subB, and Pennsylvania anthracite did not 
show any swelling by virtue of their thermosetting nature. 
hvAb, which is thermoplastic, swelled by 34%. 

Alabama 

0 The ligA and subB showed, respectively, 12% and 14% volatile matter 
enhancements over their ASTM volatile matter contents. The hvAb and 
anthracite showed no volatile matter enhancements. 

0 The maximum pyrolysis weight losses obtainable under the prevailing 
DJFS t e s t  conditions are 58.5, 47.6, 38.2, and 4.9%, respectively, 
for the ligA,. subB, hvAb, and anthracite. 

All these pieces of information are very importart, as will be seen later, in 
coal pyrolysis kinetic information derivations and coal combustion modeling 
studies. 

TAELE 3-4 
COAL VOLATILE YIELDS AND SWELLING CHARACTERISTICS 

COAL 

200x400 MESH - REG. G R I N D  (%70%-200 M E S H )  
I . I  \ SIJtLLING tACTUR 

V M a ~  JM (AW-1 DTFS Q-FACTOR Ro xC ( 0 )  

TEXAS lignite 53.0 58.5 1.12 64 65 1.0 

FlOFITANA subB 45.9 47.6 1.14 58 56 1.0 

ALABAMA hvAb 38.2 38.2 1.0 59 79 1.34 

PENNSYLVANIA 4.9 4.9 1.0 64 63 1.0 
anthracite 

Effect o f  Temperature. 
coal samples (Table 3-5) were pyrolyzed in the CTFS in n i t r c y  atinosphere at 
1450, 160C, 1900, 2400, and 2650'F and residence times ranging up to 0.8 sec. 
as specified in Section 2 (Table 2-2). 

Closely size graded (200x400 mesh, x = 53 - 56 pm) 

, _  

Results on the effect of temperature 2nd time on the pyrolysis weight loss are 
plotted in Figure 3-3. They show that: 

3-9 



0 The pyrolysis of each coal is clearly dependent upon temperature and 
time, Higher temperatures and/or longer residence times yield 
higher pyrolysis weight losses. For example, for Texas lignite, at 
0.2 sec. the pyrolysis weight loss increases from 16% to 51Z as the 
temperature increases from 1450OF to 2650°F; and at 14SCIOF the 
pyrolysis weight loss increases from 3% to 34% as time increases 
from 0.05 to 0.8 sec. 

0 At 265OoF, however, pyrolysis is virtually complete within 0.2 sec. 
for the lignite, subbituminous and high volatile bituminous coals. 

TABLE 3-5 
PARTICLE SIZE DISTRIBUTIONS FOR 200x400 MESH' COALS 

~ 

CUMULATIVE WEIGHT PERCENT GREATER THAN X 

SIEVE 
OPENING, X, TEXAS MONTANA ALAB PMA P ENN S Y L V B F' I P. 
y m  1 igA subB h v Ab a n t h r a c i t e  

63 32.2 31.8 26.0 28.4 

53 55.9 54.8 49.0 51.7 

45 81.4 82.8 f5.5 78.0 

38 96.6 98.8 94.1 95.6 

ROSIN-RAMMLER 
PARAMETERS 

r! 6.9 9.3 6.1 7.3 

X '  (urn) 59.5 58.0 57.9 57 .O 

'i (urn) 56 55 54 53 

n = Dispersion factor 
X I  = Fineness factor 
X = Mean weight particle size 

Effect of Fuei Properties. In order to compare the pyrolysis weight losses 
between coals, selected data in Figure 3-3 are re-plotted in Fiaure 3-4. 
These plots show comparatively the effects of temperature and time on the 
pyrolysis o f  the lignite, subbituminous, and high volatile bituminous coals. 

3-10 
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These r e s u l t s  show t h a t  p y r o l y s i s  i s  dependent upon the  nature o f  the parent 
coal. 
mat ter  i n  the  parent coal  the  h igher  i s  the  p y r o l y s i s  weight loss .  
less ,  t h e  r a t e s  o f  p y r o l y s i s  o f  these th ree  coals  are s i m i l a r .  

That i s ,  a t  a g iven temperature and t ime, the  h igher  t h e  v o l a t i l e  
Neverthe- 

K i n e t i c  Parameters. The p y r o l y s i s  weight l o s s  curves i n  F igure 3-3 were used 
to der ive  the  p y r o l y s i s  k i n e t i c  parameters of the  sub jec t  coals  i n  conjunct ion 
w i t h  the procedure o u t l i n e d  i n  Sect ion 2 [Refer t o  Equations ( 2 - 2 )  t o  (2-4):. 

P l o t s  o f  l n ( 1  - A W / A W  W ) vs. t y i e l d  s t r a i g h t  l i n e s  (F igure 3-5) from which the 
p y r o l y s i s  constants k can be obtained from the  slopes of the l e a s t  squares 
f i t s .  

I n  t h e i r  r e l a t i v e l y  low temperature (923-1273°K range) p y r o l y s i s  s tud ies,  
Badzioch and Hawksley ( l o ) ,  - Flsakala e t  a l .  (14), and Scaroni e t  a l .  (16) - found 
t h a t  the  curves o f  the type given i n  F igure 3-5 rad ia ted  from a common o r i g i n  
whose t ime was grea ter  than zero. They found t h i s  t o  be independent of coal ,  
p a r t i c l e  s ize,  and temperature. 
w i t h  t h e  r a p i d  heat up t ime dur ina  which n e g l i s i b l e  p y r o l y s i s  occurred. 
such cons is ten t  occurrence was encountered i n  the  present p y r o l y s i s  study 
which was conducted a t  much h igher  temperatures (1060-1730'K). The imp1 i c a -  
t i o n  here i s  t h a t  i t  cannot be s t a t e d  i n  a general way t h a t  n e g l i g i b l e  p y r o l y -  
s i s  takes p lace dur ing  the  r a p i d  heat up time. As such, the  residence t imes 
repor ted here are t o t a l  residence times; they e n t a i l  no r a p i d  heat up t ime 
correct ions.  

They proposed t h a t  t h i s  t ime was associated 
bo 

Now, the  k values can be used i n  con junc t ion  w i t h  a f i r s t  o rder  Arrhenius l a w  
t o  o b t a i n  the  p l o t s  g iven i n  F igure  3-6. 
and frequency f c c t o r s  (k,) are  der ived  from, respec t ive ly ,  the  slopes and 
i n t e r c e p t s  o f  the  l e a s t  squares f i t s  o f  t h e  s t r a i g h t  l i n e s  g iven i n  F igure 
3-6. 

The qpparent a c t i v a t i o n  energies (E) 

Results a re  g iven i n  Table 3-6. 

The apparent a c t i v a t i o n  energies (4 .7  - 8.0 kcal /mole) encountered here are 
r a t h e r  low. 
phase reac tors  s i m i l a r  t o  the  present DTFS and the  heated g r i d  experiments 

Various i n v e s t i g a t o r s  (10, 11, 2, 16, 17, 18) employing d i l u t e -  

3-13 
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a l s o  encountered r e l a t i v e l y  low a c t i v a t i o n  energies ( g e n e r a l l y  l e s s  than 20 
kcal /mole) f o r  thermal decomposit ion o f  coals  of var ious rank. 

TABLE 3-6 

KINETIC DATA FOR PYROLYSIS OF 200x400 MESH 
COALS I N  NITROGEN ATMOSPHERE AND 

1035-1690°K TEKPERATURE RANGE 

AVERAGE KIN~IC P A R A M E ~ R S  
TEMPERATURE 

COAL ( O K )  k E kO Y 

TEXAS 
l i g A  

MONTANA 
subB 

ALAB ANA 
hvAb 

PENNSYLVANIA 
a n t h r a c i t e  

1035 
1112 
1295 
1585 
1674 

1036 
1112 
1286 
1674 

1038 
1112, 
1301 
1583 
1689 

1405 
1585 
1674 

1.101 
1 e 365 
2 207 .7 980 
3.017 
6.385 

0.194 
0.455 
0.971 
1.065 

4740 

50.8 

13.5 

-0.95 

-0.93 

0.710 
0.949 

3.191 
2.657- 

1.166 7825 32.5 -0.98 

2.552 

4.330 
2.704 7755 38.7 -0.79 

k = Rate Constant, sec” 
E = A c t i v a t i o n  Energy, c a l  gmole 

y = C o r r e l a t i o n  C o e f f i c i e n t  of I n  k vs. 1/T ko = Frequency Factor,  sec -i 

Since low a c t i v a t i o n  energies are  u s u a l l y  assoc iated w i t h  heat  and mass 
t r a n s f e r  e f f e c t s ,  one may surmise t h a t  t h e  present r e s u l t s  i n d i c a t e  a phys ica l  
r a t e  c o n t r o l  mechanism. The absence of p a r t i c l e  s i z e  ef fects  on the  r a t e  o f  
p y r o l y s i s  was p r e v i o u s l y  i n t e r p r e t e d  t o  mean an absence of heat and mass 
t r a n s f e r  e f f e c t s .  Anthony e t  a l .  (11, 13) p rov ide  a probable explanat ion i n  
terms o f  a d i s t r i b u t i o n  o f  a c t i v a t i o n  energies f o r  t h e  generat ion o f  d i f f e r e n t  

- -  
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v o l a t i l e  species. They obtained a c t i v a t i o n  energies o f  10 and 48 kcal/mole, 
respec t i ve l y ,  f o r  s i n g l e  s tep and mu l t i - s tep  co r re la t i ons .  The i m p l i c a t i o n  i s  
t h a t  f o r  a complex process l i k e  py ro l ys i s ,  a low apparent a c t i v a t i o n  energy 
may no t  necessar i l y  be i n d i c a t i v e  o f  a phys ica l  r a t e  c o n t r o l  mechanism. 

Development of Pore S t ruc tu re  Dur ing Py ro l ys i s  o f  Coals. 
s t r u c t u r e  parameters (BET and C02 s p e c i f i c  surface areas, t o t a l  open pore 
volumes and percent p o r o s i t i e s )  were fo l lowed as a f u n c t i o n  o f  coal  p y r o l y s i s  
weight l o s s  under s p e c i f i c  condi t ions.  

Selected pore 

The t o t a l  open volumes (V,) o f  t he  200x400 mesh l i g n i t e ,  subbituminous, h igh  
v o l a t i l e  bituminous, and a n t h r a c i t e  feed samples are 0.078, 0.071, 0.018, and 
0.051 cm /g (daf ) ,  respect i 've ly  (Tables 3-7 t o  3-10). Th is  l ack  o f  co r re la -  
t i o n  of t he  t o t a l  open p o r o s i t i e s  o f  coals  w i t h  rank was p rev ious l y  shown by 
Gan e t  a1 . (28). - 

3 

Results i n  Tables 3-7 t o  3-10 i n d i c a t e  i n  general an opening o f  the pore 
s t r u c t u r e  as  the  p y r o l y s i s  weight l o s s  increases (i.e., as more v o l a t i l e  
species escape the  coal  ma t r i x ) .  
e t  a l .  (29) - and Maloney (18). - 
coal p y r o l y s i s  i s  dependent upon the  nature of the  parent  coal .  I n  general ,  
low rank coa ls  by v i r t u e  o f  t h e i r  thermoset t ing na ture  (i.e., they do no t  
so f ten  upon r a p i d  heat ing)  y i e l d  chars w i t h  h igher  open pore s t ruc tu res  than 
h igh  rank coals.  The present  r e s u l t s  bear ou t  t h i s  hypothesis.  However, i t  
should be noted t h a t  the  r a t e s  o f  pore s t r u c t u r e  developments are s i m i l a r  f o r  
t he  l i g n i t e ,  subbituminous, and h igh  v o l a t i l e  bituminous coals.  The r a t e  of 
t he  pore s t r u c t u r e  development f o r  the  a n t h r a c i t e  i s ,  on the  o the r  hand, much 
more s lugg ish  than those o f  t he  o the r  th ree  coa ls  due t o  i t s  i n h e r e n t l y  c losed 
nature.  I n  summary: 

A s i m i l a r  observat ion was made by Nsakala 
The development o f  the  pore s t r u c t u r e  du r ing  

0 The t o t a l  open pore volume o f  t he  l i g n i t e  jncreases by more than one 
order  o f  magnitude ( f rom 0.078 t o  0.980 cm /g) as the  p y r o l y s i s  
weight loss increases from 0% ( feed sample) t o  53% (2650°F @ 16-inch 
r e a c t i o n  zone). 
i s  f rom 3 t o  117 m /g (dry-ash-free bas is) .  

Tbe corresponding increase in the  BET surface area 
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TABLE 3-7 

CHARACTERISTICS OF TEXAS LIGNITE AND 
ITS DTFS 16-INCH PYROLYSIS CHARS 

PARAMETER 
CASE 

Feed Coal 
(200x400 T1( 145OOF) T2( 1600°F) T3( 1900°F) T5(24000F) T6(26500F) 

Mesh) 

Pyro lys is  Weight Loss, AW,  % daf 0 

Residual VM i n  Char, Vc, % daf N/A 

2.5 :;ET: m /g, da f  3.0 
2 m2/g, d r y  

0 sco 9 m;/% d r y  
d I .  'CO;, m /g, da f  
a3 

n 

85 
100 

1.35 
1.24 

1.48 
1.36 

0.078 3 Open Pore Vol . , VT, cm /g 

Open Porosity, 8, % 9.6 

34.2 

23.5 

3.6 
4.6 

155 
199 

1.21 
1.04 

1.59 
1.41 

0.252 

26.2 

39.2 

16.2 

5.0 
6.6 

135 
177 

1.16 
0.98 

1.64 
1.45 

0.331 

32.4 

47.4 

9.7 

5.4 
7.4 

120 
163 

1.15 
0.95 

1.87 
1.68 

0.457 

43.5 

54.8 

3.3 

25.3 
36.0 

140 
154 

1.12 
0.89 

1.88 
1.66 

0.521 

46.4 

53.0 

2.6 

83.6 
117.4 

199 
216 

0.86 
0.67 

2.13 
1.95 

0.980 

65.6 



TABLE 3-8 

CHARACTERISTICS OF MONTANA SUBBITUMINOUS COAL AND ITS 
PYROLYSIS CHARS OBTAINED FROM THE DTFS REACTION ZONE 

keed T . ( 1 4 5 0 ° F f f r )  C CASt 

PARAMETER 
1' 0 Coa 1 

(200x400 -ON RtAm- 
Mesh) 1" 2" 4 'I 811 1211 1611 111 211 ,$IC 811 12" 16" 

Pyrolysis Time, 1,. sec. 0 0.055 0.109 0.215 0.421 0.623 0.827 0.035 0.070 0.140 0.276 0.411 0.545 

Pyrolysis Weight Loss; 
AM, I daf  coal 0 - 6.4 12.6 18.3 29.1 29.2 41.3 43.2 43.4 41.8 45.7 44.2 

Residual VM i n  Char, 
% daf  coal N/A 40.5 35.0 27.4 21.6 18.1 16.7 6.8 4.9 3.9 2.9 2.7 2.9 

2.9 1.4 1.4 1.3 1.7 1.6 1.9 10.4 18.3 53 85 101 103 
0 SBET, m /g, daf 3.2 1.6 1.5 1.4 1.8 1.8 2.2 12.1 21.3 62 98 118 121 

82 72 79 76 99 106 116 115 125 113 142 107 109 
'CO;, m /g, daf  90 79 87 84 110 119 126 133 145 131 164 126 127 

2 SBET, m2/9, dry 
I 

W 2 d 

'~0 , m2/g, dry 

1.30 1.20 1.15 1.06 1.09 1.08 - 0.78 0.76 0.80 0.75 0.71 0.70 
pHgB g/cm , daf 1.24 1.14 1.09 1.00 1.02 1.00 - 0.70 0.68 0.72 0.67 0.63 0.62 

1.42 1.39 1.41 1.46 1.47 1.67 - 1.78 1.76 1.79 1.65 1.76 1.86 
g/cm ,daf 1.36 1.33 1.35 1.39 1.40 1.59 - 1.69 1.66 1.70 1.55 1.66 1.77 

3 
PHgB g/cm3, dry 

3 4/cm3, dry 
'He 
Open Pore Vol., VT, cm'/g 0.071 0.125 0.177 0.281 0.266 0.371 - 0.837 0.868 0.800 0.847 0.985 1.05 

Open Porosity, e, X 8.8 14.3 19.3 28.1 27.1 37.1 - 58.6 59.0 57.6 56.8 0.62 65.0 



TABLE 3-9 

CHARACTERISTICS OF ALABAMA HIGH VOLATILE BITUMINOUS COAL AND 
I T S  DTFS 16-INCH PYROLYSIS CHARS 

CASE 
PARAMETER 

Feed Coal 
(200x400 T1( 1450°F) T2( 1600°F) T3( 1900°F) T5(240O0F) T6(26500F) 

Mesh) 

Pyro lys is  Weight Loss, AW, % da f  

Residual VM i n  Char, Vc, % daf 
n 

3 
PHeS g/cm'j, dry 
PHeS g/cm 9 daf 

3 Open Pore Vol . , VT, cm /g 

Open Porosi ty,  e, X 

0 

N/A 

0.9 
0.9 

133 
137 

1.29 
1.27 

1.32 
1.30 

0.018 

2.3 

17.8 

19.4 

0.9 
0.9 

103 
106 

0.93 
0.91 

1.54 
1.52 

0.441 

40.1 

25.3 

11.9 

1.2 
1.2 

168 
176 

0.92 
0.89 

1.54 
1.51 

0.461 

41.1 

31.4 

6.0 

0.9 
0.9 

111 
117 

1.01 
0.98 

- - 
- 
- 

36.4 

0.9 

30.3 
31.9 

103 
109 

0.75 
0.72 

1.60 
1.57 

0.752 

54.1 

36.7 

0.6 

26.4 
28.1 

- - 
0.84 
0.80 

1.65 
1.61 

0.629 

50.3 





0 The t o t a l  open pore volume of t he  subbituminous coal i nc re j ses  a lso 
by more than one order  of magnitude (from 0.071 t o  1.05 cm / a )  as 
the p y r o l y s i s  weight l oss  increases from 0% (feed sample) t o  44% 
(2650°F @ 16-inch r e a c t i o n  zone). $he corresponding increase i n  the  
BET surface area i s  from 3 t o  121 m /g (dry-ash-free bas is) .  

0 The t o t a l  open pore volume o f  t he  h igh  v o l a t i l e  bituminous coal 
increase2 a l s o  by more than one order  of magnitude (from 0.018 t o  
0.629 cm /g) as t h e  p y r o l y s i s  weight l o s s  increases from 0% ( feed 
sample) t o  37% (2650°F @ 16-inch r e a c t i o n  zone). $he corresponding 
increase i n  the  BET surface area i s  from 1 t o  28 m /g (dry-ash-free 
basis) .  

0 The t o t a l  open pore volume of t he  an th rac i te ,  on t h e  o the r  hgnd, 
increases by l e s s  than a fac to r  of 2 ( f rom 0.051 t o  0.095 cm /g) as 
t he  p y r o l y s i s  weight l o s s  increases from 0% (feed sample) t o  a mere 
4.7% (2650°F (3 16-inch r e a c t i o n  zone). The BET surface area, got  
showing enough s e n s i t i v i t y ,  a c t u a l l y  decreases from 8 t o  1.4 m /g 
(dry-ash-free bas is) .  

Combustion o f  Chars 
A s m a l l  suct ion pyrometer was a l s o  used t o  measure the 3% 02/97% N2 gas medium 
(!.e., 0.03 O2 atm.) temperatures. 

Resul ts are shown i n  F igure  3-7. 
l e v e l - o f f  a f t e r  a c e r t a i n  distance. The isothermal zone i s  located w i t h i n  the 
l a s t  e i g h t  t o  ten  inches of the s ix teen- inch  r e a c t i o n  zone. 
temperatures are the  ones t h a t  are re fe r red  t o  throughout t h i s  repo r t .  
Example, T6 = 2650°F i n d i c a t e s  t h a t  the isothermal zone was a t  t h i s  tempera- 
ture.  
on t h e  n i t rogen  atmosphere (F igure 3-2). 
f o r  ob ta in ing  char combustion k i n e t i c  data. 

Gas temperatures are seen t o  r i s e  and 

These p la teau 

These temperature p r o f i l e s  are cons is ten t  w i t h  those obtained s i m i l a r l y  
These temperature p r o f i l e s  were used 

E f f e c t  o f  Temperature. The 200x400 mesh DTFS-generated chars were burned i n  
the  DTFS i n  0.03 02.atm. ( i n  n i t r o g e n  balance) a t  1600, 1900, 2150, 2400, and 
265OOF and residence t imes ranging up t o  0.85 sec. as s p e c i f i e d  i n  Sect ion 2 
(Table 2-3). 

Results on the  e f f e c t  of temperature and t ime on the combustion e f f i c i e n c i e s  
o f  t he  f o u r  coal chars are g iven i n  F igure  3-8. They show t h a t :  
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0 Char combustion e f f i c i e n c i e s  vary s i g n i f i c a n t l y  w i t h  temperature and 
time. 
e f f i c i e n c y  increases from 11% t o  82% as temperature increases from 
1600°F t o  265OOF; and a t  2650°F the combustion e f f i c i e n c y  increases 
from 28% t o  82% as residence t ime increases from 0.1 t o  0.5 sec. 

For example, f o r  Texas l i g n i t e ,  a t  0.5 sec. the  combustion 

0 Combustion e f f i c i e n c i e s  show the  f o l l o w i n g  trend: Montana subB char 
> Texas l i g n i t e  char > Alabama hvAb char >> Pennsylvania a n t h r a c i t e  
char. 

E f fec t  o f  Fuel Proper t ies.  To more c l e a r l y  dep ic t  t he  d i f f e rences  i n  r e a c t i v -  
i t i e s  between the  f o u r  chars, some o f  the  data i n  F igure 3-8 a re ' re -p lo t ted  i n  
F igure 3-9. These r e s u l t s  show t h a t  the r e a c t i v i t y  t r e n d  given above holds a t  
v i r t u a l l y  a l l  residence times f o r  the  1600, 2150, and 2650OF cases. 
example, a t  0.5 sec. and 2650°F the combustion e f f i c i e n c i e s  are  93, 81, 74, 
and 13%, respec t i ve l y ,  f o r  the  subB, l i g A ,  hvAb, and a n t h r a c i t e  chars. 
t rend  i s  cons is ten t  w i t h  the  t rend  observed f o r  these chars t o t a l  open pore 
volumes (0.95, 0.61, 0.59, and 0.08 cm /g, respec t i ve l y ) ,  i n d i c a t i n a  the  
impor tant  r o l e  played by pore s t r u c t u r e  dur ing  char combustion. 
i nd i ca te ,  f o r  example, t h a t  the  low r e a c t i v i t y  o f  the  a n t h r a c i t e  char i s  
a t t r i b u t a b l e  t o  the  f a c t  t h a t  i t s  predominantly micropore s t r u c t u r e  i s  inac-  
cess ib le  t o  oxygen dur ing  combustion. 

For 

This  

3 

These r e s u l t s  

It i s  noteworthy t h a t  combustion c h a r a c t e r i s t i c s  of Texas l i g n i t e ,  Montana 
subB and Alabama hvAb coal  chars a re  such t h a t  none of t he  parent  coal  i s  
expected t o  present any carbon heat  l oss  problems i f  f i r e d  i n  a p roper ly  
designed and operated pu lver ized  coal  f i r e d  b o i l e r .  The a n t h r a c i t e  would, as 
would be expected, present severe carbon heat  l o s s  problems i n  a convent ional  
pu l ve r i zed  coal  f i r e d  b o i l e r .  Burning a n t h r a c i t e  success fu l l y  would r e q u i r e  
r e l a t i v e l y  h ighe r  temperatures, longer  residence times, and f i n e r  p a r t i c l e s .  

K i n e t i c  Parameters.. The char combustion e f f i c i e n c y  curves g iven i n  F igure  3-8 
were used i n  con junc t ion  w i t h  the  procedure d e t a i l e d  i n  Sect ion 2 [Refer t o  
Equations (2-5 t o  2-15)] t o  de r i ve  t h e  combustion k i n e t i c  parameters. Two 
methods were used i n  these der iva t ions .  The f i r s t  method employed the  mea- 
sured b u l k  gas temperatures (T ); whe'reas the  second method employed the  
p a r t i c l e  surface temperatures T ) ca l cu la ted  according t o  Equations (2-16 t o  9 P 
2-19). 
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The Arrhenius p l o t s  o f  I n  Ks vs. 1 /T ,  where Ks i s  t he  surface r e a c t i o n  r a t e  
c o e f f i c i e n t  and T i s  e i t h e r  the  gas o r  p a r t i c l e  temperature, y i e l d e d  s t r a i g h t  
1 ines (Figures 3-10 and 3-11). The apparent a c t i v a t i o n  energies and frequency 
f a c t o r s  were then obtained from t h e  slopes and i n t e r c e p t s  o f  the l e a s t  squares 
f i t s  o f  these p l o t s .  
t h a t :  

Resul ts are given i n  Tables 3-11 and 3-12. They show 

0 Method 1 ( i  .e. , us ing  measured bu lk  gas temperatures) gave apparent 
ac t i va t i en 'ene rg ies  o f  21050, 26730, 23320, and 17990 cal/mole, 
respec t i ve l y ,  f o r  t he  1 i g n i t e ,  subbituminous, h igh  v o l a t i l e  b i t u -  
minous , and a n t h r a c i t e  chars. 2The corresponding frequency f a c t o r s  
were 57, 593, 80, and 4.3 g/cm sec. O2 atm. 

Method 2 ( i .e. , us ing  ca l cu la ted  p a r t i c l e  surface temperatures) gave 
corresponding apparent a c t i v a t i o n  energies o f  20350, 25400, 22550, 
and 17840 cal/mole, and frequency f a c t o r s  o f  36, 271, 50, and 3.7 
g/cm sec. O2 atm. 

D i f fe rences  i n  k i n e t i c  parameters between the  two methods are due t o  
d i f f e r e n c e s  between corresponding gas and p a r t i c l e  temperatures. 
P a r t i c l e  temperatures a re  g rea te r  than gas temperatures by 14 t o  
110°K. 

0 

0 

These d i f f e rences  are s i m i l a r  t o  those found by F i e l d  (3). - 

The impact o f  d i f fe rences  i n  k i n e t i c  parameters due t o  the  choice of t he  
method o f  d e r i v a t i o n  i s  depicted i n  F igure  3-12. 
t h e  impact on the  very low r e a c t i v i t y  and low temperature s e n s i t i v i t y  anthra- 
c i t e  char i s  n e g l i g i b l y  small ,  i t  i s  very s i g n i f i c a n t  on the l i g n i t e  char. 
Hence, i t  i s  very impor tan t  t o  spec i f y  the method used f o r  d e r i v i n g  p a r t i c u l a r  
combustion k i n e t i c  parameters. 

This f i g u r e  shows t h a t  w h i l e  

Comparison w i t h  L i t e r a t u r e  K i n e t i c  Data. 
t he  present work obtained from Method 2 w i t h  some o f  t he  data encountered i n  
t h e  l i t e r a t u r e  (4, - - - - -  5, 6, 7, 30). These p l o t s  i l l u s t r a t e  the g rea t  d i f fe rences  
i n  r e a c t i v i t i e s  t h a t  e x i s t  between chars de r i ved  from coals o f  var ious  o r  even 
o f  s i m i l a r  rank range. 
char r e a c t i v i t i e s  and/or d i f f e r e n c e s  i n  experimental cond i t i ons  used by 
d i f f e r e n t  i n v e s t i g a t o r s .  

F igure  3-13 compares the  r e s u l t s  of 

These d i f f e rences  are due t o  ac tua l  d i f f e rences  i n  

For examples, a t  1600°K: 
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TABLE 3-11 

KINETIC DATA FROM COMBUSTION OF 200x400 MESH 
LIGNITE AND SUBBITUMINOUS CHARS I N  0.03 OXYGEN 
ATMOSPHERE AND 1070-1800°K TEMPERATURE RANGE 

TEXAS LIGNITt MONIANA SUBBITUMINOUS 
METHOD 1 METHOD 2 METHOD 1 METHOD 2 

KS TEMP. KS TEMP. KS TEMP. KS TEMP. 

1138 
1142 
1141 rn 
1306 
1316 
1317 rn 
1430 
1436 
1447 
1449 m 
1586 
1600 
1601 
1597 
1651 
1675 
1701 
1720 
1724 
1651 
1701 
1724 

- 

.00625 

.00508 

.00384 
,01349 
.01202 
.01391 
.02513 m 
.03509 
.04422 
.04684 
.05746 
35m 
.04915 
.07063 
,06748 
.09830 m 
.llOll 
.08783 
.09562 
.11208 
.16732 
,10683 
.lo896 

1160 
1159 
1154 m 
1338 
1344 
1347 m 
1483 
1490 
1496 
1496 m 
1645 
1663 
1658 
1656 m 
1759 
1775 
1785 
1787 m 
1777 
1784 

,00625 
.00507 
.00384 
.013v8 
.01202 
.01390 
.02510 
.05328 
.03501 
.04409 
.04671 
.05728 m 
.04901 
,07032 
.06723 
.09773 
- 3 7 7 3  
.lo919 
.08733 
.09510 
.11139 
.16488 
.lo606 
.lo834 

1074 
1105 
1138 
1142 
1141 m 
1298 
1299 
1316 
1317 
1424 
1430 
1436 
1447 
1449 Em 
1589 
1605 
1607 
1600 
1640 
1661 
1678 
1693 
1720 

- 

.00173 

.00537 

.00494 . C0448 

.00357 m 

.01310 

.01451 

.02230 

.02735 
.02505 
.04885 
.06509 
.oa648 
.09374 -3nn 
.06974 
.@9314 
.lo132 
.11830 m 
.2?676 
.33592 
.31236 
.23771 

1090 
1128 
1159 
1159 
1154 m 
1332 
1333 
1349 
1347 
1468 
1489 
1497 
1507 
1505 
1604 
1656 
1675 
1672 
1661 
1749 
1771 
1783 
1794 
1804 

- 

.00175 
,00540 
.00496 
.00449 
,00357 m 
,01310 
.01450 
.02228 
.02732 
.02501 

.06477 

.08594 

.09315 
-31m 
.@6941 
.09254 
.lo066 
.11744 
r28415 
.2a804 
.32496 
.30365 
.23361 

.0486a 

1725 .16665 1791 ,16507 

K i n e t i c  Parameters 

E = 21050 E = 20350 
A = 57 . A  = 35.6 
y = -0.967 y = -0.972 

K i  ne t  i c Pa rameters 

E = 26730 E = 25400 
A = 593 A = 271 
y = -0.965 y = -0.972 

Method 1 - Using Measured Bulk Gas Temperatures (T ) 
E v a t i o n  Energy, calhmole P 
A = Frequency Factor, g/cm -sec. 0 atm. 
y = Cor re la t ion  Coe f f i c i en t  o f  I n  2, vs. I/T P l o t  
Temp. = O K  

- Using Calculated P a r t i c l e  Surface Tempepature (T ) 
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TABLE 3-12 

KINETIC  DATA FROM COMBUSTION OF 200x400 MESH 
H I G H  VOLATILE BITUMINOUS AND ANTHRACITE CHARS I N  0.03 OXYGEN 

ATMOSPHERE AND 1070-1800°K TEMPERATURE RANGE 

ALABAMA HIGH VO LATILt BITUMINOUS PENNSYLVANIA ANTHRACITt  

TEMP. 
METHOD 1 METHOD 2 METHOD 1 METHOD 2 

KS KS TEMP. KS TEMP. KS TEMP. 

1146 
1157 
1158 m 
1322 
1322 
1315 
1310 
1322 
1322 
1315 m 
1434 
1447 
1447 
1441 m 
1552 
1580 
1586 
1585 
1665 
1683 
1704 
1719 

.00459 

.00363 

.00237 m 

.00570 

.00870 

.01879 
.00887 
.0057 1 
.00947 
.01861 
.01803 
.01391 
.01964 
.04148 
.05186 
37335 
.0302 1 
.07046 
.08264 
.07893 m 
.05988 
.08357 
,09267 

1166 
1173 
1169 m 
1349 
1347 

' 1341 
134c) 
1349 
1347 
1342 

1472 
1487 
1494 
1486 
1568 
1601 
1643 
1647 
1637 m 
1750 
1775 
1782 

rn 

- 

.00459 

.00363 

.00237 

,00569 
.00870 
.01878 m 
.0057 1 
.00946 
.01860 
,01801 
.01390 
.01962 
.04139 
.05172 
.02333 
.03016 
.07015 
.08223 
.07861 m 
.05967 
.08314 
.09221 

m 
1142 
1141 m 
1299 
1316 
1317 

1436 
1447 
1449 
1589 
1605 
1607 
1600 m 
1678 
1693 
1720 
1725 

1430 

- 

- 

,00122 
.00183 
.o0406 
.00605 
.00401 
.00401 
,00918 
.00683 
.00906 
.00797 
.02111 
.01841 
.01422 
.01052 
.03289 
.03404 
.01905 
.01642 
.01239 

1156 
1152 m 
1327 
1337 
1333 
1466 
1468 
1476 
1471 
1633 
1646 
1639 
1624 m 
1735 
1739 
1757 
1753 

- 

- 

.00122 

.00183 m 

.00605 

.00401 

.0040 1 

,00683 
.00906 
.00797 
.02109 
,01839 
.01421 
,01051 -mm 
.03398 
,01903 
.@1641 . 0 1238 

,Gc,9l8 

1724 .lo183 1781 .lo133 

Kine t i c  Parameters 

E = 23320 E = 22550 
A = 80 A = 5@ 
y = -0.922 y = -0.926 

K i n e t i c  Parameters 

E = 17990 E = 17840 
A = 4.3 A = 3.7 
y = -0.939 y = -0.948 

Method 1 - Using Measured Bulk Gas Temperatures ( T  ) 

E v a t i o n  Energy, cal4mole 
A = Frequency Factor, g/cm -sec. 0 atm. 
y = Cor re la t ion  Coe f f i c i en t  o f  I n  is vs. I/T P l o t  
Temp. = O K  

- Using Calculated P a r t i c l e  Surface Tempeaatures (T  ) P 
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o The surface reaction ra te  coefficient of Field 's  subB c h a r  (4) i s  
greater t h a n  that  of Smi th  and Tyler's semi-anthracite (5) by a 
factor approaching three orders of mapitude (820). - 

e The surface reaction ra te  coefficient of t h i s  work's most reactive 
char ( s u b @ )  i s  greater t h a n  t h a t  of t h i s  work's l ea s t  reactive char 
(anthracite) by a factor o f  6. 

e While the surface reaction ra te  coefficient of t h i s  work's a n t h r a -  
c i t e  i s  l e s s  t h a n  a factor of two higher t h a n  t h a t  of  Beer and 
co-workers' anthracite ( 6 ,  7), i t  i s  almost two orders of  magnitude 
higher t h a n  t h a t  of SmitL a% Tyler 's  semi-anthracite. 

These results clearly indicate that using kinetic parameters found in the 
l i t e r a tu re  for a particular modeling application can be risky, a n d ,  therefore, 
should be done w i t h  circumspection. 

The analytical d a t a  obtained from the DTFS studies are given i n  Appendix B. 

COMEL!STJON PERFORMANCE OF TEE ALABPYA H I G H  V O L A T I L E  BITUMIN@US COAL IN THE 
C O N T R O L L E D  MIXING HISTORY FURFIACE 

The Alabama hvAb c081 was f i red  i n  the p i lo t  scale CMHF a t  500,000 Btu/hr i n  
order t o  evaluate the effect  of staaed combustion on NOx emissions and overell 
combustion efficiencies.  

Staged combustion was obtained i n  the CKHF as previously depicted i n  Figure 
2-3 .  
introduction of coal/primary a i r  and secondar:' eir. 
located between the points of introduction of secondary a i r  and t e r t i a ry  a i r .  
And the secondary stage i s  located downstream of the point of introduction of  
t e r t i a ry  a i r .  

The preheatin? ar?d ignition stage i s  located betweep the points o f  
The primary stage i s  

The t e s t  matr ix  for  t h i s  study has been discussed i n  Section 2 (Table 2 - 4 ) .  
The analytical d a t a  obtained from the CMHF are given i n  Appendix C. 

Effect o f  Staged Combustion on NOx Emissions 

Effect o f  Primary Staqe Stoichiometry. 
t i o n  has a .s ignif icant  effect  on overall CMHF NOx emissions a n d  t h a t  t h e .  
primary stage stoichiometry i s  one of the most important parameters i n  con- 
t r o l l i n g  fuel-bound DOx formation. 

Results indicate t h a t  staged combus- 
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As the primary stage stoichiometry increases from 15 t o  120% of the theoret- 
ical a i r  rewired for  complete combustion, the C W F  outlet  NOx level (correct- 
ed t o  3% 02) decreases gradually from 420 ppm t o  a lowest level of 282 ppm, 
then increases relatively f a s t  t o  498 ppm a t  120% (Figure 3-14). 
resul ts  can be explained i n  terms of the existence of a n  optimum stage stoich- 
iometry (50% i n  t h i s  particular case) which provides a n  optimum amount of NO 
and  intermediate n i t rogen  species ( H C N ,  C N ,  N H x ,  e t c . )  f a v o r i n g  NO t o  V 2  
conversion i n  the primary stage. 

These 

The classical  bowl-shaped curve depicted i n  Figure 3-14 i s  consistent w i t h  the 
CMVF resul ts  obtained previously in th i s  laboratory (31) or a Wyoming subbi- 
tuminous B coal, a Kentucky high volati1.e B bituminous coal, a n d  two SRC 
(Solvent Refined Coal )  samples (Figure 3-15) .  

Effect of Primary Stage Residence Time, The effect  of primary stage residence 
time was determined a t  the optimum primary stage stoichiometry of 50%. 
Percent excess a i r  was maintained a t  ? O X ,  a n d  the secondary a i r  was introduced 
in ring 1. 
t e r t i a ry  a i r  introduction from r i n g  1 t o  ring 5. 
and secondary a i r  flow rates were kept constcnt throughout the t e s t s .  

Primary stage residence time was changed by varying the level of 
Fuel feed rate  and primary 

The effect  o f  primary stage residence time on NO, formation i s  i l lus t ra ted  i f  

Figure 3-16. Changing the t e r t i a ry  a i r  introduction level from ring 1 t o  r i n g  
5 resulted i n  an  increase i n  primary stage residence time from 0 t o  1.56 sec. 
This resulted in a 50% reduction in NPx at the furnace out le t  (from 498 t o  240 
ppm Q 3% 02). 
d u r i n g  the f i r s t  second of the residence time indicating t h a t  primary stage 
residence time also has a significant influence on reducing NOx emissions. 

I t  i s  observed t h a t  the out le t  NOx decreases very r a p i d l y  

The decrease of NOx with residence time i s  due t o  the fac t  t h a t  residence time 
enhances the NO t o  N p  cowersion in the sub-stoichiometric primary stage zone. 
The relatively f l a t  por t ion  of the curve a t  over one second suagests t h a t  the 
reactions of various nitrogen intermediate species ( H C N ,  C N ,  N H x ,  e t c . )  have 
reached a chemical thermo-dynamic equilibrium a t  the fuel-rich primary stage. 
Therefore, resul ts  indicate t h a t  even t h o u g h  the overall NOx emissions may not 
he adversely affected by extending the primary stage residence time, a primary 
stagf residence time of over 1.5 sec. i s  neither more effective nor necessary. 
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Ef fec t  o f  Excess A i r .  
o f  t h e  furnace i s  a l s o  shown i n  Figure 3-16. 
creases w i t h  inc reas ing  excess a i r ,  
moderate. 
increases from 0 t o  35%. 
t e s t s  were run  under an optimum NO, pr imary stage s to ich iomet ry  of 50%. 
l a r g e r  increase would be expected under a s i n g l e  stage combustion scheme. 

The e f fec t  of excess a i r  on NOx emissions a t  the o u t l e t  
Results i n d i c a t e  t h a t  NOx i n -  

However, t he  r a t e  o f  increase i n  NOx i s  
NO, increases from 260 ppm t o  330 ppm (e  3% 02) as excess a i r  

This moderate increase i s  expected s ince  a l l  the 
A 

E f f e c t  o f  Fuel Fineness. 
was 300 ppm as opposed t o  282 ppm f o r  the coarser g r i n d  (71%-ZOO mesh): 
temperature was h igher  f o r  t he  f i n e r  g r i n d  than f o r  the coarser g r i n d  (2670OF 
vs. 253OOF peak temperature). Therefore, i t  i s  pos tu la ted  t h a t  the 6% h igher  
NO, emissions f o r ' t h e  f i n e r ' g r i n d  than f o r  t he  coarser g r i n d  i s  a t  l e a s t  
p a r t l y  due t o  h ighe r  thermal NOx c o n t r i b u t i o n .  
NO, f o r  t he  f i n e r  g r i n d  than the coarser g r i n d  i s  i t s  sho r te r  pr imary stage 
residence t ime (1.26 vs. 1.45 sec., Table 3-13). 
discussed above are presented i n  Table 3-13. 

The o u t l e t  NOx f o r  t he  f i n e r  g r i n d  (873-200 mesh) 
Flame 

Another exp lanat ion  f o r  h igher  

A l l  the o u t l e t  NO, data 

E f f e c t  o f  Staqed Combustion on Overa l l  Combustion E f f i c i ency ,  

The i n f l u e n c e  o f  staged combustion on the  o v e r a l l  combustion e f f i c i e n c y  was 
a l s o  examined. That i s :  

(1) pr imary stage stoichiometry;  ( 2 )  pr imary stage residence time; (3 )  o v e r a l l  
excess a i r  l e v e l ;  and (4 )  f u e l  f ineness. 

The same parameters s tud ied  above were s tud ied  here. 

P r i m a r y  Staqe Stoichiometry.  
vs. furnace residence time. The curves i n d i c a t e  t h a t  a f t e r  an average of 1.1 

sec. o f  preheat ing and i g n i t i o n  time, t h e  h igher  the pr imary stage s t o i c h i o -  
metry, t h e  f a s t e r  t he  f u e l  burns, which i s  a consequence o f  h ighe r  a v a i l a b i l -  
i t y  of oxygen i n  the  e a r l y  stages of combustion. I n  a l l  cases t h e  o v e r a l l  
combustion e f f i c i e n c i e s  reached about 97%, a t  t h e  end of t h e  r e a c t i o n  zone 
( p o r t  9 e leva t i on ,  F igure  2-3). The s i g n i f i c a n c e  o f  these curves i s  t h a t ,  
regard less  o f  t he  pr imary stage s to ich iomet ry ,  t he  o v e r a l l  combustion e f f i -  
c i enc ies  measured a t  t he  furnace o u t l e t  are v i r t u a l l y  i nd i s t i ngu ishab le .  
i s  p r i n c i p a l l y  due t o  the  f a c t  t h a t  t o t a l  residence t imes (T) i n  the CMHF are 
q u i t e  long (T > 2.5 sec.). 

F igure  3-17 i s  a p l o t  o f  combustion e f f i c i e n c i e s  

This 
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. 1 I I I I 1  

PRIMARY STAGE STOICHIOMETRY 
-e- 120% (SINGLE STAGE) 
--a- 90% 

TOTAL RESlDENCE TIME, SEC. 

t I I 1 I I 

TEST CONDITIONS 

-e- o -.- 0.86 

1 . 2  3 4 
TOTAL RESIDENCE TIME, SEC. 

Figure 3-17 EFFECTS OF PRIMARY STAGE STOICHIOMETRY AND PRIMARY 
STAGE RESIDENCE TIME ON CMHF OVERALL COMBUSTION 
EFFICIENCY OF ALABAMA hvAb COAL 
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Pr imary  Stage Residence Time. 
vs. residence t ime i n  Figure 3-17. 
creasing the f u e l  residence t ime i n  the f u e l - r i c h  pr imary zone delays the 
combustion process. However, a t  t he  end of t he  r e a c t i o n  zone ( p o r t  9 eleva- 
t i o n ) ,  the o v e r a l l  combustion e f f i c i enc ies  are a l s o  v i r t u a l l y  i n d i s t i n g u i s h -  
able. This i s  understandable s ince  the  residue chars e n t e r i n g  t h e  CMHF 
secondary zone are subjected t o  a r e l a t i v e l y  long residence t ime (on the  order 
o f  0.7-1.0 sec.). 

The combustion e f f i c i enc ies  are a l s o  p l o t t e d  
The t r e n d  of t he  curves shows t h a t  i n -  

Overa l l  Excess A i r  Level. The combustion e f f i c i e n c i e s  are  p l o t t e d  vs. r e s i -  
dence t ime i n  F igure  3-18. 
combustion e f f i c i e n c i e s  were obtained a t  t he  h ighes t  excess a i r  l e v e l ,  t he re  
was, s u r p r i s i n g l y ,  no cons is ten t  t rend  of combustion e f f i c i ency  w i t h  excess 
a i r  i n  the  CMHF. The o v e r a l l  combustion e f f i c i e n c i e s  measured a t  t h e  end o f  
t he  CMHF r e a c t i o n  zone are unaf fec ted  by excess a i r  ( they are a l l  i n  the 

97-98% range). 

While t h e  r e s u l t s  show t h a t  somewhat h igher  

f u e l  Fineness. The in f luence of fue l  f ineness on combustion e f f f c i e n c y  was 
examined us ing  two gr inds:  
p a r t i c l e  s i z e  (x) of 62 pm; and (2) an 87% through 200 mesh, w i t h  a mean 
weight p a r t i c l e  s i z e  of 45 pin. 
i n  r i n g  4 and t h e  pr imary stage s to ich iomet ry  was kept constant a t  50%. The 
percentage o f  excess a i r  was maintained constant a t  20%. 

(1) a 719: through 200 mesh, w i t h  a mean weight 

I n  each case, t he  t e r t i a r y  a i r  was introduced 

The combustion e f f i c i e n c i e s  are p l o t t e d  vs. furnace residence t ime i n  f i g u r e  
3-18. Reducing t h e  mean weight p a r t i c l e  s i z e  by 27% ( f rom 62 t o  45 urn) 
enhances the  e a r l y  stage combustion e f f i c i e n c y  by an average o f  t en  percentage 
po in ts .  From a combustion e f f i c i e n c y  standpoint ,  t he  advantage o f  f i n e  
g r i n d i n g  i s ,  therefore,  obvious. 
t i o n  e f f i c i e n c i e s  o f  both g r inds  are i n  the  97-98% range. 
ab le  s ince the  t o t a l  residence t imes i n  the  furnace are q u i t e  long (T > 3 

However, a t  t he  furnace o u t l e t ,  t he  combus- 
This i s  understand- 
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sec. ). 

Concludinq Remarks 

Based on t h i s  p i l o t  sca le study on the  
t h a t  a j u d i c i o u s  use o f  staged combust 

Alabama hvAb coal ,  i t  
on leads t o  an e f f e c t  

can be c o w l  uded 
ve c o n t r o l  o f  
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NOx emissions w i thout  adversely a f fec t ing  the overa 
ciency. Spec i f i c  conclusions fol low. 

1 f u e l  combustion e f f i -  

8 

Q 

Q 

8 

Q 

Both pr imary stage s to ich iomet ry  and pr im ry stage residence t ime 
are  very impor tant  parameters f o r  c o n t r o l l i n g  NO emissions. A t  20% 
o v e r a l l  excess a i r :  ( 1 )  an optimum pr imary stag8 s to ich iomet ry  o f  
50% of t h e o r e t i c a l  a i r ,  a t  a pr imary stage residence t ime o f  1.45 
sec. brought about a 43% reduc t ion  i n  NOx compared t o  the  unstaged 
base l ine  case (282 vs. 498 pprn); and ( 2 )  a pr imary stage residence 
t ime of 1.56 sec., a t  a pr imary stage s to ich iomet ry  of 50%, l e d  t o  a 
50% reduc t ion  i n  NOx compared t o  the  same unstaged base l ine  case 
(249 vs. 498 ppm). 

The e f f e c t  o f  excess a i r  on NO emissions under an optimum pr imary 
stage s to ich iomet ry  c o n d i t i o n  'fs moderate b u t  s i g n i f i c a n t .  Increas- 
i n g  the  excess a i r  f rom 0 t o  35%, wh i l e  ho ld ing  the  pr imary stage 
s to ich iomet ry  constant a t  50%, l e d  t o  an increase i n  NOx o f  27% (330 
vs. 260 ppm). 

The e f f e c t  o f  f u e l  fineness on NO emissions under an optimum 
pr imary stage s to ich iomet ry  i s  mi l l .  
71% t o  87% through 200 mesh brought about an increase i n  NOx emis- 
s ions o f  on l y  6% (300 vs. 282 ppm). 
t o  be due t o  h igher  thermal NOx and/or sho r te r  pr imary stage 
residence time. 

While parameters such as pr imary stage s to ich iometry ,  pr imary stage 
residence time, and fue l  f ineness a f f e c t  t he  Alabama hvAb coal 
throughout most of the  combustion process , the combustion e f f i c i e v -  
c i e s  tend t o  converge as residence times increase. This i s  p r i n c i p -  
a l l y  due t o  the  f a c t  t h a t  the  t o t a l  residence times (T) i n  the CMHF 
are  q u i t e  l ong  (T > 2.5 sec., the  spec i f i c  residence times being a 
f u n c t i o n  o f  CMHF opera t ing  cond i t ions) .  The o v e r a l l  f u e l  combustion 
e f f i c i e n c i e s  a t  the  furnace o u t l e t  a re  i n  a l l  cases i n  the  97-98% 
range. 

Inc reas ing  the  fineness f r o m  

This small increase i s  be l ieved 

While a pr imary stage residence t ime of 1.5 sec. i s  a c t u a l l y  imprac- 
t i c a l  on a commercial scale, i t  i s  impor tant  t o  note t h a t  a substan- 
t i a l  reduc t ion  i n  NO occurs i n  the  CMHF a f t e r  a pr imary stage 
residence t ime o f  0.5 sec. (a 21% reduct ion,  f r o m  498 t o  395 pprn). 
And t h i s  0.5 sec. pr imary stage residence t ime i s  commercially 
achievable. 
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Sect ion 4 
MATHEMATICAL MODELING: DTFS-TO-CMHF 
COMBUSTION PERFORMANCE SCALE-UP FOR 

ALABAMA hvAb COAL 

The o b j e c t i v e  o f  t h i s  modeling e f f o r t  was t o  e s t a b l i s h  a DTFS-to-CMHF scale-up 
and t o  examine the  f e a s i b i l i t y  o f  us ing fundamental k i n e t i c  in fo rmat ion  f o r  
l a r g e  scale combustion performance pred ic t ions .  

Mathematical Model 

As seen i n  Sect ion 2, the  combustion and NOx c h a r a c t e r i s t i c s  o f  the Alabama 
hvAb coal  were a l so  determined i n  the  CMHF a t  500,000 Btu/hr  f i r i n g  ra te .  
DTFS-derived k i n e t i c  parameters o f  t h i s  coal  char were used i n  con junc t ion  
w i t h  o the r  coal  data and an in-house mathematical model t o  s imulate the  CMHF 
combustion processes under var ious cond i t ions .  This mathematical model i s  
e s s e n t i a l l y  based upon the  fo rmula t ion  o f  F i e l d  and co-workers !21), - whereby 
the  f o l l o w i n g  d i f f e r e n t i a l  equat ion i s  solved 

The 

where u 
char f r a c t i o n  a t  t ime t per  u n i t  i n i t i a l  weight o f  char, t he  geometric sur face 
area o f  each p a r t i c u l a r  f r a c t i o n  per  u n i t  weight o f  char and the  r a t e  o f  
carbon removal per  u n i t  geometric sur face area. 
t he  v o l a t i l e  mat te r  i s  instantaneously  re leased and burned. 
p y r o l y s i s  process i s  n o t  modeled. 
mat ion presented i n  t h i s  r e p o r t  can be used i n  developing coal  p y r o l y s i s  
models f o r  i nco rpo ra t i on  i n  o v e r a l l  combustion models. 

S., and q .  are, respec t ive ly ,  t he  weight o f  a p a r t i c u l a r  res idua l  J '  J J 

Equation (4-1) assumes t h a t  

As such, the  
It i s  noteworthy t h a t  the p y r o l y s i s  i n f o r -  

The spec i f i c  in fo rmat ion  needed t o  so lve  Equation (4-1) 
D. 
in fo rmat ion  was i n p u t  i n t o  the  mathematical model: 
b u t i o n  ( R )  and apparent dens i t y  (0,) o f  t he  fue l ;  (2 )  temperature/time h i s t o r y  

i s  g iven i n  Appendix 
The f o l l o w i n g  

(1) p a r t i c l e  s i t e  d i s t r i -  
The c a l c u l a t i o n  approach i s  i l l u s t r a t e d  i n  F igure 4-1. 
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I- PARTICLE SIZE DISTRIBUTION 
(R) AND APPARENT DENSITY 

( P f )  OF FUEL 

CONTROLLED MIXING 
HISTORY FURNACE TIME & 
(CMHF) TESTING ON TEMP. 
FUEL OF PARTICLE HISTORY 

SIZE DISTRIBUTION R 

P 
I 
Tu 

ACTIVATION ENERGY (E) 
FREQUENCY FACTOR (A) 
SWELLING FACTOR (a) 
VOLATILE MATTER (VMDTFS) M DROP TUBE 

FURNACE 
SYSTEMS (DTFS) 

RESULTS 

MATH EM AT ICAL 
MODEL CONl6USTlON EFFlCl ENCY 

AND CARRON IN 4SH 4s 
FUNCTION OF RESIDENCE 
TIME 

FIGURE 4-1 FLOW DIAGRAM FOR THE CMHF COMBUSTION PERFORMANCE MODEL SIMULATION 



generated in the CMHF while burning the fuel having particle size distribu- 
tion R; and (3) kinetic information [char activation energy (E) and frequency 
factor (A), and coal swelling factor (a) and volatile matter yield (VMDTFs)3 
obtained from the DTFS. A sample calculation -- showing input/output data -- 
i s  also given in Appendix D. 
and carbon in ash as a function of residence time. 

The ultimate output is the combustion efficiency 

Results 

Results from this simulation are presented in Fioures 4-2 and 4-3.  It shculd 
be noted that the simulation results are relevant. only in the fuel lean region 
since the pyrolysis step is not modeled. As such, no simulation results are 
giver, here for the sub-stoichiometric region. 
the simulation results represent actual runs without making any adjustments to 
the DTFS kinetic data. 

It also should be noted that 

Figure 4-2 shows two cases: 
commercial fuel grind); and (2) optimum NOx reducticn (50% primary stage 
stoichiometry, 20% excess air, fine grind). 
al and simulated results is very good. 

(1) base line (no air staging, 26% excess air, 

The agreement between experiment- 

Figure 4-3 shows the baseline case along with three other staged combustion 
cases of variable excess air (10, 20, and 35%), burning the regular commercial 
Grind. The agreements between experimental and simulated results for these 
staged combustion cases are not as good as those given in Figure 4-2. 
theless, it is noteworthy that the degrees of disagreement are not serious, 
especially given the fact that the computer model was run on the basis of 
unadjusted DTFS-derived kinetic data. 

Never- 

Concl udi ng Remarks 

These modeling studies show that a good agreement exists between theoretical 
and experimental results, indicating a virtually one-to-one DTFS-to-CMHF 
scale-up for the Alabama high volati*le bituminous coal. 
type o f  technique for predicting carbon heat losses i r ,  utility and ivdustrial 
boilers. 
given boiler application and is o f  great value, 

C-E is using this 

This technique therefore can be used to screen potential coals for a 
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TEST No.: AA-11-1 
PRIM. STAGE STOICH: 12036 (Baseline) 
SEC. AIR RINGS: 181 1 
EXCESSAIR: 20% - 
FUEL SIZE DIST.: 71%-2Ob MESH 

0 MEASURED - - - SIMULATED I 

I I 

1.5 2.0 2.5 3.0 
RESIDENCE TIME, SEC. 

l o o I  0' 
0 )  

0' o/ 

TEST NO.: AA-IV-1 
PRIM. STAGE STOICH: 50% 
SEC. AIR RINGS: 1 & 4 
EXCESSAIR: 20% 
FUEL SIZE DIST.:87%-200 MESH 

0 MEASURED -- .SIMULATED 

I 1 1 
3.0 3.5 4.0 

RESIDENCE TIME, SEC. 

Figure 4-2 SIMULATED CMHF COMBUSTION PERFORMANCE FOR REGULAR AND 
FINE GRINDS OF ALABAMA hvAb COAL USING DTFS KINETIC 
I N FOR MAT ION 
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APPEFIOIX A 
TEST FACILITIES 

All the major t e s t  f a c i l i t i e s  used t h r o u g h o u t  th i s  investigation are descri 
below. 

Flammability Index Apparatus 

The Flammability Index Appara tus  (Figure A-1) i s  a device used to  determine 
the ignition temperatures of  pulverized solid fuels under specific ccnditic 
This a p p a r a t u s  was employed to  measure the relative ignition temperatures c 
coals. 
holder. The furnace i s  preheated t o  a desired leve l ,  then a solenoid-opera 
valve i s  opened, slllowing oxygen from a 2 - l i t e r  storage reservoir t o  susper 
and  covvey the sample t h r o u g h  the furnace. I f  ignition does not occur, t h e  
procedure i s  repeated a t  higher temperatures, in 50°F increments, until 
iqnition occurs. I f  ignition does occur i n  the f i r s t  t r i a l ,  then the proce 
dure i s  repeated to  determine the temperature below which i g n i t i o n  does not 
occur. I n  e i ther  case, f ine tuning i s  necessary t o  furthe,r""narrow the errc 
margin .  This i g n i t i o n  temperature i s  called the Flammabillity Index. The 
value of the Flammability Index compared t o  other fuels indicates the flame 
i g n i t i o n  temperature/stabil i t y  on a relative basis. 

About 0.2 g of sample sized to  200x0 mesh i s  placed i n  the sample 

TGS-2 Thermo-Gravimet ri c Ana 1 ysi s Sys tern 

The Perkin-Elmer Model TGS-2 i s  a complete, second-generation system for 
accurately recording the weight loss or  weight g a i n  o r  ra te  o f  weight chanc 
of  a sample a s  i t  i s  subjected t o  a precisely controlled temperature envirc 
ment. I t  i s  a completely modular system consisting of the following indepc 
dently packaged units: the Thermobalance Analyzer, the Electronic Balance 
Control, the Temperature (program) Microprocessor Controller, the Heater 
Control Unit, the First Derivative Computer (FDC) ,  and the Recorder. 

T h i s  apparatus uses a small solid sample to  determine e i the r  i t s  micro-pro) 
mate analysis using the general procedure established by the American Socic 
fo r  Testing a n d  Materials (C\.STN) or i t s  thermo-gravimetric reactivity under 
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specific experimental conditions (heating ra te ,  reaction mediur, and reaction 
temperature). 

The micro-proximate analysis i s  determined as follows. 
purged w i t h  pitrogen to  remove 'oxygen traces. The moisture loss i s  obtained 
by heating i n  nitrogen to  105°C and holding for  three minutes. 
the sample i s  heated a t  100"C/min t o  950°C and held a t  t h i s  temperature for  
five minutes t o  o b t a i n  volat i le  matter. 
lowered to  750°C and a switching valve i s  used t o  introduce oxyaen for  tbe 
combustion of fixed carbon a t  t h i s  temperature. 
ash content. 

A 4-6 mg sample i s  

Subsequently, 

After t h i s ,  the temperature i s  

The residue represents the 

The isothermal - char reactivity t e s t  i s  determined as follows. A 4-6 mg sanple 
of specific size grade i s  placed in the TGS-2 System and heated in the pres- 
ence of nitrogen a t  50"C/nin to  the reactivity temperature ( 7 0 C O C ) .  After 
s tabi l izat ion a t  this temperature, the reaction medium ( a i r )  i s  introduced. 
The percent weight of the unburned char a n d  ra te  of weiaht loss are recorded 
or a s t r ip  chart as a function of time. These themo-grams are subseauently 
used to  determine the char combustion efficiency history and  react 'vity 
parameter (which indicates the msximum ra te  of weight loss per u n i t  weight o f  
the original sample i n  the TGS-2 System). 

@uan%asorb Surface Area Analyzer 

The  p r i n c i p l e  o f  o p e r a t i o n  o f  t h e  Q u a n t a s o r b  S u r f a c e  Area A n a l y z e r  i n v o l v e s  
passino a mixture o f  helium (used as a c a r r i e r )  and adsorbate (N2 or CO,) 
t h rough  a U-shaped small cel l  containing the sample." The amount of adsorbate 
physically adsorbed a t  various par t ia l  pressures on the sample (adsorbent) 
surface can then be used t o  calculate the sample's surface area. 

* Outgassed i n  the Quantasorb a t  200°C and one hour using nitrogen as the 
sweeping gas. 
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Adsorpt ion and desorpt ion occur when the  sample i s  immersed i n t o  and then 
withdrawn from the  l i q u i d  c o n t r o l l i n g  t h e  adsorpt ion temperature. L i q u i d  
n i t r o g e n  and room temperature (25°C) water a re  used f o r  n i t r o a e n  adsorpt ion 
and desorpt ion,  respec t ive ly .  
f o r  carbon d iox ide  adsorpt ion and desorpt ion,  respec t ive ly .  Changes i n  the  
r a t i o  o f  he l ium t o  adsorbate i n  t h e  f l o w i n g  stream, due t o  adsorpt ion and 
desorpt ion,  are sensed by a s p e c i a l l y  designed thermal c o n d u c t i v i t y  detector .  
The s igna ls  d e l i v e r e d  by t h e  de tec tor  are near ly  Gaussian i n  shape. The 
instantaneous s igna l  he igh t  i s  p rppor t iona l  t o  t h e  r a t e  o f  adsorpt ion o r  
desorpt ion and t h e  t o t a l  i n t e g r a t e d  area under t h e  curve i s  p ropor t iona l  t o  
the  q u a n t i t y  o f  gas adsorbed. 
Area Analyzer i s  t o  measure the  a u a n t i t y  o f  gas adsorbed ~f a given tempera,- 
t u r e  and p a r t i a l  pressure. 

Room temperature and h o t  (60°C) water are used 

As such, t h e  f u n c t i o n  o f  the  Quantasorb Surface 

A BET (Brunauer, Emmett ,  T e l l e r )  s i n g l e  p o i n t  method was used i n  c o n j u n c t i o n  

w i t h  N, adsorpt ion a t  -196°C (-321OF) t o  determine t h e  samples RET s p e c i f i c  
sur face areas (1). - A Dubinin-Kaganer method was used i n  con junc t ion  w i t h  C02 
adsorpt iov a t  25°C (77°F)  t o  determine t h e  samples' C02 s p e c i f i c  sur face area 

L 

(2) 

Drop Tube Furnace System (CTFS) 

The Drop Tube Furnace System (F igure A - 2 )  i s  comprised o f  a 1- inch i n n e r  
diameter h o r i z o n t a l  tube gas preheater and a ?- inch i n n e r  diameter v e r t i c a l  
tube t e s t  furnace f o r  p r o v i d i n g  c o n t r o l l e d  tesperature cond i t ions .  
are e l e c t r i c a l l y  heated w i t h  s i l i c o n  carb ide elements ( S i c )  and are  r a t e d  a t  
2800°F. The DTFS was used t o  study p y r o l y s i s  and combustion o f  coals  and/or 
chars. 

Both tubes 

The p r i n c i p l e  o f  operat ion of the  DTFS i s  as fo l lows:  
in t roduced w i t h  a small  amount o f  c a r r i e r  gas i n t o  the  h o t  r e a c t i o n  zone of 
t h e  t e s t  furnace through a water-cooled fue l  i n j e c t o r .  A preheated secondary 
gas stream i s  in t roduced around t h e  pr imary stream. 
titles i n t o  t h e  h o t  gas stream r e s u l t s  i n  a r a p i d  heat ing o f  t h e  pa r t - i c l es  t o  
the  p r e v a i l i n g  gas temperature ( a t  a r a t e  of the  order  o f  10 "C/sec)( lO, - -  12, 

- 16). 

Size graded f u e l  i s  

I n j e c t i o n  o f  f u e l  par-  
\ 

4 

Fol lowing the  r a p i d  heat ing per iod,  p y r o l y s i s  and/or combustion o f  
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p a r t i c l e s  occur f o r  a s p e c i f i c  t ime. Then a l l  r eac t i ons  are r a p i d l y  quenched. 
S o l i d  products are separated from the  gaseous products i n  a s m a l l  f i l t e r  
housing, and an a l i q u o t  of t he  e f f l uen t  gas sample i s  sent t o  a p r e - c a l i b r a t e d  
Gas Analysis System. 

The s o l i d  products c o l l e c t e d  a t  var ious  l o c a t i o n s  along the a x i s  o f  the DTFS 
r e a c t i o n  zone can be analyzed t o  determine s o l i d  conversion e f f i c i e n c i e s .  An 
ash t r a c e r  method, which i s  based on the  assumption t h a t  ash remains i n e r t  
du r ing  e i t h e r  p y r o l y s i s  o r  combustion, i s  used t o . c a l c u l a t e  the  f u e l s '  pyro 
s i s  o r  combustion e f f i c i e n c i e s .  The a l i q u o t  of t he  e f f l u e n t  gas sample is  
analyzed o n - l i n e  t o  determine NOx, 02, CO, and C02 concentrat ions.  

Y-  

Con t ro l l ed  Mix ing  H i s t o r y  Furnace (CMHF) 

The Con t ro l l ed  M ix ing  H i s t o r y  Furnace i s  an important t o o l  i n  examining 
pu lve r i zed  f u e l  combustion fundamentals ( F i g u r e  A - 3 ) .  
r e f r a c t o r y - l i n e d  1.5 f o o t  I.D. c y l i n d e r  w i t h  an o v e r a l l  h e i g h t  o f  22.6 f e e t ,  
A mix tu re  o f  pu l ve r i zed  f u e l  and pr imary a i r  i s  f i r e d  downward i n t o  the  
furnace from a s i n g l e  burner c e n t r a l l y  l oca ted  a t  the top of t he  furnace. 
furnace cons is t s  o f  f o u r  zones--preheat, combustion, water-cooled, and a f t e r -  
burner--proceeding downward from the f u e l  admission p o i n t .  

The CMHF c o n s i s t s  o f  a 

The 

S i x  g a s - f i r e d  burners surround the preheat zone as  a means of warm-up and 
assistance i n  i g n i t i o n  and flame s t a b i l i z a t i o n  if requi red.  
f o r  t h e  i n t r o d u c t i o n  of preheated secondary sSr ( t o  about 700°F) a t  seven 
l e v e l s  i n  the combustion zone (F igure A - 3 ) .  This  zone i s  equipped w i t h  n ipe  
sampling p o r t s  along i t s  l e n g t h  so t h a t  the progress o f  t he  combustion reac- 
t i o n  can be monitored by temperature, gas and s o l i d  analyses. The CMHF uses 
the concept o f  p l u g  f l o w  i n  which no a x i a l  m ix ing  occurs and a l l  reac tan ts  
have an equal v e l o c i t y  and furnace residence t ime. 
(F igure A-3) i s  designed as a c losed j e t ,  con ica l  i n  shape, t o  conform t o  gas 
expansion such t h a t  gas r e c i r c u l a t i o n  i s  avoided and a f l a t  flame f r o n t  i s  
produced. 

Prov is ions  e x i s t  

The o r i g i n a l  burner 

Dur ing the normal course of operat ion,  r a w  f u e l  i s  pu l ve r i zed  i n  a bowl m i l l ,  
c o l l e c t e d  by cyclone and bag f i l t e r  c o l l e c t o r s  and s to red  ir !  B hopper. The 
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PULVERIZED 
FUEL & AIR 

SCHEMATIC OF CMHF BURNER 
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& PRIMARY AIR 
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FLUE CONNECTOR 

Figure A-3 CONTROLLED MIXING HISTORY FURNACE 
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stored fuel is then gravimetrically fed into the CMHF where it undergoes 
combustion under controlled conditions. 
collected by a cyclone collector (Figure A-4). 

Unburned solids in the flue gas are 

The solid products, which are collected in a water-cooled sampling probe alors 
the axis of the CMHF combustion zone, are subjected to proximate and ultimate 
analyses. 
efficiencies as a function of operational parameters. 111 timate analyses give 
a meas.ure o f  the fuel nitrogen conversion. Gaseous products aspirqted in the 
sampling probe are sent to the Gas Analysis System for an on-line determina- 
tion of NO,, 02, CO, and C02 concentrations. 

An ash tracer method i s  used to determine the solids conversion 
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APPENDIX B 

DROP TUBE FURNACE SYSTEP TEST DATA 

The computer p r i n t o u t s  presented i n  t h i s  Appendix summarize the DTFS t e s t  
data. Terms which may no t  be obvious are explained as follows:. 

TML = Texas M o n t i c e l l o  L i g n i t e  
TMLC = 
MRC = Montana Rosebud Coal 
MRCC = Montana Rosebud Coal Char 
AAC = Alabama Arkadelphia Coal 
AACC = Alabama Arkadelphia Coal Char 
PEP. = Pennsylvania An th rac i te  
PEAC = Pennsylvania h t h r a c i t e  Char 
K = Overa l l  Reaction Rate Coeff ic ient ,  g crr;-2sec-'.atm-1 

-1 -1 KS = Surface Reaction Rate Coeff ic ient ,  g cm'*sec a t m  
KDIFF = D i f f u s i o n a l  Reaction Rate Coeff ic ient ,  g cm-*sec a t rn  
Reynolds Nulrber = pvd/n where p ,  v ,  and n are the reac tan t  gas densi ty ,  

v e l o c i t y ,  ant  v i s c o s i t y ,  respec t i ve l y ,  and d i s  the 
r e a c t o r  diameter. A Reynolds Number e 2200 ind i ca tes  t h a t  
the gas f low i s  i n  t h e  laminar regime. This i s  the  case 
f o r  a l l  t he  data presented here (Reynolds F-umbers are i n  
the  145-204 range). 

Texas Mcrnticel lp L i g n i t e  Char 

-1 -1 

- NOTE: The values of K/KDIFF approaching u n i t y  i n d i c a t e  a d i f fus ion-con-  
t r o l - l e d  phenomenon. A l l  K/KDrFF < 0.7 were de le ted  when c a l c u l a t -  
i n g  surface r e a c t i o n  r a t e  c o e f f i c f e n t s  (KS). 
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APPENDIX C 

CONTROLLED V l Y I I N G  HISTORY FURNACE TEST DATA 

The computer p r i n t o u t s  presented i n  t h i s  appendix sumar i ze  the  CRHF data 
obtained on t h e  combustion/NOx emissions charac ter iza t ion  o f  the  Alabama h igh  
v o l a t i l e  bituminous coal. 
f o l  1 ows : 

Terms which may no t  be obvious are explained as 

NO = Percent f u e l  n i t rogen converted t o  NO 
XN = 

N2 = Percent f u e l  n i t r o g e n  converted t o  molecular n i t rogen 

Percent f u e l  n i t rogen converted t o  NO and in termediate n i t rogen 
species 
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1.816 

1.905 

2.151 

2.334 

2.5lb 

Z . T O 3  

RING STOICHI0 
Leuna 

541) 

396. 

0. 

0. 

0 .  

0. 

0. 

0 .  

0. 

0 .  

wrnv  
P S 4 I I  

15.02 

119.30 

119.38 

119.30 

119.30 

119.30 

119.38 

119.31 

119.3M 

IVPE LIF.COAL ~ R U ~ O E L P H I ~  nv4t l  
T E S T  NU. 44-11-1 
0 4 f E  12/9/112 

10.54 L0  AIR /LB CO41 
.- . 

fLUE G4S REClRCUL4l lON I F G R )  
19.30 P C I  
0.00 PCT 

CORRLCTEO 
CAS 
IEMP F. 

C T 4 l l  

2002.9 

2876.3 

2069.1 

2109.1 

2700.5 

2b32.2 

2556.0 

2461.9 

23b7.8  

COZ cu 
PCT pcr 
cozttt c o t 1 1  

11.80 

0.00 

12.00 

0.00 

15.00 

0.00 

14.40 

0.00 

L3.hO 

10.00 

0.00 

.Ol 

0.00 

.02 

0 .oo 

.02 

0.00 

.02 

02 
PC I 

02tIl 

.Ol 

2.60 

5.19 

5.05 

1.90 

4.bO 

4.30 

4.15 

4.00 

moa3 
PC1-02 
PPI( 

NOM I I 

341.31 

3U0.90 

444.13 

456.91 

469.57 

466.46 

*63.41 

4s4.01 

C4I.11 

noxa 
P C l - 0 2  
YPll 

N13t I 1 

441.64 

419.40 

529.54 

524.66 

519.00 

501.62 

495.01 

19b.14 

491 -65 

C L t I I  

51.13 

69.10 

07.23 

89.41 

91.50 

94.20 

96.02 

96.83 

96.84 

U R t t l )  

50.00 

31 .so 

11-15 

12.69 

I2 -24 

9.34 

6.44 

6.95 

1-41 

MOEtIl 

2.31 

15.b4 

15.55 

lb.11 

16.79 

I1 -03 

17.26 

11.0b 

16-06 

MSttl) 

3.01 

19.29 

10.54 

18.57 

10.59 

18.33 

10.46 

10.6b 

10.06 

meti) 

4b. 99 

49.14 

60.31 

60.74 

69-17 

12.13 

15.10 

14.38 

13.b1 



4
 

0
 

U
 

m
 
4
 

O
O

O
I
P

O
 

a
c
a
o
:
+
o
 

n
n

a
 

n
 

$????t? 

c-9 



CRHF OAT4 R E D U C I I I P I  PROGRAM 

c E / m t  COAL COMNU~IION PROGRAR 
PRlJJECI WUMNER YOOCJ6 

* 111 11411 

1.155 

I .133 

2.103 

2.380 

2. S b 8  

2.159 

2 956 

3.158 

3.361 

S t I 1  

126. 

0. 

240. 

0. 

0. 

0 .  

0. 

0. 

0. 

? S t  I 1  

IS -02 

48.23 

48.23 

111.47 

111.47 

l l l .+ l  

111.47 

111.4r 

111.41 

I V P ~  OF.COAL ARKAOELCHIA n v ~ o  
Its1 No. &A-11-3  
O A I E  I 1/ 10/82 

t F F I  36.00 LB/H* COAL FLOW R A l E  
PNIMARY A I R  FLOW R I V E  4 l A * S C I 1  51.00 LB/W 
SECOYUARV P I R  FLW a A t E  ( S A )  366.00 m/na 
FLUL GAS RELIRCULITILW t G R G * C I I I  0.00 LB/MR 
IHEORIIICAL a m  n E w i n E o  4 1 ~ 4 1  
EXCESS Ann t E X A I  
FLUt GAS R f C I R C U l I l f O N  4 f b R I  

CORREClEO 
G4 s 
I E R ?  f. 

c14 I I 

2500.6 

2641.3 

2102.0 

2617.2 

2692.4 

ZSbl.8 

2411.1 

2446.3 

2621 .* 

c o 2  co 
CCT PCY 

C U Z I I I  C U t I I  

11.20 

0.00 

13.00 

0.00 

13.50 

0.- 

13.00 

0.00 

13.W 

10.00 

0.00 

10.00 

0.00 

I .'Io 

0 .oo 

. I 2  

V.UU 

. V I  

U2 
PL 1 

02411 

.01 

.Ol 

.Ol 

2.61 

6.80 

4-65 

4.50 

4.50 

c.5u 

171.51 394.47 4S.11 3a.03 1-17 2.69 59.2a 

145.78 287.20 5b.W 32.19 2.83 5.50 U.22 

237.16 2M.52 10.00 27.31 9.03 9-11 62-93 

388.89 355.56 73-55 28-26 12.94 11.a3 S9.91 

36b.19 335.18 10.15 30.W 11.61 11.24 50.16 

305.49 316036 66.15 32.94 10.29 IO-& 56.40 

302.13 321.02 68-71 33.11 10.22 10.86 Sb.03 
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cum. SEC. 
R E S I O E Y C E  A 1 9  

POR1 I l M E .  
NO. SEC. 

t I b  1 f t l I  

1.202 

I .  199 

2.161 

2.552 

2 . 0 5 8  

3.013 

3.285 

3.500 

3.  T22 

LB/HR 

511)  

131. 

0. 

0. 

l a d .  

0. 

0. 

0 .  

0. 

0 .  

41% 11U1CW10 
H E I R  V 

PSt II 

15.02 

49.54 

49.54 

59 .  54  

99.09 

99.09 

99 -09 

9'4.0'3 

91.09 

COAL FLOW R A f E  t F F  I 3b.00 U / W R  
PRIMARV A I R  FLOY R A T E  I l A * S C 4 I  51.00 LB/HR 
SECONOARV 414 FLOW R A f E  ( S A )  319.00 LB/HR 
F L U E  GAS R E C I R C U L A I I U N  tGRG*GRAb 0.00 L8/HR 
I H F O R I l I C A L  41R R L O U l R E O  t 1 H A l  
ERCESS A I R  t rrr t  
F L U E  GAS R E C l R C U L A f l O N  I f G R I  

1 

-.*I P C l  
u.00 P C l  

C O R R E C l E O  
L I S  
1 t M P  F. 

CfIIb 

2433.3 

2568.1 

2702.9 

2622.6 

2542.3 

2560.0 

2579.3 

247V.V  

23R0.5 

COZ 
PC1 

COZtI) 

14.00 

0.00 

1 l .bO 

0.00 

13.bO 

0.00 

11.20 

0.00 

16-00 

t o  
PC 7 

cot I I 

1.10 

0.00 

3.30 

0.00 

-15  

0.00 

. 3 0  

0.00 

. 5 0  

02  
PC 1 

02111 

.01 

.01 

.01 

2.81 

5 - 6 0  

4.25 

2.vo 

2.10 

1.30 

~ o a 3  
P C 1 + 2  
PPI( 

Y33t  I I 

31.44 

6 2 . 8 9  

94.33 

150.81 

221.92 

239.10 

250.62 

2 Be. io 

7 ? 9 . 4 3  

woxa3 
PLI-02 
P P M  

"3 t I I 

480.23 

291.51 

102.91  

150.29 

233 .11  

241.19 

240.62 

254.16 

ZbU.51 

LOMVER- CHAR MZ NO XN e2 
SlON R L f t M f I O W  - 4 O R N A f I ~ -  
t t - F .  P C 1  EFF. P C f  E F F .  P C l  

C E t  I b 

6 6 - 6 2  

b l . 4 4  

l b . 2 5  

03.bO 

90.94 

93.33  

95.12 

96.51 

97.41 

W E 4  I I 

34.51 

25.41 

I b . 2 5  

13.52 

10.19 

0.80 

b .82  

5 .84  

4.81 

NOEtI  b WSktl I 

-21 3 - 2 1  

1.2b 5-05 

1.94 2-11 

2.12 2.05 

b.53 6-10 

1.41 7.55 

0.41 O.*l 

8.41 9.m 

8.42 9.m 
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LMHF OAIA R E O l K I l W  PROGRAM 
P R U J t C l  NUWtW YU0436 
Ct/UUE CULL COW8UI l lUY PRWiRArP 

cum. SEC. 
RESIDENCE 4 1 a  

p o w  I I M .  
no. SEC. 

11) I l l 1 1  

1.257 

1.937 

2.418 

2.920 

3.255 

3.431 

3.bI4 

3.803 

3.999 

R I N G  SIOlCHIO 
LS/HR 

5411 

94 . 
0. 

0. 

302. 

u. 

0. 

0 .  

0. 

0 .  

ME 1 RV 

P S I 1 1  

15.02 

39.19 

39.79 

39.79 

i i v .3 .9  

119.3.9 

119.38 

119.38 

119.38 

IVPE OF.CO4L 4RM4OELPHIA HV40  
I t S l  NU. A A I  11-3 
O A I E  IZ/lI/82 

t C o a l  FLOW R41E ( F F I  36.00 Le/# 
PnirUnv 41R FLOW RATE IIA*SCAI 51.00 L W H R  
SECOMOARV 41R FLOW R 4 I E  # S A )  391.00 LWHR 
FLUE GAS RECIRCULAIIOW lGRG+CRAl 0.00 LWHR 
I I ~ E O R ~ I I C ~ L  4 1 9  REOUIREO I I H A I  10.54 L 0  AIR/L8 COAL 

19.38 PC7 
0.00 P C l  

EncEss  419 l E 1 4 I  
FLUE G4S RECIRCUL4fION I F L Y I  

ConnEcrEo 
CAS 
IEMP F. 

C I I  I 1  

2283.11 

245b.O 

2128.3 

2b18.b 

2128.9 

2 b I I . V  

2500.9 

2391.8 

2 2 9 4 . 1  

COZ 
PC1 

COZI I 

ao.00 

0.00 

13.50 

0.00 

12.90 

0.00 

15.70 

0.00 

15.50 

CU 
PC I 

COI I I 

3.80 

0.00 

4.30 

0.00 

- 0 5  

0.00 

. 03 

u.uu 

.Ol 

u2 
PC 1 

0 2 1  I 

1-05 

.53 

.01 

2.9b 

).YO 

4.b5 

3.40 

3.05 

2 . 1 0  

N U 3  
pc 1-02 
PPM 

NO31 I I 

171.45 

101.83 

34.30 

139.b5 

28b.OV 

30.9. 26 

321.27 

323.40 

319.67 

moxa3 
P C I  -02 
PPH 

nx31 I I 

40b.07 

325.3.9 

248.69 

274.31 

309.93 

324.71 

331.50 

330.92 

3 2 4 . 5 9  

CWVER- C H M  I2 WlJ nm )12 
SlON REIENIION +ORWAI#ON-- 
EFF. PC7 ECFe PC7 EFf. P C I  

C E I  I I  

PZ.29 

211.20 

44.11 

34.12 

b4.13 

b4.54 

64.9b 

b8.77 

72.58 

WRLII) 

67-24 

72.74 

98.24 

58.24 

38.24 

40.63 

43.01 

37.38 

31.75 

WOEtID 

L.Pl 

6.53 

-35 

1.91 

9.*1 

10.911 

12.56 

12.b9 

12.82 

W S E l t #  

25b3 

4.91 

3.98 

3.85 

10.20 

11.57 

12.95 

12 -98 

13.02 

rnE4 1) 

30.13 

22.35 

17.18 

3 1 - 9 1  

51.47 

47.80 

W.04 

49.b3 

55.23 
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cum. SEC. 
RESIDEWCC A I R  

1 167 

1.721 

2.096 

2.495 

2.782 

2.95b 

3.134 

3-31  3 

3.496 

R W G  SIOICMIO 
LB/HR 

S O )  

132. 

0. 

0. 

264. 

0. 

0. 

0. 

0 .  

0 .  

W I R Y  

P 5 l  I ) 

15.02 

49.81  

49 -81 

49.81 

11v.3e 

119.38 

iiv.3e 

11v.3e 

I 19.30 

IVPE uS.COAL 4IKAOELPMIA WA8 
Its1 Mu. 4 4 I V - I  
V A I C  12/16/82 

C 0 4 L  FLOW RASE t F F l  3b.M) LWMR 
P R I N A R V  A t R  FLOW R A I L  t I A O S C t * )  37.00 LB/MR 
SECONOARV 41R FLW R41E I S 4 1  396.00 LB/MR 
FLUE CAS RECIRCULATIO@J I G W G * W A )  0.00 L w H n  
I H E O R I ~ I C 4 L  A I R  RtOUIREO I f H A I  1 0 . ~ 4  Le AIWLI COAL 

FLUE GAS RECIRCULATION I F b R )  0.00 PC1 
EXCESS A I R  ( E a r )  19.38 P C I  

COIRLClEO 
64s 
IEMP F. 

Cf4 I I 

254b.4 

ZSV8.0 

2649.7 

2658.0 

2668.0 

2616.4 

25b4.7  

2510.2 

2411.7  

coz L O  
P C I  P C I  

C O Z I I )  COI 

, I I .oo 

0.00 

1 2 . 4 0  

0.00 

14.00 

0.00 

16.00 

0.00 

Ib.OU 

10.00 

0.00 

10.00 

0.00 

-04 

0.00 

-04 

0 .oo 

.UI 

I 

u2 
PC I 

02 I 1 

.Ol 

.01 

.Dl  

2.4b 

4.90 

3.95 

3-00 

3.00 

3.00 

Moa3 
PCI+2  
PPM 

NO3t I 1 

25.73 

45.02 

64-32  

140.74 

240.31  

232.26 

225.00  

257.50 

L90.00 

woxa3 
P C l - 0 2  
PPI( 

N u l  1)  

1'47.24 

180.09 

182.93 

211.11 

213.91 

292.96 

310.00 

305 .oo 

300.00 

COWER- CHIR M2 WO UI MZ 
SIOM R t f E M f I O 1 1  - ~ 0 R l u 1 1 o m - - -  
tFF. P C I  ECF. P C I  EFf. P C I  

C E I I )  

47.19 

51 75 

35.70 

71.40 

8?.25 

90.35 

93.45 

94.97 

96.*9 

MRElt  I 

44.01 

34.83 

25.u 

lV .40  

13.15 

10.26 

7 -36  

5.39 

3 - 4 2  

WOE11 t 

.I8 

. vo 

1.29 

z .ss 

e.57 

8.?9 

9.01  

10.32 

I 1-64 

MSEtt !  

1.35 

3.58 

3.Zb 

3.83 

9.77 

I 1.09 

12.41 

12.23 

12.04 

mEii) 

n e b 4  

61.S8 

71.01 

Tb.Tb 

77.08 

I O .  66 

m.23 

02.39 

84.55 



APPENDIX D 
CHAR COMBllSTION MODEL 

The computer model, formulated t o  s imulate p lug  f l o w  char combustion i n  the  
CMHF, was based on mathematical expressions der ived  by F i e l d  and co-workers a t  
BCURA (21). - This p a r t i c u l a r  model was chosen because the  laminar-f low DTFS 
s a t i s f i e s  the  plug-f low requirements whereby the  reac t i on  products are t ime- 
reso l  ved a1 ong the furnace distance. 

This model i s  v e r s a t i l e  enough t o  take i n t o  account c e r t a i n  parameter changes, 
such as the  percentage o f  excess 02, anisothermal temperature p r o f i l e  i n  the  
reac t i on  zone, p a r t i c l e  s i z e  d i s t r i b u t i o n s ,  and reac t i on  mechanism factor.  
Reaction ra tes  are governed by d i f f u s i o n a l  and surface reac t i on  r a t e  c o e f f i -  
c i en ts ,  depending on p a r t i c l e  s i z e  and temperature. 

The bas ic  model fo rmula t ion  i s  as fo l lows.  F i r s t ,  a 
given. 

= i n i t i a l  diameter o f  coal p a r t i c l e s  
= diameter o f  char p a r t i c l e s  a f t e r  devo 

a = swe l l i ng  fac to r  
w = f r a c t i o n  of unburned char a t  any p a r t  

yj 
j 

j 

X 

zw< = 1.0 

d e f i n i t i o n  of symbols i s  

a t i l i z a t i o n  

c u l a r  t ime 

J 
= weight  o f  res idua l  char a t  any p a r t i c u l a r  t i m e  per u n i t  i n i t i a l  

weight of char 
zu. where U i s  unburned char i n  whole suspension. 

j 
U 

U = 
J 

The r a t e  o f  change o f  weight f r a c t i o n  u i s  given by: 
j 

du . /d t  = -Sjqj J 

= geometric surface area o f  each p a r t i c u l a r  f r a c t i o n  per  u n i t  

= r a t e  o f  carbon removal per  u n i t  surface area, (g/cm sec.) 

2 weight of i n i t i a l  char, (cm /g), and 
where 

2 
qj 

D-1 



L 

(D-5) 

Assuming spheri ca l  pa r t i  c l  es 

2 s j  = (6  wja )/(CfPfY,) (D-2) 

where Cf i s  a f r a c t i o n  of moisture and ash-free f u e l  a f t e r  d e v o l a t i l i z a t i o n  
pf i s  apparent dens i t y  of moisture and ash-free f u e l ,  (g/cm3) 

qj = [pg (u 111 ( ~ / K D ~ F F  + 1/KS) 

%IFF i s  d i f f u s i o n a l  reac t i on  r a t e  Coeff ic ient ,  (g/cm 2 sec. atm.), and 

K~ I FF = (24 0 D ) / ( R ' T X ~ )  

(0-3) 

(0-4) 

where 0 i s  mechanism factor,  defined as the  r a t i o  of moles o f  carbon consumed 
t o  moles of reac tan t  gas t ranspor ted  t o  the  surface. 

3 R '  
T i s  gas temperature, ( O K )  

D 

i s  gas constant, (82.06 a t m  cm /mole O K )  

i s  b ina ry  d i f f us ion  c o e f f i c i e n t  a t  1 atm. f o r  02-N2 medium, 
(cm /sec) 2 

Ks i s  surface r e a c t i o n  r a t e  c o e f f i c i e n t ,  (g/cm 2 sec. atm.) 

KS = A exp (-E/RT) 

where E is a c t i v a t i o n  energy, (cal/mole) 
R i s  gas constant, (1.986 cal/mole O K )  

A i s  frequency factor,  (g/cm sec. atm.) 
P (U) i s  a f u n c t i o n  of oxygen concentrat ion 

2 

9 

pg(uI = C(c u + e ) / ( l  + e)]  (po l  

O2 requ i red  t o  burn char f rom raw f u e l  
requ i red  t o  burn raw f u e l  where c = 

O2 

e i s  excess oxygen 
Po i s  i n i t i a l  p a r t i a l  pressure of O2 i n  combustion medium. 

D-2 



Assuming constant p a r t i c l e  dens i ty  and burning from the  outside, t h i s  leads t o  
the  f i n a l  equat ion form: 

Equation (D-7)  represents a ser ies  o f  d i f f e r e n t i a l  equations f o r  a l l  p a r t i c l e  
s izes  f o r  each f r a c t i o n .  
t i o n  of each f r a c t i o n ,  oxygen concentrat ion,  and the  physical  p roper t i es  o f  

The on ly  var iab les  are  time, p a r t i c l e  s i ze  d i s t r i b u -  

the  f u e l .  

A sample of a t y p  

Inpu t  

1. 

2. 

3. 

4. 

5 .  

6. 

7. 

8. 

9. 

ca l  run  i s  given below (Tab e 0-1) .  

P a r t i c l e  s i z e  d i s t r i b u t i o n  o f  commercial regu la r  g r i n d  (* 70%-200% mesh) 
having a Rosin-Ramler d ispers ion  index o f  0.936. The representa t ion  o f  
such a d i s t r i b u t i o n  by 10 mono-size f r a c t i o n s  i s  shown i n  the  computer 
output. 

Swel l ing  f a c t o r  (a): 1.34 

3 Apparent dens i t y  (pf) :  1.30 g/cm (dry-ash-free bas is ) .  

F rac t i on  o f  moisture and ash-free char remaining a f t e r  d e v o l a t i l  i z a t i o n  
( C f ) :  0.618 

Temperature P r o f i l e  (see output) .  

Excess 02: 0.20 

O2 P a r t i a l  Pressure (Po): 0.21 atm 

Mechanism Factor (0):  2.0 

A c t i v a t i o n  Energy (E) :  23320.0 cal/mole 

D-3 



2 10. Frequency Factor (A): 80.0 g/cm -sec-atm. 

11. Combustion Mode: Shr ink ing  core 

output 

The terms L;;ed i n  the  ou tpu t  a re  explained as fo l lows:  

PSAD : 
KDIFF: 
S I :  
WF: 
PARTICLES: Number o f  p a r t i c l e s  

P a r t i c l e  s i z e  diameter, (cm) 
D i f f u s i o n a l  reac t i on  r a t e  c o e f f i c i e n t ,  (g/cm sec a tm.  ) 

' P a r t i c l e  geometric surface area, (cm /g) 
F rac t i ona l  weight i n  each s i ze  c u t  

2 
2 

Values o f  t he  above terms are  the  average values per  s i z e  f r a c t i o n  

KS: 
cc :  

2 Surface r e a c t i o n  r a t e  c o e f f i c i e n t ,  (g/cm sec. atm.) 
Percent carbon i n  the  char 

S I Z E  FRACTION OF CHAR BURNED OFF: An "0" i nd i ca tes  incompleteness o f  combus- 
t i o n  o f  a g iven s i z e  f r a c t i o n .  A "numerical value" i nd i ca tes  completeness o f  
combustion o f  a given s i z e  f r a c t i o n .  
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