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ABSTRACl 

The combust ion and g a s i f i c a t i o n  k i n e t i c s  o f  f o u r  s i z e  graded coa l  cha rs  were 
i n v e s t i g a t e d  e x p e r i m e n t a l l y  i n  Combustion. E n g i n e e r i n g ' s  Drop Tube Furnace System 
(DTFS). The chars were prepared i n  t h e  DTFS f r o m  commerc ia l l y  s i g n i f i c a n t  c o a l s  
r e p r e s e n t i n g  a wide range o f  rank;  these i n c l u d e d  a P i t t s b u r g h  No. 8 Seam hvAb 
c o a l ,  an I 1  l i n o i s  No. 6 Seam hvCb c o a l ,  a Wyoming Sub C ,  and a Texas L i g n i t e  A.  
A d d i t i o n a l l y ,  a number o f  s tandard  ASTM and s p e c i a l  bench s c a l e  t e s t s  were pe r -  
formed on t h e  c o a l s  and chars t o  c h a r a c t e r i z e  t h e i r  phys icochemical  p r o p e r t i e s .  

Resu l t s  showed t h a t  t h e  lower  r a n k  coa l  chars w e r e  more r e a c t i v e  t h a n  t h e  h i g h e r  
rank  c o a l  chars and t h a t  combust ion r e a c t i o n s  o f  chars were much f a s t e r  t h a n  t h e  
co r respond ing  g a s i f i c a t i o n  r e a c t i o n s .  Fuel  p r o p e r t i e s ,  temperature,  and r e a c t a n t  
gas p a r t i a l  p ressu re  had a s i g n i f i c a n t  i n f l u e n c e  on b o t h  combust ion and g a s i f i c a -  
t i o n ,  and p a r t i c l e  s i z e  had a m i l d  b u t  d i s c e r n i b l e  i n f l u e n c e  on g a s i f i c a t i o n .  
Fuel  r e a c t i v i t i e s  were c l o s e l y  r e l a t e d  t o  po re  s t r u c t u r e .  
t h e  combust ion and g a s i f i c a t i o n  performances o f  t h e  s u b j e c t  samples i n  t h e  DTFS 
suppor ted t h e  exper imen ta l  f i n d i n g s .  

Computer s i m u l a t i o n  o f  
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EPRI PERSPECTIVE 

PROJECT DESCRIPTION 

This final report for RP1654-1, entitled Combustion and Gasification Characteristics 
of Chars From Four Commercially Significant Coals o f  Different Rank, describes a 
bench-scale experimental study of chemical kinetics with an entrained flow reactor. 
This project was originally intended to provide background and support for the test 
program (under RP244) involving the Combustion Engineering, Inc., (C-E) atmospheric 
entrained gasifier at the 120-ton-per-day process development unit (PDU) in Windsor, 
Connecticut. 
coal chars, the study also provides valuable results of broad interest. For exam- 
ple, this information should be directly applicable for engineering analysis o f  
entrained flow gasification reactors, in general, using detailed computer simulation 
models such as those developed under RP1037 and reported in EPRI Final Report 
AP-1179, Volume 1. 

However, by determining key reaction parameters for a wide range of 

Additionally, the pyrolysis of coal in the bench-scale reactor during this study was 
analyzed by Advanced Fuel Research, Inc., using Fourier transform infrared (FTIR) 
spectroscopy under RP1654-7 and reported in EPRI Final Report AP-2602. 

Taken together, these related studies provide a complementary treatment of the 
dominant coal reactions that occur in a large-scale gasifier. 

PROJECT OBJECTIVES 

The original objective was to determine the combustion and gasification characteris- 
tics of coals and chars from the C-E/PDU gasifier in both bench-scale and pilot- 
scale reactors. These experimental results, in turn, were to form the basis for 
evaluating the performance o f  various coals and chars in the PDU gasifier. 

Unfortunately the PDU gasifier test program was discontinued before this study could 
be completed. This led to a change in objectives whereby the larger pilot-scale 
laboratory reactor study was abandoned for lack of sufficient quantities of PDU char @ 
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as feedstock. Instead, a more comprehensive program of testing on the bench-scale 
flow reactor, or drop-tube furnace system (DTFS), was adopted. 
alternate study were to be prepared in the DTFS from four coals of differing rank, 
including Texas lignite A coal, Wyoming subbituminous C coal, and Illinois No. 6 
hvCb and Pittsburgh No. 8 hvAb bituminous coals. 
combustion, gasification, and pyrolysis kinetics in the entrained flow reactor DTFS, 
a number of supplementary bench-scale tests were to be made to measure the physico- 
chemical properties of the coals and chars. 

Chars for the 

In addition to the studies of 

PROJECT RESULTS 

These reaction rate studies indicate that gasification reactivity of char is in- 
versely proportional to coal rank. For combustion, however, the three coals of 
lowest rank produced chars with comparable reactivity; this reactivity was much 
greater than that of the fourth, higher-rank Pittsburgh seam coal. 

With respect to the larger C-E/PDU gasifier tests, such results imply that the 
decision to focus completely on Pittsburgh seam coal in that program may have con- 
tributed to the inability to fully achieve anticipated performance levels. For 
example, the PDU did not demonstrate suitable carbon conversion rates at design 
conditions. 
and product gas heating values that were lower than expected. The DTFS results 
suggest that this apparent inability to fully consume the recycled coal char in the 
first, or combustor, stage of the PDU may be tied strongly to the poor combustion 
features of the Pittsburgh coal feedstock. 
heating values observed from the PDU may also be inferred from low rates of gasifi- 
cation of Pittsburgh coal in the DTFS reactor. There were undoubtedly other factors 
contributing to the overall PDU gasifier performance as well. However, the PDU test 
program unfortunately did not accomplish its objective to test other coals as 
planned. 
been tested in the PDU, many unresolved questions regarding gasifier performance 
might have been answered. 
program of fundamental research in direct support of a larger gasifier development 
effort has been amply demonstrated. 

This generally created a sizable accumulation of unconverted coal char 

Furthermore, the relatively low gas 

In retrospect, if coals of lower rank (such as those reported here) had 

In a more general sense, the importance of having a 

The contribution of the results of this study to the overall data base on coal 
gasification reaction chemistry is also significant. 
reaction rate kinetics in the published literature indicate that data which are 
pertinent for commercial gasifier development are not readily available. Indeed, in 
many engineering analyses, it has often been necessary to use reaction parameters 

Surveys of coal gasification 
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@ from old experiments with char from unrelated sources or with specimens that were 
not consistently prepared. 

The use of the bench-scale DTFS entrained flow reactor also demonstrated significant 
advantages for such reaction studies. Much o f  the existing gasification rate data 
has been determined using thermogravimetric analysis (TGA). The typical TGA appa- 
ratus is essentially a smal 1 batch (nonflow) reactor that determines reaction rates 
by weight-loss measurements. By contrast the DTFS is a flow reactor in which coal 
or char particles are entrained in a gas stream composed of the chosen reaction 
environment (e.g., oxygen, carbon dioxide, and steam). 
lates particle reaction conditions more like those in large entrained gasifiers. 
Such laboratory reactors also enable measurement of gas composition as evolved, 
which permits a component-specific determination of reaction rates as an alternative 
to weight-loss methods. 
the rate at which carbon monoxide is formed by gasifying carbon in char with carbon 
dioxide. Additionally, with the DTFS reactor, it is also possible to conduct in 
situ measurements of gas evolution using modern instruments, such as the FTIR tech- 
nique being applied by Advanced Fuel Research in RP1654-8 and to be reported in EPRI 
Final Report AP-2603. 

The DTFS, therefore, emu- 

For example, it has been possible to measure specifically 

This report should be of special interest to those engineers and scientists involved 
in coal gasifier development and applications. 

George H. Quentin, Project Manager 
Advanced Power Systems Division 
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

PROJECT BACKGROUND AND OBJECTIVE 

Combustion Eng ineer ing ,  I n c . ,  ( C - E )  has been deve lop ing  c o a l  g a s i f i c a t i o n  tech -  
no logy  geared towards p roduc ing  a c ean low-Btu f u e l  gas s u i t a b l e  f o r  e l e c t r i c  

power genera t i on .  
hour  Process Development U n i t  (PDU) u s i n g  a P i t t s b u r g h  seam c o a l .  
commerc ia l l y  s i g n i f i c a n t  c o a l s  o f  d f f e r e n t  rank  were s e l e c t e d  f o r  p o t e n t i a l  t e s  
t i n g  i n  t h e  PDU, i n c l u d i n g  a Texas l i g n i t e ,  a Wyoming subbi tuminous c o a l ,  and an 
I l l i n o i s  No. 6 c o a l .  However, t h e  PDU program was t e r m i n a t e d  b e f o r e  such add i -  
t i o n a l  c o a l s  c o u l d  be t e s t e d .  

P i l o t  s c a l e  t e s t  ng has been c a r r i e d  o u t  on a f i v e - t o n  p e r  
Three o t h e r  

D u r i n g  t h e  course o f  process development, s u b s t a n t i a l  d i f f e r e n c e s  between a c t u a l  
and p r e d i c t e d  g a s i f i c a t i o n  r a t e s  w i t h  t h e  P i t t s b u r g h  seam coa l  were found. 
Hence, t h e  need arose t o  c h a r a c t e r i z e  t h e  fundamental behav io r  o f  c o a l s  and cha rs  
undergoing combust ion and g a s i f i c a t i o n  r e a c t i o n s  under commercial c o n d i t i o n s .  

The u l t i m a t e  o b j e c t i v e  o f  t h i s  s tudy  was t o  develop d e t a i l e d  fundamental i n f o r -  

ma t ion  o n . t h e  combust ion and g a s i f i c a t i o n  c h a r a c t e r i s t i c s  o f  t h e  f o u r  des igna ted  
commerc ia l l y  s i g n i f i c a n t  c o a l s  and t h e i r  chars.  
quen t l y  be used b y  t h e  PDU g a s i f i c a t i o n  p r o j e c t  t o  assess t h e  e f f e c t  o f  o p e r a t i n g  
parameters and f u e l  p r o p e r t i e s  on performance. 

T h i s  i n f o r m a t i o n  c o u l d  subse- 

TEST FACILITIES AND PROCEDURES 

Standard ASTM (American S o c i e t y  f o r  T e s t i n g  M a t e r i a l s )  procedures a l o n g  w i t h  
s p e c i a l  bench s c a l e  t e s t s  and t h e  Drop Tube Furnace System (DTFS) were employed 
i n  t h i s  program. Standard ASTM t e s t s  c o n s i s t e d  o f  p rox ima te ,  u l t i m a t e ,  and 
screen analyses,  h i g h e r  h e a t i n g  va lue ,  ash compos i t i on ,  ash f u s i b i l i t y  tempera- 
t u r e s ,  and Hardgrove G r i n d a b i l i t y  Index.  

Micro-Prox imate,  M i c r o - U l t i m a t e  (H, C,  N ) ,  and C o u l t e r  Counter Analyses, Flam- 
mab i l  i t y  Index,  Pore Sur face Area, Thermo-Gravimetr ic R e a c t i v i t y ,  and Scanning 

E l e c t r o n  Microscopy (SEM). 

Spec ia l  bench s c a l e  t e s t s  c o n s i s t e d  o f  
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The Perk in-Elmer TGS-2 System was used t o  determine b o t h  t h e  micro-prox imate 
analyses o f  c o a l s  and cha rs  and t h e  the rmo-g rav ime t r i c  combust ion and g a s i f i -  
c a t i o n  r e a c t i v i t i e s  o f  chars.  
t o  determine m i c r o - u l  t i m a t e  analyses o f  c o a l s  and chars.  

The Perk in-Elmer 240 Elemental  Analyzer  was used 

The Quantachrome C o r p o r a t i o n  Sur face Area Analyzer  was used t o  measure b o t h  t h e  
N2 and C02 po re  s u r f a c e  areas o f  chars i n  c o n j u n c t i o n  w i t h  t h e  Brunauer, Emmett, 
and T e l l e r  (BET) and Dubinin-Kaganer gas a d s o r p t i o n  p r i n c i p l e s  ( 1 ,  - -  2). 
F l a m m a b i l i t y  I ndex  Apparatus was used t o  determine r e l a t i v e  i g n i t i o n  temperatures 
o f  c o a l s  i n  an oxygen atmosphere. 

The 

The e l e c t r i c a l l y - h e a t e d  Drop Tube Furnace System (DTFS) was used t o  determine t h e  
p y r o l y s i s ,  combust ion and g a s i f i c a t i o n  c h a r a c t e r i s t i c s  o f  c o a l s  and/or cha rs  i n  
t h e  180O-265O0F gas temperature range. 
s o l i d / g a s  sampl ing a t  v a r i o u s  p o i n t s  a long  t h e  DTFS r e a c t i o n  zone w i t h  a two- inch  
i n n e r  d iamete r  and a s i x t e e n - i n c h  l e n g t h .  

The r e a c t i o n  h i s t o r i e s  were mon i to red  by 

TEST PROGRAM 

Chars f o r  t h i s  s tudy  were p repared  f rom f o u r  p a r e n t  c o a l s  i n  t h e  DTFS i n  t h e  
presence o f  he l i um a t  265OOF. 

(PSC) hvAb, an I l l i n o i s  No. 6 Seam (ILC) hvCb, a Wyoming Wyodak Seam (JRC) Sub C ,  
and a Texas Wi l cox  Seam (TXL) L i g  A. 
was about 0.5 second. P h y s i c a l  and chemical  p r o p e r t i e s  o f  s ize-graded cha rs  were 
determined a l o n g  w i t h  those o f  p a r e n t  c o a l s  i n  t h e  s tandard  ASTM and s p e c i a l  
bench s c a l e  t e s t s  p r e v i o u s l y  i d e n t i f i e d .  

Pa ren t  c o a l s  c o n s i s t e d  o f  a P i t t s b u r g h  No. 8 Seam 

Residence t i m e  under t h e  o p e r a t i n g  c o n d i t i o n s  

Se lec ted  chars were s u b j e c t e d  t o  the rmo-g rav ime t r i c  combust ion i n  a i r  a t  7OO0C 
(1292OF) and g a s i f i c a t i o n  i n  carbon d i o x i d e  a t  95OOC (1742OF). The e f f e c t  o f  
p a r t i c l e  s i z e  on cha r  g a s i f i c a t i o n  was a l s o  i n v e s t i g a t e d .  

S i z e  graded c o a l s  were p y r o l y z e d  i n  t h e  DTFS i n  t h e  presence o f  n i t r o g e n  a t  
265OOF t o  assess t h e i r  s w e l l i n g  c h a r a c t e r i s t i c s  and p y r o l y s i s  e f f i c i e n c i e s .  
P y r o l y s i s  e f f i c i e n c i e s  were compared w i t h  co r respond ing  ASTM-determined v o l a t i l e  
m a t t e r  y i e l d s .  

The DTFS was used e x t e n s i v e l y  t o  examine t h e  e f f e c t s  o f  v a r i o u s  exper imen ta l  
parameters ( temperature,  res idence  t ime ,  r e a c t a n t  gas p a r t i a l  p ressu re ,  and 
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p a r t i c l e  s i z e )  on t h e  combust ion and g a s i f i c a t i o n  c h a r a c t e r i s t i c s  o f  s ize-graded 
chars.  
combust i  on and g a s i  f i c a t i  on. 

The e f f e c t s  were q u a n t i f i e d  i n  t h e  form o f  k i n e t i c  r a t e  exp ress ions  f o r  

A p l u g - f l o w  c o m b u s t i o n / g a s i f i c a t i o n  model was subsequent ly  used t o  p r e d i c t  DTFS 
combust ion and g a s i f i c a t i o n  performance o f  t h e  c o a l  chars under s p e c i f i c  c o n d i t i o n s .  

RESULTS 

Combustion and g a s i f i c a t i o n  s t u d i e s  i n  b o t h  t h e  DTFS and TGA apparatus showed 
t h a t  t h e  l ower  r a n k  coa l  chars were more r e a c t i v e  t h a n  t h e  h i g h e r  r a n k  coa l  chars 
and t h a t  t h e  combust ion r e a c t i o n  was much f a s t e r  t han  t h e  g a s i f i c a t i o n  r e a c t i o n .  
Fuel  p r o p e r t i e s ,  temperature,  and r e a c t a n t  gas p a r t i a l  p ressu re  had s i g n i f i c a n t  
e f f e c t s  on b o t h  combust ion and g a s i f i c a t i o n .  
r e a c t i v i t i e s  were c l o s e l y  r e l a t e d  t o  cha r  po re  s t r u c t u r e .  

Combustion and g a s i f i c a t i o n  cha r  

Char combust ion was s e n s i t i v e  t o  t h e  n a t u r e  o f  t h e  f u e l ,  temperature,  and oxygen 
p a r t i a l  p ressu re .  R e l a t i v e  cha r  combust ion r e a c t i v i t i e s  were: TXL > ILC > JRC > 
PSC. 

responding combust ion e f f i c i e n c i e s  were 97%, 95%, 88%, and 72%. A c t i v a t i o n  
energ ies  f o r  combust ion ranged f rom 17 Kcal/mole ( ILC cha r )  t o  20 Kcal /mole (PSC 
char) .  The PSC cha r  was s t u d i e d  i n  more d e t a i l  t h a n  t h e  o t h e r  t h r e e  chars.  I t s  

combust ion e f f i c i e n c y  i nc reased  w i t h  i n c r e a s i n g  temperature and oxygen p a r t i a l  
p ressu re  as f o l l o w s :  (1) f rom 30% t o  72% as t h e  temperature i nc reased  f rom 
180OOF t o  265OOF a t  0.03 O 2  atm. and 0.6 sec. res idence  t i m e ;  and (2)  f rom 30% t o  
97% as t h e  O 2  p a r t i a l  p ressu re  i nc reased  f rom 0.01 atm. t o  0.05 atm. a t  2650OF 
gas temperature and 0 .6  sec .  res idence  t ime .  The r e a c t i o n  r a t e  o f  t h i s  cha r  
e x h i b i t e d  near f i r s t  o r d e r  (0.92) dependence on oxygen c o n c e n t r a t i o n .  

A t  265OOF gas temperature,  0.03 atm. 02,  and 0.6 sec. res idence  t i m e  c o r -  

Char g a s i f i c a t i o n  was even more s e n s i t i v e  t o  f u e l  and temperature v a r i a t i o n s  t h a n  
combustion. Carbon d i o x i d e  p a r t i a l  p ressu re  a l s o  had a pronounced e f f e c t  on 
g a s i f i c a t i o n .  R e l a t i v e  cha r  g a s i f i c a t i o n  r e a c t i v i t i e s  were: TXL > J R C  > ILC > 
PSC. A t  265OOF gas temperature,  0.3 atm. C02, and 0.6 sec. res idence  t i m e  co r -  
responding g a s i f i c a t i o n  e f f i c i e n c i e s  were 76%, 66%, 19%, and 6%. The lower  r a n k  
c o a l  (TXL and JRC)  cha rs  had much h i g h e r  r e a c t i v i t i e s  t h a n  h i g h e r  r a n k  c o a l  ( ILC 

and PSC) chars.  A c t i v a t i o n  energ ies  f o r  g a s i f i c a t i o n  ranged f rom 39.5 Kcal /mole 
(TXL cha r )  t o  56 Kcal /mole ( ILC cha r )  i n d i c a t i n g  t h e  pronounced e f f e c t  o f  tempera- 

t u r e .  The PSC cha r  was s t u d i e d  i n  more d e t a i l  t h a n  t h e  o t h e r  t h r e e  chars.  I t s  
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g a s i f i c a t i o n  e f f i c i e n c y  i nc reased  w i t h  i n c r e a s i n g  temperature and C02 p a r t i a l  
p ressu re  and dec reas ing  p a r t i c l e  s i z e  as f o l l o w s :  (1) f rom l e s s  than  1% t o  6% as 
t h e  temperature i nc reased  f rom 22OOOF t o  265OOF a t  0.3 C02 atm. and 0 .6  sec. 

res idence  t ime ,  (2) f rom 6% t o  16% as t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  decreased 
f rom 200 x 400 mesh t o  -400 mesh a t  265OOF gas temperature,  0.3 C02 atm.,  and 0.6 
sec. res idence  t ime ;  and (3) f rom 3% t o  9% as t h e  COP p a r t i a l  p ressu re  i nc reased  
f rom 0.15 atm. t o  0.6 atm. a t  265OOF gas temperature and 0 . 6  sec. res idence  t ime .  
The r e a c t i o n  r a t e  o f  t h i s  cha r  e x h i b i t e d  near f i r s t  o r d e r  (0.91) dependence on 

CO c o n c e n t r a t i o n .  2 

Carbon mass balance d e t e r m i n a t i o n s  were conducted d u r i n g  DTFS g a s i f i c a t i o n  o f  
PSC, ILC, JRC, and TXL cha rs  i n  0.3 atm. o f  carbon d i o x i d e  a t  v a r i o u s  tempera- 

t u r e s .  
t o t a l  o f  s i x t e e n  d a t a  p o i n t s  were w i t h i n  90-100% range. 

R e s u l t s  i n d i c a t e  carbon c l o s u r e s  i n  t h e  8 5 1 0 3 %  range. Nine o u t  o f  a 

Pore s t r u c t u r e  p l a y s  a ma jo r  r o l e  i n  d e t e r m i n i n g  f u e l  g a s i f i c a t i o n  and combust ion 
r e a c t i v i t y .  Scanning E l e c t r o n  Microscopy (SEM) o f  DTFS chars i n d i c a t e d  v e r y  h i g h  
p o r o s i t y  and a l a r g e  open p o r e  s t r u c t u r e  f o r  t h e  TXL and J R C  cha rs  accoun t ing  f o r  

t h e i r  h i g h  r e a c t i v i t i e s .  
c o a l  which r e s u l t e d  i n  a spher i ca l - shaped  cha r  w i t h  l ower  p o r o s i t y  and a r e l a t i v e l y  
c l o s e d  po re  s t r u c t u r e ,  a c c o u n t i n g  f o r  i t s  low r e a c t i v i t y .  G a s i f i c a t i o n  reac-  
t i v i t i e s  a l s o  c l o s e l y  f o l l o w e d  cha r  BET s u r f a c e  areas i n d i c a t i n g  t h e  i m p o r t a n t  
e f f e c t  o f  p o r e  s t r u c t u r e .  BET s u r f a c e  areas o f  t h e  TXL, JRC,  ILC, and PSC DTFS 
chars  were 213, 97, 54, and 13 m /g on a d r y - a s h - f r e e  b a s i s ,  r e s p e c t i v e l y .  

I t  a l s o  con f i rmed  t h e  agg lomera t i ng  n a t u r e  o f  t h e  PSC 

2 

Stud ies  on p a r t i c l e  s i z e  changes were a l s o  conducted d u r i n g  p y r o l y s i s ,  combust ion,  
and g a s i f i c a t i o n  exper iments t o  determine r e a c t i o n  mechanisms and a i d  i n  m o d e l l i n g  
e f f o r t s .  These s t u d i e s  i n d i c a t e d  t h a t :  ( 1 )  t h e  PSC c o a l  s w e l l e d  ( i n c r e a s e  i n  
d iamete r  o f  40%) w h i l e  t h e  o t h e r , c o a l s  were non-swe l l i ng ;  (2) DTFS ( h i g h  h e a t i n g  

r a t e )  v o l a t i l e  l osses  were 10% and 20% g r e a t e r  t h a n  ASTM v o l a t i l e  m a t t e r  d e t e r -  
m i n a t i o n s  f o r  t h e  ILC and PSC c o a l s  r e s p e c t i v e l y ;  and (3) combust ion and g a s i f i -  
c a t i o n  c o u l d  be assumed t o  proceed b y  t h e  " s h r i n k i n g  co re "  mechanism. 

React ion k i n e t i c s  and mechanisms determined f rom t h e  DTFS s t u d i e s  were i n c o r -  
p o r a t e d  i n t o  a computer s i m u l a t i o n  o f  t h e  DTFS. R e s u l t s  o f  t h i s  s i m u l a t i o n  

agreed w e l l  w i t h  exper imenta l  r e s u l t s  and q u a n t i f i e d  t h e  impor tance o f  such 
f a c t o r s  as temperature and r e a c t a n t  p a r t i a l  p ressu re .  
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CONCLUSIONS 

The ma jo r  conc lus ions  t h a t  can be drawn f rom t h e  r e s u l t s  o f  t h i s  s tudy  a r e  t h e  
f o l 1  owing: 

Chars f rom Texas L i g n i t e ,  Wyoniing Sub C ,  and I l l i n o i s  No. 6 hvCb c o a l s  
a r e  comparable i n  combust ion r e a c t i v i t y  and a r e  s i g n i f i c a n t l y  more 
r e a c t i v e  t h a n  t h e  cha r  f rom P i t t s b u r g h  No. 8 hvAb c o a l .  Never the less ,  
computer s i m u l a t i o n s  based on DTFS k i n e t i c  i n f o r m a t i o n  i n d i c a t e  t h a t  
P i t t s b u r g h  hvAb coa l  cha r  can be s u c c e s s f u l l y  burned p r o v i d e d  t h a t  
o p e r a t i o n a l  c o n d i t i o n s  ( temperature,  o x i d a n t  t o  f u e l  r a t i o ,  p a r t i c l e  
s i z e ,  and res idence  t ime)  a r e  f a v o r a b l e .  

Char g a s i f i c a t i o n  r e a c t i v i t e s  f o l l o w  t h i s  t r e n d :  Texas L i g n i t e  > 
Wyoming Sub C > I l l i n o i s  No. 6 hvCb > P i t t s b u r g h  No. 8 hvAb. The 
d i f f e r e n c e  between t h e  l e a s t  r e a c t i v e  cha r  and most r e a c t i v e  cha r  i's 
g r e a t e r  t h a n  a f a c t o r  o f  10. 

Pore s t r u c t u r e  p l a y s  a major  r o l e  i n  d e t e r m i n i n g  f u e l  r e a c t i v i t y  f o r  
b o t h  g a s i f i c a t i o n  and combustion. Char g a s i f i c a t i o n  r e a c t i v i t i e s  f o l l o w  
t h e  same t r e n d  as BET s u r f a c e  areas. I n  a d d i t i o n ,  Scanning E l e c t r o n  
Micrographs i n d i c a t e  t h a t  t h e  Texas L i g n i t e  and Wyoming Sub C chars had 
l a r g e ,  open pores w h i l e  t h e  P i t t s b u r g h  No. 8 hvAb char  g e n e r a l l y  e x h i -  
b i t e d  a c l o s e d  po re  s t r u c t u r e .  The I l l i n o i s  No. 6 hvCb cha r  e x h i b i t e d  
i n t e r m e d i a t e  p o r o s i t y .  

Char g a s i f i c a t i o n  r a t e s  a r e  h i g h l y  dependent on temperature and reac-  
t a n t  gas c o n c e n t r a t i o n .  
range. The r e a c t i o n  r a t e  e x h i b i t e d  near f i r s t  o r d e r  (0 .9 )  dependency 
w i t h  r e s p e c t  t o  carbon dox ide  c o n c e n t r a t i o n .  Char g a s i f i c a t i o n  e f f i -  
c i e n c i e s  a l s o  i nc rease  w i t h  i n c r e a s i n g  res idence  t i m e  and dec reas ing  
p a r t i c l e  s i z e .  

Wh i le  t h e  P i t t s b u r g h  No. 84hvAb coa l  s w e l l e d  by 40% d u r i n g  p y r o l y s i s  a t  
t h e  h i g h  h e a t i n g  r a t e s  (10 OC/sec.) encountered i n  t h e  DTFS, t h e  o t h e r  
t h r e e  c o a l s  d i d  no t .  
10% g r e a t e r  t han  ASTM v o l a t i l e  m a t t e r  y i e l d s  f o r  t h e  P i t t s b u r g h  No. 8 
hvAb and I l l i n o i s  No. 6 hvCb c o a l s ,  r e s p e c t i v e l y .  However, t h e  Wyoming 
Sub C c o a l  and Texas l i g n i t e  d i d  n o t  show s i g n i f i c a n t  d i f f e r e n c e s  
between DTFS p y r o l y s i s  w e i g h t  l o s s e s  and ASTM v o l a t i l e  m a t t e r  y i e l d s .  

Computer s i m u l a t i o n s  o f  t h e  DTFS based on k i n e t i c  i n f o r m a t i o n  determined 
i n  t h i s  s tudy  i n d i c a t e  t h a t  t h e  P i t t s b u r g h  c o a l  cha r  i s  r e l a t i v e l y  
u n r e a c t i v e  d u r i n g  g a s i f i c a t i o n  such t h a t  p r a c t i c a l l y  a t t a i n a b l e  o p e r a t i o n a l  
parameters ( temperature,  res idence  t ime ,  p a r t i c l e  s i z e ,  and r e a c t a n t  
gas (CO ) p a r t i a l  p ressu re )  f a i l  t o  s u b s t a n t i a l l y  i n c r e a s e  i t s  g a s i f i -  
c a t i o n  G f f i c i e n c y  a t  a tmospher ic  p ressu re  i n  t h e  DTFS. 
r e c y c l e  o r  cha r  combust ion o r  b o t h  must be employed t o  s u b s t a n t i a l l y  
i n c r e a s e  t h e  t o t a l  carbon convers ion  f o r  P i t t s b u r g h  char .  
conve rs ion  o f  t h e  P i t t s b u r g h  No. 8 c o a l  i n  t h e  DTFS i s  due t o  p y r o l y s i s  
r a t h e r  than  cha r  g a s i f i c a t i o n .  

A c t i v a t i o n  energ ies  a r e  i n  t h e  39.5-56 Kcal/mole 

P y r o l y s i s  we igh t  l osses  i n  t h e  DTFS were 20% and 

E i t h e r  cha r  

Most o f  t h e  

RECOMMENDATIONS 

P r a c t i  ca 
@ dence o f  

aPP 1 
g a s i  f 

c a t i o n  o f  r e s u l t s  shou ld  
c a t i o n  e f f i c i e n c y  on f u e  

t a k e  i n t o  c o n s i d e r a t i o n  t h e  h 
p r o p e r t i e s ,  temperature,  and 
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d i o x i d e  p a r t i a l  p ressu re ,  and t h e  m i l d  dependence o f  g a s i f i c a t i o n  e f f i c i e n c y  on 
p a r t i c l e  s i z e .  W i th  r e s p e c t  t o  c o a l  g a s i f i c a t i o n  a t  a tmospher ic  pressure i n  a 

two s tage r e a c t o r  (combustor and r e d u c t o r )  t h e  f o l l o w i n g  i s  recommended: 

e Screen cand ida te  c o a l s  th rough  computer s i m u l a t i o n s  based on DTFS 
k i n e t i c s .  
k i n e t i c  parameters which were g e n e r a l l y  d e r i v e d  under d i f f e r e n t  condi -  
t i o n s .  

? h i  s w i  11 e l  i m i  na te  t h e  r i  sks i nvo l  ved i n  u s i  ng 1 i t e r a t u r e  

e F i r e  t h e  combustor as i n t e n s e l y  as p o s s i b l e  w i t h  f u e l  ground as f i n e  as 
commerc ia l l y  f e a s i b l e  (on t h e  o r d e r  o f  80% th rough  200 mesh). T h i s  
w i l l  serve t o  e l e v a t e  temperatures which w i l l  enhance g a s i f i c a t i o n .  
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Sec t ion  1 

INTRODUCTION 

Coal g a s i f i c a t i o n  o f f e r s  t h e  p o t e n t i a l  f o r  u t i l i z i n g  o u r  n a t i o n ' s  abundant c o a l  
rese rves  i n  a h i g h l y  e f f i c i e n t  e n v i r o n m e n t a l l y  accep tab le  manner. I n  most coa l  
g a s i f i c a t i o n  processes a p o r t i o n  o f  t h e  coa l  i s  burned t o  p r o v i d e  hea t  f o r  t h e  
endothermic g a s i f i c a t i o n  r e a c t i o n s .  The dependence o f  coa l  cha r  combust ion and 
g a s i f i c a t i o n  r a t e s  on g a s i f e r  o p e r a t i n g  parameters and f u e l  p r o p e r t y  e f f e c t s  
p l a y s  a major  r o l e  i n  d e t e r m i n i n g  g a s i f i e r  performance. 

PDU PROCESS 

Combustion E n g i n e e r i n g ' s  ( C - E )  Coal G a s i f i c a t i o n  Process Development U n i t  (PDU) 
was des igned t o  g a s i f y  5 t o n s  o f  c o a l  p e r  hour i n  o r d e r  t o  demonstrate t h e  con- 
v e r s i o n  o f  p u l v e r i z e d  coa l  i n t o  a c l e a n  low-Btu f u e l  gas s u i t a b l e  f o r  e l e c t r i c  
power g e n e r a t i o n .  

The PDU has been d e s c r i b e d  by P a t t e r s o n  and D a r l i n g  (z), and D a r l i n g ,  Koucky, and 
Tanca (4). 
a t  a tmospher ic  p ressu re .  F i g u r e  1-1 d e p i c t s  t h e  process i n  b l o c k  diagram. Coal 
( s i z e d  t o  70% -200 mesh), p rehea ted  a i r ,  and r e c y c l e  cha r  a r e  blown t a n g e n t i a l l y  
i n t o  t h e  f i r s t  s tage o f  t h e  g a s i f i e r ,  t h e  combustor, where t h e y  a r e  burned sub- 

s t o i c h i o m e t r i c a l l y .  
t o  d r i v e  t h e  g a s i f i c a t i o n  r e a c t i o n s  i n  t h e  second stage.  
produced i n  t h e  combustor r i s e  th rough  t h e  necked-down en t rance  t o  t h e  r e d u c t o r  
zone and s w i r l  upward. I n  t h e  r e d u c t o r  zone f r e s h  c o a l  r e a c t s  w i t h  t h e  h o t  
gases. The r e s u l t a n t  low-Btu gas c o n t a i n s  m a i n l y  N2, C O ,  C02 and H2. 
t o r  o u t l e t  temperature i s  ma in ta ined  above 170OOF t o  p r e v e n t  t h e  f o r m a t i o n  o f  
t a r s  and o i l s .  

The PDU i s  a two-stage,  a i r - b l o w n ,  e n t r a i n e d - f l o w  process o p e r a t i n g  

T h i s  s tage l i b e r a t e s  t h e  s e n s i b l e  energy i n  t h e  gas r e q u i r e d  
Hot  gases (ca. 30OOOF) 

The reduc- 

The 300OOF combustor temperature i s  s u f f i c i e n t  t o  m e l t  t h e  ash i n  

ps th rough  a s l a g  
g r a v i t y  t o  an ash 
n t o  a s u i t a b l e  s i z e  

t h e  c o a l  and cha r  f i r e d  t o  t h e  combustor. The mo l ten  ash dr  
t a p  h o l e  l o c a t e d  on t h e  combustor f l o o r .  T h i s  s l a g  f l o w s  by 
quench t a n k  where t h e  s l a g  i s  s o l i d i f i e d ,  c o o l e d  and ground 
f o r  d i s p o s a l .  

1- 1 
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P a r t i c u l a t e s  i n  t h e  form o f  carbon and ash leave  t h e  g a s i f i e r ,  e n t r a i n e d  i n  t h e  
low-Btu gas stream. 
remove p a r t i c u l a t e  ( cha r )  f rom t h e  gas stream. A wet  scrubber  system and baghouse 
a r e  employed f o r  f i n a l  p a r t i c u l a t e  removal .  The cha r  i s  s t o r e d  and r e c y c l e d  back 
t o  t h e  combustor v i a  pneumatic t r a n s p o r t  w i t h  preheated a i r .  
d u s t - f r e e  gas l e a v i n g  t h e  p a r t i c u l a t e  removal system i s  f e d  t o  a S t r e t f o r d  s u l f u r  
removal system. 
stream, p roduc ing  a c lean -bu rn ing  f u e l .  The s u l f u r  c o l l e c t e d  from t h e  gas stream 
i s  t rans fo rmed  i n t o  e lementa l  s u l f u r .  The p r o d u c t  gas l e a v i n g  t h e  s u l f u r  removal 
system i s  a low-Btu f u e l  gas s u i t a b l e  f o r  use i n  u t i l i t y  b o i l e r s ,  gas t u r b i n e s ,  
o r  as a process f u e l .  

A p a r t i c u l a t e  removal /char r e c y c l e  system i s  u t i l i z e d  t o  

The r e s u l t a n t  

The s u l f u r ,  m a i n l y  i n  t h e  form o f  H2S, i s  scrubbed f rom t h e  gas 

SUMMARY OF PREVIOUS WORK 

Char G a s i f i c a t i o n  

L i m i t e d  work has been done on t h e  k i n e t i c s  o f  cha r  g a s i f i c a t i o n  i n  e n t r a i n e d - f l o w  
systems s i m i l a r  t o  t h e  DTFS used i n  t h i s  program. 
r e l e v a n t  t o  t h i s  work. Wen and Chuang ( 5 )  used i n  t h e i r  en t ra ined -bed  c o a l  g a s i -  
f i c a t i o n  m o d e l l i n g  s t u d i e s  k i n e t i c  parameters d e r i v e d  by Dobner (6) - from Gray and 
K imber ’ s  work a t  BCURA ( B r i t i s h  Coal U t i l i z a t i o n  Research A s s o c i a t i o n )  (7) - (pe r -  
formed i n  t h e  3680-4580°F temperature range).  The k i n e t i c  paramters proposed by 
Dobner f o r  cha r  g a s i f i c a t i o n  i n  carbon d i o x i d e  and steam a r e  42 Kcal /mole f o r  
a c t i v a t i o n  energy ( E )  and 247 g cm-’sec-’atm-’ f o r  f requency f a c t o r  ( A ) .  

The work summarized below i s  

Most r e c e n t l y ,  K n i g h t  and Sergeant (8) conducted k i n e t i c  s t u d i e s  on f o u r  A u s t r a l i a n  
coa l  cha rs  i n  carbon d i o x i d e  i n  a the rmo-g rav ime t r i c  a n a l y s i s  apparatus.  They 
found t h a t  f o r  t h e i r  low r e a c t i v i t y  L i t hgow c o a l  char ,  r e a c t i v i t y  i n c r e a s e d  w i t h  
i n c r e a s i n g  CO c o n c e n t r a t i o n  and dec reas ing  p a r t i c l e  s i z e .  T h e i r  apparent  r e a c t i o n  

o r d e r  w i t h  r e s p e c t  t o  C02 c o n c e n t r a t i o n  was 0.7.  
f o u r  cha rs  s t u d i e d  were i n  t h e  52-56 Kcal /mole (per formed i n  t h e  1472-1900OF 
range).  

2 
The a c t i v a t i o n  energ ies  f o r  t h e  

Char Combustion 

There a l s o  i s  a p a u c i t y  o f  d a t a  on t h e  k i n e t i c s  o f  c o a l  cha r  combust ion i n  en- 
t r a i n e d - f l o w  r e a c t o r s .  F i e l d  and co-workers (9) - c a r r i e d  o u t  work i n  t h i s  area a t  

BCURA. They d e r i v e d ,  by t h e  method o f  l e a s t  squares f i t ,  k i n e t i c  parameters f rom 

d a t a  found i n  t h e  l i t e r a t u r e .  
a c t i v a t i o n  energy and 8710 g cm-2sec-1atm-1 f o r  f requency f a c t o r .  

They came up w i t h  va lues o f  35.7 Kcal/mole f o r  
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F i e l d  (10, - -  1 1 )  a l s o  g i v e s  a s tep-by-step method o f  c a l c u l a t i n g  k i n e t i c  parameters 
( E  and A) o f  c o a l  cha r  combustion. 
i s  i l l u s t r a t e d  i n  S e c t i o n  3. 

T h i s  method was f o l l o w e d  i n  t h i s  program and 

PROJECT OBJECTIVE AND TECHNICAL APPROACH 

The PDU, designed t o  develop coa l  g a s i f i c a t i o n  technology,  has been Supported by 
t h e  US Department o f  Energy, Combustion Engineer ing,  I n c . ,  and E l e c t r i c  Power 
Research I n s t i t u t e  ( E P R I ) .  
Coal has been e x t e n s i v e l y  i n v e s t i g a t e d  i n  t h e  PDU, and t h r e e  o t h e r  commerc ia l ly  
s i g n i f i c a n t  c o a l s  v a r y i n g  i n  r a n k  f rom h i g h  v o l a t i l e  b i t um inous  t o  l i g n i t e  (see 
below) were p r ime  candidates f o r  s tudy  i n  t h i s  u n i t .  

E P R I  suppor t  was under RP244-1. A P i t t s b u r g h  Seam 

I n  t h e  course o f  PDU s t u d i e s  i t  was dec ided t o  develop, under E P R I  RP1654-6, 
fundamental d a t a  on combust ion and g a s i f i c a t i o n  o f  f o u r  c o a l s  and cha rs  produced 

the re f rom.  T h i s  s tudy  was c a r r i e d  o u t  i n  bench s c a l e  equipment where v a r i o u s  
o p e r a t i o n a l  parameters ( p a r t i c l e  s i z e ,  p a r t i a l  p ressu re  o f  t h e  r e a c t a n t  gas, 
temperature,  res idence  t ime ,  and n a t u r e  o f  c o a l )  c o u l d  be v a r i e d  w i t h  g r e a t e r  
f l e x i b i l i t y  t h a n  was p r a c t i c a l l y  p o s s i b l e  w i t h  t h e  5 tons /h r  PDU. The o b j e c t i v e  

o f  t h i s  p r o j e c t  was t o  suppor t  c o a l  g a s i f i c a t i o n  development b y  d e t e r m i n i n g  
d e t a i l e d  and q u a n t i t a t i v e  i n f o r m a t i o n  on t h e  combust ion and g a s i f i c a t i o n  charac- 
t e r i s t i c s  o f  f o u r  c o a l s  and t h e i r  chars.  

c h a r a c t e r i s t i c s  o f  

Data o b t a i n e d  f rom 
and g a s i f i c a t i o n  k 

coa 

t h e  
n e t  

Bench s c a l e  t e s t s  were conducted t o  c h a r a c t e r i z e  p a r e n t  c o a l s '  chemical  and 
p h y s i c a l  p r o p e r t i e s ,  and i g n i t i o n  behav io r .  P h y s i c a l ,  chemical ,  and thermo- 
g r a v i m e t r i c  r e a c t i v i t y  c h a r a c t e r i s t i c s  o f  t h e  cha rs  d e r i v e d  f rom p a r e n t  c o a l s  
were a l s o  determined. 
Furnace System (DTFS) were designed t o  q u a n t i f y  combust ion and g a s i f i c a t i o n  

Tes ts  per formed i n  C-E's s u s p e n s i o n - f i r e d  Drop Tube 

chars f rom a r e a c t i o n  k i n e t i c  s t a n d p o i n t .  

DTFS were computer processed t o  c a l c u l a t e  cha r  combust ion 

c parameters ( a c t i v a t i o n  energy and f requency f a c t o r ) .  
These k i n e t i c  parameters were subsequent ly  used t o  p r e d i c t  combust ion and g a s i f i -  

c a t i o n  performance o f  t h e  s u b j e c t  coa l  chars under s p e c i f i c  c o n d i t i o n s .  

SELECTION OF PARENT COALS 

Coa 
f o l  

s were s e l e c t e d  f o r  g a s i f i c a t i o n  techno 
owing c r i t e r i a :  (1)  t h e y  were f rom coa 

ogy development on t h e  
mines o f  commercial s 

b a s i s  o f  t h e  
g n i  f i cance ; 

1- 4 



' @ (2) they  covered a wide range o f  rank ;  and (3)  t h e y  had c e r t a i n  s p e c i f i c  p r o -  
p e r t i e s  which would be i m p o r t a n t  i n  a g a s i f i c a t i o n  process (mo is tu re  c o n t e n t s ,  
s u l f u r  c o n t e n t s ,  ash f u s i o n  temperatures,  c a k i n g  p r o p e r t i e s ,  e t c . ) .  

The f o u r  c o a l s  s e l e c t e d  f o r  t h i s  purpose a r e  i d e n t i f i e d  i n  Table 1-1. They range 

f rom h i g h  v o l a t i l e  b i t um inous  A c o a l  (hvAb) t o  l i g n i t e  A ( l i g  A )  as f o l l o w s :  (1) 
A h i g h  v o l a t i l e  b i t um inous  coa l  (hvAb) f rom P i t t s b u r g h  No. 8 Seam, D e l t o n  Mine, 
H a r r i s o n  County i n  West V i r g i n i a ;  (2)  A h i g h  v o l a t i l e  b i t um inous  C c o a l  (hvCb) 
f rom I l l i n o i s  No. 6 Seam, Crown I 1  Mine, Macoupin County i n  I l l i n o i s ;  ( 3 )  A 
subbi tuminous C c o a l  (Sub C )  f rom Wyodak Seam, Jacobs Ranch Range Mine, Campbell 
County i n  Wyoming; and (4) A l i g n i t e  A ( L i g  A )  f rom Wi l cox  Seam, M o n t i c e l l o  Mine, 
T i t u s  County i n  Texas. 

To f a c i l i t a t e  t h e i r  i d e n t i f i c a t i o n ,  t hese  c o a l s  have been ass igned t h e  f o l l o w i n g  
codes: psC f o r  t h e  P i t t s b u r g h  No. 8 c o a l ,  f o r  t h e  I l l i n o i s  No. 6 c o a l ,  
f o r  t h e  Jacobs Ranch Range c o a l ,  and - T X L  f o r  t h e  Texas c o a l .  
chars produced i n  t h e  DTFS a r e  i d e n t i f i e d  as PSCC, ILCC, J R C C ,  and K. 

T h e i r  r e s p e c t i v e  
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Table 1-1 

SOURCES AND ASTM RANKS OF COALS 

CODE SEAM M I N E  COUNTY STATE ASTM RANK 
TXL 

w 
I In 

J RC 

W i  1 cox Mon t i c e l l  o T i t u s  Texas L i g n i t e  A ( l i s  A) 

Wyoda k Jacobs Ranch Range Campbell Wyoming Subbituminous C 
Coal (Sub C )  

I LC I l l i n o i s  No. 6 Crown I 1  Macoup i n I 1  1 i n o i  s High V o l a t i l e  C 
Bi tuminous Coal (hvCb) 

PSC P i t t s b u r g h  No. 8 Del t o n  Har r ison  West V i  r g i  n i a  High V o l a t i l e  A 
Bi tuminous Coal (hvAb) 



S e c t i o n  2 

EXPERIMENTAL PROCEDURES 

CHARACTERIZATION OF COAL, ASH, AND CHAR SAMPLES 

ASTM Techniques 

ASTM (American S o c i e t y  f o r  T e s t i n g  M a t e r i a l s )  techniques were used t o  determine 
t h e  p rox ima te ,  u l t i m a t e ,  screen analyses,  H ighe r  H e a t i n g  Values, and Hardgrove 
g r i n d a b i l i t y  i n d i c e s  o f  p a r e n t  c o a l s ,  and coa l  ash f u s i b i l i t y  temperatures and 
composi t ions.  The p rox ima te ,  u l t i m a t e ,  and screen analyses o f  c o a l  cha rs  were 
a l s o  determined by ASTM techniques.  

Spec ia l  Techniques 

Spec ia l  in-house techn iques  were used t o  determine t h e  f o l l o w i n g :  ( 1 )  t h e  Flam- 
m a b i l i t y  I n d i c e s  o f  t h e  p a r e n t  c o a l s ;  (2)  t h e  m ic ro -p rox ima te  analyses,  s p e c i f i c  
po re  s u r f a c e  a eas, and Thermo-Gravimetr ic Analyses o f  s i z e  graded chars.  These 
techniques a r e  b r i e f l y  d e s c r i b e d  i n  t h e  f o l l o w i n g  sub-sect ions.  
and p a r t i c l e  s ze d i s t r i b u t i o n s  o f  t h e  s i z e  graded chars were a l s o  determined 

u s i n g  Scanning E l e c t r o n  Microscopy (SEM) and C o u l t e r  Counter techn iques ,  respec- 
t i v e l y .  

The morphologies 

F l a m m a b i l i t y  Index.  
o b t a i n e d  by r u n n i n g  t e s t s  under a g i v e n  s e t  o f  c o n d i t i o n s  i n  a s p e c i f i c  apparatus.  
B r i e f l y ,  t e s t i n g  i n v o l v e s  f i r i n g  0.2 gram o f  f u e l  ( t y p i c a l l y  100 p e r c e n t  t h r o u g h  
200 mesh) i n  an oxygen atmosphere th rough  a p rehea ted  furnace.  
o f  t h e  fu rnace  i s  i nc reased  i n c r e m e n t a l l y  u n t i l  a po. int  i s  reached where t h e  f u e l  
w i l l  i g n i t e .  T h i s  temperature i s  c a l l e d  t h e  F l a m m a b i l i t y  Index.  The v a l u e  o f  
t h e  F l a m m a b i l i t y  I ndex  compared t o  o t h e r  f u e l s  i n d i c a t e s  t h e  f lame i g n i t i o n  
t e m p e r a t u r e / s t a b i l i t y  on a r e l a t i v e  b a s i s .  
A. 

The F l a m m a b i l i t y  I ndex  i s  a r e l a t i v e  i g n i t i o n  temperature 

The temperature 

T h i s  apparatus i s  d e s c r i b e d  i n  Appendix 

Micro-Prox imate Analyses. 
t h e  m ic ro -p rox ima te  analyses o f  cha rs  a f t e r  i t  had been e s t a b l i s h e d  t h a t  t h i s  

apparatus y i e l d e d  v o l a t i l e  m a t t e r  r e s u l t s  which were v i r t u a l l y  i n d i s t i n g u i s h a b l e  

The P e r k i  n-Elmer TGS-2 Sy!;tem was used t o  de te rm i  ne 
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A 

f rom t h e  co r respond ing  ASTM p rox ima te  analyses. T h i s  method was used t o  save 
DTFS t e s t i n g  t i m e  s i n c e  o n l y  m i l l i g r a m s ,  i n s t e a d  o f  one gram, o f  samples were 
r e q u i r e d  t o  determine t h e i r  p rox ima te  analyses.  

I n  t h i s  t e s t  procedure,  a sample (4-6 mg) i s  purged w i t h  n i t r o g e n  t o  remove 
oxygen t r a c e s .  The m o i s t u r e  l o s s  i s  o b t a i n e d  by h e a t i n g  i n  an i n e r t  atmosphere 
( n i t r o g e n )  t o  105OC and h o l d i n g  f o r  t h r e e  minutes.  Subsequent ly,  t h e  sample i s  
heated a t  100°C/min t o  95OOC and h e l d  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 i a t i l e  m a t t e r .  
s w i t c h i n g  v a l v e  i s  used t o  i n t r o d u c e  oxygen f o r  t h e  combust ion o f  f i x e d  carbon a t  
t h i s  temperature.  A sample p l o t  o f  t h i s  
a n a l y s i s  i s  shown i n  F i g u r e  2-1. The TGS-2 equipment used f o r  t h i s  a n a l y s i s  i s  
d e s c r i b e d  i n  Appendix A. 

A f t e r  t h i s ,  t h e  temperature i s  lowered t o  75OoC and a 

The r e s i d u e  rep resen ts  t h e  ash con ten t .  

S p e c i f i c  Sur face Areas. The p r i n c i p l e  o f  p h y s i c a l  a b s o r p t i o n  o f  gases i s  used t o  

determine s p e c i f i c  s u r f a c e  areas o f  t h e  s o l i d  f u e l s .  Data o b t a i n e d  f rom n i t r o g e n  
and carbon d i o x i d e  a d s o r p t i o n s  a t  77 and 298OK, r e s p e c t i v e l y ,  i n  t h e  Quantasorb 
Sur face Area Analyzer  (manufactured by Quantachrome Corpo ra t i on )  a r e  used i n  
c o n j u n c t i o n  w i t h  t h e  Brunauer,  Emmett, and T e l l e r  (BET), and Dubinin-Kaganer 
Equat ions (1,  - -  2) t o  determine t h e  BET (Np) and C02 s p e c i f i c  s u r f a c e  areas o f  
s u b j e c t  f u e l s .  The Sur face Area Analyzer  i s  d e s c r i b e d  i n  Appendix A. 

he 

Thermo-Gravimetr ic Analyses. 
cha r  combust ion and g a s i f i c a t i o n  r e a c t i v i t i e s  under i so the rma l  c o n d i t i o n s .  A 4-6 
mg sample i s  p l a c e d  i n  t h e  TGS-2 System and heated i n  t h e  presence o f  n i t r o g e n  a t  
20°C/min t o  t h e  r e a c t i v i t y  temperature (7OOOC f o r  combust ion and 95OOC f o r  g a s i f i -  
c a t i o n ) .  
combust ion and carbon d i o x i d e  f o r  g a s i f i c a t i o n )  i s  i n t roduced .  The p e r c e n t  
w e i g h t  o f  t h e  unburned o r  u n g a s i f i e d  cha r  and r a t e  o f  we igh t  l o s s  a r e  reco rded  on 
a s t r i p  c h a r t  as a f u n c t i o n  o f  t ime .  These thermo-grams ( F i g u r e  2-2) a r e  subse- 
q u e n t l y  used t o  determine t h e  cha r  combust ion o r  g a s i f i c a t i o n  e f f i c i e n c y  h i s t o r y  
and r e a c t i v i t y  parameter (which i n d i c a t e s  t h e  maximum r a t e  o f  w e i g h t  l o s s  p e r  
u n i t  w e i g h t  o f  t h e  o r i g i n a l  sample i n  t h e  TGS-2 System). 

The Perk in-Elmer TGS-2 System i s  used t o  determ ne 

A f t e r  s t a b i l i z a t i o n  a t  t h i s  temperature,  t h e  r e a c t i o n  medium ( a i r  f o r  

COMBUSTION, GASIFICATION, AND PYROLYSIS OF S I Z E  GRADED COALS AND CHARS I N  THE 
ACE SYSTEM (DTFS) DROP TUBE FUR 

T e s t  M a t r i  x 

The DTFS t e s t  
hvCb , Wyoming 

ng o f  f o u r  c o a l s  ( P i t t s b u r g h  No. 8 Seam hvAb, I l l i n o i s  No. 6 Seam 

Jacobs Ranch Range Sub C, and M o n t i c e l l o  l i g n i t e  A )  and chars p re -  
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pared  t h e r e f r o m  was designed t o  s tudy  t h e  e f f e c t s  o f  v a r i o u s  o p e r a t i o n a l  para-  
meters on t h e i r  combust ion,  g a s i f i c a t i o n ,  and p y r o l y s i s  c h a r a c t e r i s t i c s .  

I 
Combustion was s t u d i e d  as a f u n c t i o n  o f  oxygen c o n c e n t r a t i o n  (1-5% O2 i n  n i t r o g e n  
balance)  and gas temperature (180O-265O0F). 
t i o n  o f  carbon d i o x i d e  c o n c e n t r a t i o n  (15-60% i n  n i t r o g e n  balance) ,  gas tempera- 
t u r e  (2000-2650°F), p a r t i c l e  s i z e  (200 x 400 mesh and -400 mesh), and g a s i f i c a t i o n  
medium (carbon d i o x i d e  and steam). 
a t  gas temperatures o f  265OOF and 17OO0F, r e s p e c t i v e l y .  
summarized i n  t h e  m a t r i x  shown i n  Table 2-1. 

G a s i f i c a t i o n  was s t u d i e d  as a func-  

P y r o l y s i s  was s t u d i e d  i n  n i t r o g e n  and he l i um 
T e s t  c o n d i t i o n s  a r e  

Char P r e p a r a t i o n  

A l l  t h e  c o a l  cha rs  were p repared  i n  t h e  DTFS under s t r i c t l y  s i m i l a r  c o n d i t i o n s  so 

t h a t  d i f f e r e n c e s  i n  t h e i r  p h y s i c a 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 r e n c e s  i n  t h e  n a t u r e  o f  t h e i r  p a r e n t  coa ls .  

The p r e p a r a t i o n  procedure i n v o l v e d  t h e  f o l l o w i n g .  P u l v e r i z e d  coa l  was s i z e  
graded t o  200 x 400 mesh. The unders i ze  p a r t i c l e s  (-400) mesh were d i sca rded .  
However, a l l  t h e  o v e r s i z e  (+200 mesh) p a r t i c l e s  were ground and s i z e  graded t o  
200 x 400 mesh; t h i s  f r a c t i o n  was added t o  t h e  f i r s t  f r a c t i o n .  T h i s  procedure 
enhanced t h e  degree o f  r e p r e s e n t a t i v e n e s s  o f  t h e  coa l  i n  t h e  200 x 400 mesh 
f r a c t i o n .  

The 200 x 400 mesh c o a l  was hea t  t r e a t e d  i n  t h e  OTFS i n  t h e  presence o f  h e l i u m  
under t h e  f o l l o w i n g  c o n d i t i o n s :  (1) coa l  f eed  r a t e  = 1 g/min, (2)  h e l i u m  f l o w  
r a t e  = 1 6 U m i n ;  ( 3 )  r e a c t i o n  zone l e n g t h  = 16 inches (40.6 cm); and (4)  tem- 

p e r a t u r e  = 2650OF. 
o f  t h e  o r d e r  o f  l o 4  OC/sec. 
o f  exper iments.  The r e s u l t i n g  cha r  was s i z e  graded t o  200 x 400 mesh. The 
o v e r s i z e  p a r t i c l e s  ( e s p e c i a l l y  i m p o r t a n t  f o r  agg lomera t i ng  c o a l s )  were ground and 
s i z e  graded t o  200 x 400 mesh. 
The u n d e r s i z e  p a r t i c l e s  (-400 mesh) were saved, and t h i s  p a r t i c u l a r  s i z e  f r a c t i o n  
was subsequent ly  used t o  s tudy  t h e  e f f e c t  o f  p a r t i c l e  s i z e  on t h e  cha r  g a s i f i -  
c a t  i on e f f i c i ency . 

The p a r t i c l e  h e a t i n g  r a t e  under t h e  p r e v a i l i n g  c o n d i t i o n s  was 
S u f f i c i e n t  c h a r  was made t o  p e r f o r m  a g i v e n  number 

T h i s  f r a c t i o n  was added t o  t h e  f i r s t  s i z e  c u t .  

~ 
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Table 2-1 

TEST PIATRIX FOR DROP TUBE FURNACE SYSTEM (DTFS) EVALUATION OF COALS AN0 CHARS 

Gas 
Reaction Medium Temp. 

( V O l .  I )  ( O F )  
Study Size Grades 

(Mesh) Fuel Test No. 

P i t tsburgh 
No. 8 Coal (PSC) 

Pi t tsburgh Seam 
Coal Chars 
(PSCC) Prepared 
i n  the DTFS 

PSC-I -1 
PSC- I - 5 

PSC-IA-1 

PSC-I 1-5 

PSCC-1-1 
PSCC-1-3 
PSCC-1-5 

PSCC- 11-5 
PSCC-111-5 

PSCC-IV-5 

PSCC-VA-5 
PSCC-VB-5 
PSCC-vc-5 

PSCC-VI-3 
PSCC-VI-4 

PSCC-VII-5 

PSCC-VI 11-5 

PSCC-I x-3 
PSCC-IX-5 

200 x 400 
200 x 400 

200 x 400 

200 x 400 

200 x 400 
200 x 400 
200 x 400 

200 x 400 
200 x 400 

200 x 400 

200 x 400 
200 x 400 
200 x 400 

200 x 400 
200 x 400 

-4003 

-4004 

200 x 400 
200 x 400 

Canbustion 
Combustion 

Pyro lys is  

Pyro lys is  

Combustion 
Combustion 
Combustion 

Combus t i on 
Combustion 

Pyro lys is  

Gasi f icat ion 
Gas i f  i c a t i o n  
Gas i f i ca t ion  

Gasi f icat ion 
Gasi f icat ion 

Gasi f icat ion 

Gasi f icat ion 

Gas i f  i ca t i on  
Gasi f icat ion 

3% 0 197% N 
3% 0:197% N: 

He1 ium' 

Nitrogen' 

3% 0 /97% N 
3% 3% 0'197% 0:197% N2 N: 

1% 0 199% N 
5% 0;195% N; 

Nitrogen' 

' 
ILC-1-1 200 x 400 Combustion 3% 0 /97% N 1800 
ILC-1-5 200 x 400 Canbustion 3% 0:/97% N: 2650 

I l l i n o i s  No. 6 
Coal (ILC) ILC- IA-1 200 x 400 Pyro lys is  He1 iuml 1700 

15% CO /85% N 
30% C02170% N2 
60% C0:/40% N: 

30% CO /7W N 
30% CO:/70% N: 

30% CO2/7O% N2 

30% C02/70%N2 

30% H 0170% N 
30% H%0/70% N: 

1800 
2650 

1700 

2650 

1800 
2200 
2650 

2650 
2650 

2650 

2650 
2650 
2650 

2200 
2450 

2650 

2200 

2200 
2650 

ILC-I 1-5 200 x 400 Pyro lys is  Nitrogen' 2650 

I LCC-1-1 200 x 400 Combustion 3% 0 197% N 1800 
ILCC-1-3 200 x 400 Combus t ion  3% 02/97% N2 2200 

200 x 400 Canbustion 3% Oi/97% N i  2650 
t 

I l l i n o i s  No. 6 ILCC-1-5 
Coal Char 
(ILCC) ILCC-I 1-3 200 x 400 Gasi f icat ion 30% CO /70% N 2200 
Prepared i n  ILCC-11-4 200 x 400 Gasi f icat ion 30% C02/70X N2 2450 
the  OTFS ILCC-I 1-5 200 x 400 Gasi f icat ion 30% C0:/70% N: 2650 

I I I LCC-I 11-5 - 4 0 0 ~  Gas i f i ca t i on  30% CO,/70% N, 2650 

JRC- I - 1 200 x 400 Combusti on 3% 0 197% N 1800 
JRC- I - 5 200 x 400 Combustion 3% 0:/97% N: 2650 

JRC-IA-1 200 x 400 Pyrol ys  i s He1 iuml 1700 

JRC-I 1-5 200 x 400 Pyro lys is  NI  trogen' 2650 

I 
Jacobs Ranch 
Range Coal 
(JRC) 

_L 
J R C C - I -  1 200 x 400 Canbus t i o n  3% 0 197% N 
JRCC-I  -3 200 x 400 Combus t i o n  3% 02/97% N2 
JRCC-I -5 200 x 400 Canbus t ion  3% 0;197% N i  

1800 
2200 
2650 

Jacobs Ranch JRCC- 11-2 200 x 400 Gasi f icat ion 30% CO /70% N 2000 
Range Coal Chars JRCC-11-3 200 x 400 Gas i f i ca t i on  30% C02/70% N2 2200 
(JRCC) JRCC-I 1-4 200 x 400 Gas i f i ca t i on  30% CO2/7O% N2 2450 
Prepared i n  JRCC- I 1-5 200 x 400 Gas i f i ca t i on  30% C0:/70% N: 2650 
the DTFS 

JRC-I 11-5 -4003 Gas i f i ca t i on  30% C02/97% N2 2650 

JRCC-IV-5 200 x 400 Gasi f icat ion 30% H:0170% N: 2650 
JRCC-IV-3 200 x 400 Gas i f i ca t i on  30% H 0170% N 2200 

1 TXL-1-5 200 x 400 Canbus t i on 3% 02/97% N2 2650 
Texas L l g n i t e  
I T X L  TXL-I 1-5 200 x 400 Pyro lys is  Nitrogen' 2650 

TXLC- 1-5 200 x 400 Combustion 3% 02/97% N2 2650 T 
Texas L i g n i t e  

the OTFS TXLC- I I -  5 200 x 400 Gasi f icat ion 30% C0:/70% N: 2650 
1. 
2. 
3 .  
4 .  

Char (TXLC) TXLC- I 1-2 200 x 400 Gasi f icat ion 30% CO /70% N 2000 
Prepared i n  TXLC- I I - 3 200 x 400 Gasi f icat ion 30% C02/70% N2 2200 

Samples obtained for Advanced Fuel Research. East Hartford, CT. 
To determine p a r t i c l e  s i r e  change during coal pyro lys is .  
Samples obtained by gr ind ing a po r t i on  o f  200 x 400 mesh =. 
Samples obtained by s ize grading the whole chars. 
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Sampling and A n a l y s i s  

The DTFS t e s t i n g  procedure e n t a i l e d  t h e  f o l l o w i n g :  ( I )  f eed  t h e  f u e l  a t  a p re -  
c i s e l y  known r a t e  ( i n  t h e  0.055 - 0.095 g/min range) th rough  a wa te r -coo led  i n -  

j e c t o r  i n t o  t h e  t e s t  f u rnace  r e a c t i o n  zone; (2)  a l l o w  t h e  f u e l  and i t s  t r a n s p o r t  
gas (ca.  150 cm /min) t o  r a p i d l y  mix  w i t h  a pre-heated down-f lowing secondary gas 
stream (12-16 R/min); (3)  a l l o w  combust ion,  g a s i f i c a t i o n ,  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 e d  t i m e  ( d i c t a t e d  by t h e  t r a n s i t  d i s t a n c e ) ;  (4 )  quench t h e  
r e a c t i o n s  by a s p i r a t i n g  t h e  p roduc ts  i n  a wa te r -coo led  sampl ing probe;  ( 5 )  sepa- 
r a t e  t h e  s o l i d s  f rom t h e  gaseous p roduc ts  i n  a f i l t e r  medium; and (6)  determine 
o n - l i n e  t h e  NOX, 02,  C02, and CO c o n c e n t r a t i o n s  i n  t h e  e f f l u e n t  gas stream. 
p a r t i c l e  h e a t i n g  and c o o l i n g  r a t e s  i n  t h e  DTFS a r e  o f  t h e  o r d e r  o f  l o 4  'C/sec. 
T h i s  i s  c o n s i s t e n t  w i t h  t h e  f i n d i n g s  o f  o t h e r  research  teams employ ing s i m i l a r  
r e a c t o r s  (12, _ -  13). 

3 

The 

The DTFS i s  desc r ibed  i n  Appendix A.  

The da ta  o b t a i n e d  f rom t h i s  s tudy  were processed by a computer program developed 
b y  Combustion Engineer ing,  I n c .  
d e s c r i b e d  i n  S e c t i o n  3. 

The da ta  r e d u c t i o n  techniques used a r e  b r i e f l y  
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S e c t i o n  3 

DROP TUBE FURNACE SYSTEM DATA REDUCTION PROGRAM 

The s a l i e n t  f e a t u r e s  o f  t h i s  program a r e  (1) c a l c u l a t e  t h e  res idence  t i m e  o f  f u e l  
p a r t i c l e s  as t h e y  f l o w  down t h e  DTFS r e a c t i o n  zone t a k i n g  i n t o  account  t h e  reac-  
t a n 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  (E, 5); (2 )  c a l c u l a t e  
t h e  combust ion o r  p y r o l y s i s  e f f i c i e n c y  by ash t r a c e r  method and g a s i f i c a t i o n  
e f f i c i e n c y  by CO c o n c e n t r a t i o n  method; and ( 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 f requency f a c t o r )  f o r  cha r  combust ion 
and g a s i f i c a t i o n .  An e x i s t i n g  Combustion Eng ineer ing  ( C - E )  da ta  r e d u c t i o n  computer 
program accompl ishes a l l  t h r e e  tasks .  The c a l c u l a t i o n  methods used here a r e  
b r i e f l y  d e s c r i b e d  b e l  ow. 

ASH TRACER METHOD 

T h i s  method i s  p r e d i c a t e d  on t h e  assumption t h a t  t h e  ash does n o t  undergo appre- 
c i a b l e  changes d u r i n g  c o a l  combust ion o r  p y r o l y s i s .  As such, t h e  combust ion o r  
p y r o l y s i s  e f f i c i e n c y  (q) can be c a l c u l a t e d  f rom t h e  va lues o f  t h e  ash con ten ts  i n  

t h e  feed  sample and p a r t i a l l y  r e a c t e d  cha r  ( c o l l e c t e d  a t  a g i v e n  DTFS r e a c t i o n  
zone p o s i t i o n ) .  T h i s  method i s  expressed i n  mathematical  form (12, - -  16) as f o l l o w s :  

where A and A '  a r e  t h e  p e r c e n t  ash con ten ts  ( d r y  b a s i s )  o f  t h e  feed  sample and 
p a r t i a l l y  r e a c t e d  char ,  r e s p e c t i v e l y .  

0 

CARBON MONOXIDE CONCENTRATION METHOD 

The DTFS cha r  g a s i f i c a t i o n  e f f i c i e n c i e s  were g e n e r a l l y  low compared w i t h  t h e i r  
combust ion e f f i c i e n c i e s .  
c e n t r a t i o n s  i n  t h e  e f f l u e n t  gas stream t o  determine a l l  t h e  cha r  g a s i f i c a t i o n  
e f f i c i e n c i e s  i n  t h i s  s tudy.  It was d i f f i c u l t  t o  d i s c e r n  sma l l  d i f f e r e n c e s  i n  ash 
con ten ts  (ash t r a c e r )  b u t  smal l  c o n c e n t r a t i o n s  o f  CO c o u l d  be measured w i t h  h i g h  
r e s o l u t i o n s  u s i n g  I n f r a r e d  I n d u s t r i e s '  CO Ana lyze r  Model 703-021. 

There fo re ,  i t  was dec ided  t o  use t h e  va lues  o f  CO con- 
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T h i s  method i s  based on t h e  f o l l o w i n g  formula:  

c + co2 = 2 co ( 3 - 2 )  

which i n d i c a t e s  t h a t  one mole o f  carbon i n  t h e  cha r  r e a c t s  w i t h  one mole o f  
carbon d i o x i d e  t o  produce two moles o f  carbon monoxide. Based on Eq. (3-2) one 
can c a l c u l a t e  t h e  cha r  g a s i f i c a t i o n  e f f i c i e n c y  (q) as f o l l o w s :  

q = (V/Vo)[(1/2>(CO)l/[li l C/12] (3-3) 

where V i s  t h e  v o l u m e t r i c  f l o w  r a t e  o f  t h e  r e a c t a n t  gas ( c o r r e c t e d  t o  STP), Vo  i s  
t h e  STP volume occupied by one mole o f  an i d e a l  gas, (CO) i s  t h e  CO c o n c e n t r a t i o n  
i n  volume p e r c e n t ,  i s  t h e  mass feed  r a t e  o f  cha r ,  and C i s  t h e  percentage o f  
carbon i n  t h e  char .  

CHAR COMBUSTION AND GASIFICATION KINETICS 

The d e t a i l s  o f  t h i s  c a l c u l a t i o n  a r e  g i v e n  i n  Appendix B. 
r e a c t i o n  r a t e  c o e f f i c i e n t  ( K )  was determined as f o l l o w s  (10, _ _  11): 

B r i e f l y ,  t h e  o v e r a l l  

(3-4) 9 
K = q/P 

where q i s  t h e  r a t e  o f  removal o f  carbon p e r  u n i t  e x t e r n a l  s u r f a c e  ( g  cm-2sec-1) 
and P i s  t h e  r e a c t a n t  gas (oxygen o r  carbon d i o x i d e )  p a r t i a l  p ressu re  i n  t h e  

9 
f r e e  stream. It was determined f rom 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 h e  feed  and 
p a r t i a l l y  r e a c t e d  cha rs  t h a t  b o t h  combust ion and g a s i f i c a t i o n  r e a c t i o n s  proceeded 
p r i n c i p a l l y  b y  a s h r i n k i n g  c o r e  mechanism. 
o f  t h i s  assumption. 

Hence, q was c a l c u l a t e d  on t h e  b a s i s  

The d i f f u s i o n a l  r e a c t i o n  r a t e  c o e f f i c i e n t  (KDIFF) i s  g i v e n  by (9, - - -  1 0 ,  1 1 )  

K~~~~ = 24 0 D/$ R T (3-5) 

where D denotes t h e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  r e a c t a n t  (02 o r  CO,) t h rough  t h e  

c a r r i e r  (NE) a t  temperature T, T i s  t h e  temperature o f  gas i n  t h e  boundary l a y e r  
around t h e  p a r t i c l e  ( O K ) ,  x i s  t h e  mean we igh t  p a r t i c l e  s i z e  (cm), R i s  t h e  u n i -  
v e r s a l  gas c o n s t a n t  (82.06 atm. cm3 mole-’ O K - ’ ) ,  and 0 i s  a mechanism f a c t o r .  
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The s u r f a c e  r e a c t i o n  r a t e  c o e f f i c i e n t  ( K S )  was determined f rom t h e  o v e r a l l  d i f -  
f i s i o n a l  r e a c t i o n  r a t e  c o e f f i c i e n t s  Eqs. (3-4) and (3-5) as f o l l o w s  (E, 11) 

1/K = l/KDIFF + l / K S  (3-6) 

A rearrangement o f  Eq. (3-6) y i e l d e d  

The Ar rhen ius  Equa t ion  was used i n  c o n j u n c t i o n  w i t h  Eq.  (3-7) t o  determine t h e  
apparent  a c t i v a t i o n  energy ( E )  and f requency f a c t o r  ( A )  f o r  char  combust ion o r  
g a s i f i c a t i o n  i n  t h e  temperature ranges s t u d i e d  (180O-265O0F f o r  combust ion and 
200O-265O0F f o r  g a s i f i c a t i o n ) .  That  i s ,  

KS = A exp (-E/RT) (3-8)  

where R i s  t h e  u n i v e r s a l  gas c o n s t a n t  (1.986 cal/deg.'Kmole) and T i s  r e a c t i o n  
temperature i n  degrees K e l v i n .  The va lues o f  E and A were determined f rom 

t h e  s lopes and i n t e r c e p t s  o f  t h e  l e a s t  squares f i t s  o f  t h e  I n  KS vs.  1/T p l o t s .  
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S e c t i o n  4 

RESULTS 

CHARACTERISTICS OF COAL, CHAR, AND ASH SAMPLES 

Coal Analyses 

Analyses and r a n k i n g  o f  t h e  as - rece ived  coa l  samples a r e  p resen ted  i n  Table 4-1. 
The f u e l s  ranged i n  r a n k  f r o m  t h e  P i t t s b u r g h  No. 8 h i g h  v o l a t i l e  A b i t um inous  
c o a l  t o  t h e  Texas l i g n i t e .  Proximate analyses and H igher  Hea t ing  Values a re  con- 
s i s t e n t  w i t h  t h e  rank ings  o f  these f u e l s .  
which each c o a l  was se lec ted :  (1) low m o i s t u r e ,  h i g h  s u l f u r  and H igher  H e a t i n g  
Value, and c a k i n g  p r o p e r t i e s  f o r  P i t t s b u r g h  No. 8 hvAb c o a l ;  (2)  medium m o i s t u r e  
and H igher  H e a t i n g  Value, h i g h  s u l f u r ,  and non-caking p r o p e r t i e s  f o r  I l l i n o i s  No. 
6 hvCb coa ; (3)  h i g h  m o i s t u r e ,  l o w  s u l f u r  and H igher  H e a t i n g  Value f o r  Wyoming 
Sub C ;  and (4)  h i g h  m o i s t u r e ,  ash, and ash f u s i o n  temperature,  and low H igher  

H e a t i n g  Va ue f o r  Texas L i g n i t e .  

Table 4-1 d e p i c t s  t h e  c r i t e r i a  on 

The Hardgrove g r i n d a b i l i t y  i n d i c e s  o f  these c o a l s  (49-64) i n d i c a t e  t h a t  p u l v e r i -  
z a t i o n  o f  a l l  t h e  f u e l s  f a l l  w i t h i n  t y p i c a l l y  encountered commercial ranges and 
t h a t  no problems r e g a r d i n g  t h e  ease o f  p u l v e r i z a t i o n  shou ld  be encountered. 

F1 ammabi 1 i ty  I n d i c e s  

The F l a m m a b i l i t y  I n d i c e s  (900-1010OF) a r e  i n  t h e  range t y p i c a l l y  encountered f o r  

f u e l s  o f  t hese  ranks ( l i g n i t e  t o  h i g h  v o l a t i l e  b i t um inous ) .  I n  f a c t ,  some b i t u -  
minous c o a l s  have e x h i b i t e d  F l a m m a b i l i t y  I n d i c e s  as h i g h  as 12OOOF. 
a n t h r a c i t e s  can have F l a m m a b i l i t y  I n d i c e s  o f  as h i g h  as 1700OF. 
f o u r  f u e l s  t e s t e d  i n d i c a t e  t h a t  t h e y  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  turndown/ 
f lame s t a b i l i t y  shou ld  n o t  be a problem. 

Fo r  r e f e r e n c e ,  
R e s u l t s  o f  t h e  

Ash Analyses 

Ash f u s i b i l i t y  temperatures and composi t ions a r e  a l s o  p resen ted  i n  Tab le  4-1. 
Analyses o f  t h e  P i t t s b u r g h  and I l l i n o i s  c o a l s  ashes a r e  t y p i c a l  o f  "Eastern"  c o a l  
ashes ( t h e  Fe203 c o n t e n t  b e i n g  g r e a t e r  t h a n  t h e  sum o f  t h e  a l k a l i  and a l k a l i n e  
e a r t h  con ten ts )  w h i l e  t h e  Wyoming and Texas c o a l  ashes a r e  t y p i c a l  o f  "Western" 

ashes ( t h e  sum o f  t h e  a l k a l i  and a l k a l i n e  e a r t h  con ten ts  b e i n g  h i g h e r  t h a n  t h e  
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Table 4-1 

ANALYSES OF PARENT COALS 

P i t t s b u r q h  No. 8 Texas Wyoming I l l i n o i s  No. 6 
( M o n t i c e l l o )  (Jacobs Ranch Ranqe) (Freeman) (Del t o n )  

Ana lys is  L i q n i t e  A Sub C hvCb hvAb 

As Dry-Ash- As Ory-Ash- As Dry-Ash- As Ory-Ash- 
Received Free Received Free Received Free Received Free 

Proximate, Ut.  Percent 
Mo is tu re  ( T o t a l )  29.3 
V o l a t l l e  M a t t e r  30.0 
F ixed Carbon 25.5 
Ash 15.2 
Tota l  m 

Ul t imate ,  Ut .  Percent 
Mo is tu re  ( T o t a l )  29.3 
Hydrogen 3.2 
Carbon 39.4 
S u l f u r  1.0 
N i t r o g e n  0.7 
Oxygen ( O i f f . )  11.2 
Ash 15.2 
Tota l  m 

Higher Heat ing Value. 

Ash Loading, lbs/mn 

B t u / l  b 6920 

Btu  21.9 

F l a m b i l i t y  Index, OF 930 

Ha rdgrove G r  i nda b i  1 i ty 
Index 64 

Ash F u s i b i l i t v  (Red. 
Atm.), OF 
I . T .  
S.T. 

2200 
2290 

H.T. 2450 
F.T. 2490 
A T  (F.T.-I.T.) 290 

Ash Composition, 
Ut.  Percent 

A1203 
Fe203 

sioz 

CaO 

Na20 

K20 
T i O Z  

so3 
Tota l  

52.4 
17.2 

3.5 
11.6 

1.7 
0.7 
0.2 
2.5 

10.8 
100.0 

28.0 
32.2 
34.2 

5.6 m 
28.0 

3.5 
49.3 

0.4 
0.8 

12.4 
5.6 m 

8525 

6.6 

900 

49 

2070 
2110 
21 70 
2240 

170 

32.8 
15.4 

5.8 
26.1 
4.7 
2.1 

0.3 
1 .1  

11.6 
100.0 

19.4 
31.3 
40.4 
8.9 m 

19.4 
3.6 

53.0 
3.0 
1 .o 

11.1 
8.9 

100.0 

9380 

9.5 

1010 

58 

1980 
2040 
221 0 
2260 

280 

56.0 
16.8 
15.0 

3.4 
0.9 
0.4 
1.4 
0.8 
4.0 

100.0 

0.8 
38.1 
52.6 
8 .5  m 
0.8 
5.1 

75.9 
2.5 
1.4 
5.8 
8.5 

100.0 

13655 

6.2 

990 

63 

2060 
21 90 
2270 
2350 

290 

45.6 
19.4 
25.6 

2.0 
0.7 
0.8 
1 .o 
1.2 
2.5 
100.0 
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@ Fe203 c o n t e n t ) .  Each o f  t h e  f u e l s ,  w i t h  t h e  e x c e p t i o n  o f  t h e  Texas l i g n i t e ,  has a 
r e l a t i v e l y  low ash f u s i b i l i t y  temperature.  The I l l i n o i s  c o a l  ash has a moderate ly  
h i g h  i r o n  c o n t e n t  (15% Fe2G3) w h i l e  t h e  P i t t s b u r g h  coa l  ash has a v e r y  h i g h  i r o n  
c o n t e n t  (26% Fe203). 
Na20) and r e l a t i v e l y  h i g h  c a l c i u m  c o n t e n t  (26% CaO). 
l a r g e l y  r e s p o n s i b l e  f o r  t h e  r e l a t i v e l y  low ash f u s i b i l i t y  temperatures.  

The Wyoming coa l  ash has a moderate sodium c o n t e n t  (2.1% 
These f e a t u r e s  a r e  p robab ly  

Char C h a r a c t e r i s t i c s  

Analyses. 
Table 4-2 a long  w i t h  those o f  t h e  200 x 400 mesh a i r - d r i e d  s i z e  f r a c t i o n s  o f  
t h e i r  co r respond ing  p a r e n t  c o a l s .  
samples were used i n  c o n j u n c t i o n  w i t h  those o f  p a r t i a l l y  r e a c t e d  cha rs  t o  d e t e r -  
mine combust ion,  g a s i f i c a t i o n ,  and p y r o l y s i s  e f f i c i e n c i e s ,  and carbon mass balance 
i n  t h e  Drop Tube Furnace System. 

Prox imate and u l t i m a t e  analyses o f  t h e  s i z e  graded chars a r e  g i v e n  i n  

Proximate and u l t i m a t e  analyses o f  t h e  feed  

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 .  
s i z e  d i s t r i b u t i o n s  o f  t h e  feed  samples. Dry s i e v e  a n a l y s i s  was used f o r  t h e  200 
x 400 mesh s i z e  f r a c t i o n s ,  and C o u l t e r  coun te r  was used f o r  -400 mesh s i z e  f r a c -  
t i o n s .  These d a t a  were analyzed by t h e  Rosin-Rammler method (17) - t o  determine 
t h e  f i neness  f a c t o r  ( X I ) ,  d i s p e r s i o n  f a c t o r  (n ) ,  and mean w e i g h t  p a r t i c l e  s i z e  

(k) o f  a l l  t h e  samples. 
200 x 400 mesh s i z e  c u t s  o f  t h e  p a r e n t  c o a l s .  

Two methods were used t o  determine t h e  p a r t i c l e  

Resu l t s  a r e  g i v e n  i n  Table 4-3 a long  w i t h  those  from t h e  

Table 4-3 shows t h a t  

50-55 pm range. 
t a i n e d  from g r i n d i n g  a p o r t i o n  o f  200 x 400 mesh i s  32% s m a l l e r  t h a n  t h a t  o f  t h e  
-400 mesh f r a c t i o n  o b t a i n e d  f rom s i z e  g r a d i n g  t h e  whole PSC cha r  (13 vs. 19pm). 
T h i s  f i n d i n g  i n d i c a t e s  t h a t  g r i n d i n g  t h e  cha rs  c r e a t e d  s m a l l e r  p a r t i c l e s  t h a n  
those  f rom -400 mesh o b t a i n e d  f rom s i z e  g r a d i n g  o f  char .  

f o r  t h e  200 x 400 mesh coa l  and char  samples a r e  i n  t h e  
I t  i s  i m p o r t a n t  t o  no te  t h a t  k f o r  t h e  -400 mesh f r a c t i o n  ob- 

Pore Sur face Areas. 
graded chars a r e  p resen ted  i n  Table 4-4. 
w i t h  dec reas ing  rank  o f  t h e  p a r e n t  c o a l .  

2 mesh samples i n c r e a s e  f rom 13 t o  213 m /g (d ry -ash - f ree  b a s i s )  as t h e  p a r e n t  coa l  
ranks decrease f rom P i t t s b u r g h  hvAb c o a l  t o  Texas l i g n i t e .  The co r respond ing  
i n c r e a s e  i n  t h e  C02 s u r f a c e  a rea  i s  i n  t h e  same range (13-200 m /g). 

The BET (N2) and COP s p e c i f i c  po re  s u r f a c e  areas o f  t h e  s i z e  
Bo th  o f  t hese  s u r f a c e  areas i n c r e a s e  
The BET s u r f a c e  areas o f  t h e  200 x 400 

2 
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Table 4-2 

PROXIMATE AND ULTIMATE ANALYSES OF SIZE GRADED COALS AND CHARS 

P 
I 
P 

Texas Mymi ng I l l i n o i s  No. 6 P i t t sbu rgh  No. 8 
(Mont ice l  l o )  (Jacobs Ranch Range) (Freeman) (Del ton)  
L i g n i t e  A Sub C hvCb hvAb 

Ana lys is  200x400 200x400 200~400  200~400 -400 200~400 200x400 -400 200x400 200x400 -400 -400 
Mesh Mesh Mesh Mesh Meshl Mesh Mesh Mesh Mesh Mesh Mesh Mesh 
Coal Char Coal Char Char Coal Char Char' Coal Char Char' Char' 

Proximate, Ut.  Percent 
Moi s t u r e  
V o l a t i l e  H a t t e r  
F ixed Carbon 
Ash 
Tota l  

U l t imate ,  Ut.  Percent 
Mo is tu re  
Hydrogen 
Carbon 
S u l f u r  
N i t rogen 
Oxygen ( D i  f f ) 
Ash 
Tota l  

6.0 0.1 
39.8 4.1 
35.5 59.8 
18.7 36.0 

100.0 100.0 
- 

6.0 0.1 
4.2 0.2 

58.7 61.6 
1.4 1.4 
0.1 0.5 

10.9 0.2 
18.7 36.0 

100.0 100.0 

5.4 
41.3 
47.4 
5.9 
100.0 

5.4 
4.8 

62.0 
0.6 
0.9 

19.5 

100.0 
6.8 

0.7 0.5 4.0 '0 .6  
4.6 7.0 37.6 2.7 

83.3 80.3 50.2 82.3 
11.4 12.2 8.2 14.4 

100.0 100.0 100.0 100.0 
- - - -  

0.7 0.5 4.0 0.6 
0.3 0.3 4.5 0.5 

76.9 79.6 64.3 76.9 
0.5 0.6 3.1 2.1 
0.5 0.5 1.2 0.9 
9.7 6.3 14.7 4.6 
- - - -  11.4 12.2 8.2 14.4 
100.0 100.0 100.0 100.0 

0.5 1.2 0.3 0.4 0.2 
3.9 39.3 1.4 1.7 1.1 

80.0 51.8 84.2 83.7 89.9 
15.6 7.7 14.1 14.2 8.8 

100.0 100.0 100.0 100.0 100.0 
- - - - -  

0.5 1.2 0.3 0.4 0.2 
0.2 5.3 0.3 0.3 0.2 

76.0 74.5 82.1 82.0 88.2 
1.7 1.7 2.1 2.9 1.6 

0.7 1.4 0.9 1.1 0.7 
4.9 7.0 0.7 0.3 0.2 

15.6 7.7 14.1 14.2 8.8 
100.0 100.0 100.0 100.0 100.0 
- - - - ~  

1. 

2. 

Samples ob ta ined by g r i n d i n g  p o r t i o n s  o f  200 x 400 mesh chars. 

Samples ob ta ined by s i z e  grad ing  the  whole chars. 



Table 4-3 

PARTICLE S I Z E  OISTRIBUTIONS FOR S I Z E  GRADE0 COALS AN0 CHARS 

(a) Dry-Sieve Analyses on 200 x 400 Mesh Samples 

Cumulative Weight Percent Greater Than X 

Texas Wyaning I l l i n o i s  No. 6 Pittsburgh (Del ton) No. 8 
Sieve ( k n t i c e l l o )  (Jacobs Ranch Range) (Freeman) 

Openin X, L ign i te  Sub C hvCb hvAb 
( vmS ' 

Coal Char Coal Char Coal Char Coal Char 

75 
63 
53 
44 
38 

1.7 0.6 0.3 0.0 0.3 0.3 0.6 0.8 
16.9 4.1 16.1 4.2 
41.2 25.4 51.6 27.0 
88.0 81.3 73.1 56.7 

14.1 11.9 15.1 10.5 
46.6 49.5 48.8 45.1 
68.8 88.6 85.5 75.5 
97.5 97.1 96.6 98.1 98.2 98.1 98.1 95.7 

Rosin-Ram1 e r  
Parameters 

n 7.5 7.5 9.0 7.6 8.0 8.0 7.1 7.1 
X '  (d 58.0 54.0 57.0 54.0 58.0 58.0 57.0 57.0 
x (rm) 55.0 51.0 54.0 51.0 55.0 55.0 53.0 53.0 - 

(b) Coulter-Counter Analyses on -400 Mesh Samples 

Cumulative Weight Percent Greater than X 

Ill inois,No. 6 P i t t s b u q h  No. 8 Pittsbureh No. 8 
(vm7  

Sieve 
Openin , X, Char 

W Y a n W l  
JRC Char Char Char 

32.0 
25.4 
20.2 
16.0 
12.7 
10.1 
8.0 
6.4 
5.0 
4.0 
3.2 

1.0 
3.5 
9.5 

17.0 
27.0 
37.5 
49.0 
61.0 
73.5 
84.0 
93.5 

3.0 
6.0 

10.0 
16.0 
24.0 
33.0 
43.5 
55.0 
67.5 
80.0 
91 .o 

2.0 
9.5 

17.0 

64.0 
75.0 
83.0 
90.0 
96.0 

19.0 
30.5 
37.5 
43.0 
48.5 
56.5 
60.0 
66.0 
74.0 
83.0 
92.5 

Rosin-Ramnler 
Parameters 

n 
X '  (urn) 
Ji ( m )  

1.6 
10.5 
9.0 

1.3 
10.0 
9.0 

1.6 0.9 
14.0 18.0 
13.0 19.0 

1. 

2. 

From grinding a 200 x 400 mesh char. 

From sire grading a whole char. 
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Table 4-4 

P 
I 
cn 

SURFACE AREA (S,) AND REACTIVITY PARAMETER ( R T )  RESULTS FOR COAL CHARS 

I l l i n o i s  No. 6 Pi t t sburgh  No. 8 
Char Char JRC Char Monticello 

L ign i t e  Char Parameter 
200x400 Mesh 200~400  -4001 2 0 0 ~ 4 0 0  -4001 200~400  -4001 -4002 

Mesh Mesh Mesh Mesh Mesh Mesh Mesh 
2 Surface  Area, Sx, m /g  

'SBET: Dry Basis  
Dry-As h-Free 

Basis  

'SC02: Dry Basis  
Dry-Ash-Free 

Basis  

TGA Reac t iv i ty  Parameter,  
-1 -1 RT,  mg m i n  mg 

'R700(in a i r  a t  700°C) 
' R g 5 0 ( i n  C02 a t  950°C) 

135.0 84.9 112.2 

213.0 97.4 128.8 

126.6 164.9 166.4 

200.0 189.1 191 .o 

0.379 0.362 0.329 
0.153 0.1043 0.0813 

45.5 

54.4 

67.0 

80.1 

0.359 
0.0223 

115.5 

138.4 

70.0 11.9 

83.7 12.9 

0.9 

2.7 

0.363 0.322 

20.4 

24.0 

16.4 

19 .3  

23.3 

25.6 

8 .0  

8.8 

0.336 0.339 
0.0148 0.00398 0.00558 0.00330 

1.  
2. 

From 200 x 400 Mesh Char. 
From s ize  grading of a whole char .  



@ It i s  i n t e r e s t i n g  t o  no te  t h a t  w h i l e  t h e  BET and C02 s u r f a c e  areas o f  t h e  200 x 
400 mesh P i t t s b u r g h  (PSC)  and Texas l i g n i t e  (TXL) cha rs  a r e  comparable (12.9 vs.  

12.7 m /g and 213 vs. 200 m /g, r e s p e c t i v e l y ) ,  those f rom I l l i n o i s  ( ILC) and 
Jacobs Ranch Range ( J R C )  cha rs  a r e  n o t  (54 vs.  80 m /g  and 97 vs.  189 m /g, r e -  

s p e c t i v e l y ) .  These r e s u l t s  i n d i c a t e  t h a t :  (1)  carbon d i o x i d e  i s  as i n a c c e s s i b l e  
as n i t r o g e n  t o  t h e  r e l a t i v e l y  non-porous PSC cha r ;  ( 2 )  carbon d i o x i d e  is as 
a c c e s s i b l e  as n i t r o g e n  t o  t h e  r e l a t i v e l y  porous TXL cha r ;  and (3) t h e  pores i n  
t h e  J R C  and ILC cha rs  a r e  p redominan t l y  i n  t h e  mo lecu la r  s i z e  range t o  which C02 
i s  known t o  be more a c c e s s i b l e  (E). 

2 2 

2 2 

R e s u l t s  i n  Table 4-4 a l s o  show t h a t  g r i n d i n g  200 x 400 mesh f r a c t i o n s  t o  -400 
mesh inc reases  i n t e r n a l  s u r f a c e  areas o f  t h e  m a t e r i a l s  ( f o r  example, t h e  BET 
s u r f a c e  a rea  o f  t h e  PSC cha r  i nc reases  by 85% from 13 t o  24 m /g) .  2 

S ince t h e  f u e l  r e a c t i v i t y  i s  dependant upon t h e  i n t e r n a l  s u r f a c e  area,  t hese  
r e s u l t s  i n d i c a t e  two i m p o r t a n t  p o i n t s :  
r e a c t i v e  t h e  cha r  i s  expected t o  be; and (2) t h e  l ower  t h e  r a n k  o f  t h e  p a r e n t  
c o a l ,  t h e  h i g h e r  t h e  cha r  r e a c t i v i t y  i s  expected t o  be. 

(1)  t h e  f i n e r  t h e  p a r t i c l e  s i z e ,  t h e  more 

Thermo-Gravimetr ic R e a c t i v i t i e s .  
7 O O O C  (1292OF) f o r  200 x 400 mesh chars a r e  g i v e n  i n  F i g u r e  4-1. 

r e a c t i v i t y  (q) t r e n d  emerges: qTxLc > qJRCC Z 
l i g n i t e  cha r  i s  t h e  most r e a c t i v e ,  f o l l o w e d  by Jacobs Ranch Range and I l l i n o i s  
cha rs  which a r e  comparable, and P i t t s b u r g h  cha r  i s  t h e  l e a s t  r e a c t i v e  char .  

Thermo-grav imetr ic  b u r n - o f f  curves i n  a i r  a t  
The f o l l o w i n g  

. That  i s ,  Texas ~ I L C C  > ~ P S C C  

Carbon g a s i f i c a t i o n  r e a c t i o n  i n  carbon d i o x i d e  i s  endothermic and s l u g g i s h  p r i n -  
c i p a l l y  a t  l ow  temperatures (19). - 
low a temperature f o r  cha r  g a s i f i c a t i o n  s t u d i e s  i n  t h e  TGA. 

u l a r  s tudy  was conducted a t  9 5 O O C  (1742OF). 
The f o l l o w i n g  t r e n d  was observed: 
no ted  t h a t  t h e  g a s i f i c a t i o n  r e a c t i o n s  a r e  much s lower  t h a n  t h e  combust ion reac-  
t i o n s  and t h a t  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  between t h e  cha rs  a r e  w i d e r  t h a n  those  
found i n  combust ion.  
g a s i f i e d  t o  complet ion,  whereas I l l i n o i s  and P i t t s b u r g h  cha rs  a r e  g a s i f i e d  o n l y  
t o  73% and 32%, r e s p e c t i v e l y .  D u r i n g  combust ion a l l  r e a c t i o n s  a r e  complete 
w i t h i n  8 minutes.  

I n  t h i s  s tudy,  i t  was found t h a t  7 O O O C  was t o o  
Hence, t h i s  p a r t i c -  

R e s u l t s  a r e  shown i n  F i g u r e  4-2. 

qTxLc >qJRCC > qILcc > qpscc. It shou ld  be 

A f t e r  82 minutes,  b o t h  l i g n i t e  and subbi tuminous cha rs  a r e  
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The e f f e c t  o f  p a r t i c l e  s i z e  on t h e  g a s i f i c a t i o n  r e a c t i v i t e s  o f  JRC and PSC chars 
was a l s o  s tud ied .  I n  b o t h  cases, t h e  -400 mesh s i z e  f r a c t i o n  (ob ta ined  by g r i n -  
d i n g  a p o r t i o n  o f  200 x 400 mesh s i z e  f r a c t i o n )  i s  r e l a t i v e l y  more r e a c t i v e  t h a n  
t h e  200 x 400 mesh s i z e  f r a c t i o n  as c l e a r l y  d e p i c t e d  i n  F i g u r e  4-2. 

Sur face A r e a - R e a c t i v i t y  R e l a t i o n s h i p s .  
i n t e r n a l  po re  s u r f a c e  a rea  of  a cha r  p l a y s  a ma jo r  r o l e  i n  d e t e r m i n i n g  i t s  combus- 
t i o n  o r  g a s i f i c a t i o n  c h a r a c t e r i s t i c s .  
(RT)  d a t a  a r e  p resen ted  i n  Table 4-4. 
maximum w e i g h t  l o s s  r a t e  p e r  u n i t  we igh t  o f  s t a r t i n g  m a t e r i a l )  a r e  shown i n  
F i g u r e  4-3. 
m /g, t h e  r e a c t i v i t y  parameters i n c r e a s e  f rom 0.322 t o  0.379 mg min 
and f rom 0.00398 t o  0.153 mg min-lmg-’ i n  carbon d i o x i d e .  
t h e  cha r  s u r f a c e  area, t h e  h i g h e r  i s  i t s  no rma l i zed  maximum combust ion o r  g a s i f i -  

c a t i o n  r a t e .  

s e n s i t i v e  t o  s u r f a c e  a rea  t h a n  i s  maximum combust ion r a t e .  

The r e s u l t s  p resen ted  above show t h a t  t h e  

Sur face a rea  (Sx)  - R e a c t i v i t y  parameter 
P l o t s  o f  SBET vs. RT (which i n d i c a t e s  t h e  

They i n d i c a t e  t h a t  as t h e  BET s u r f a c e  areas i n c r e a s e  f rom 13 t o  213 
i n  a i r  2 -1  -1 

mg 
That  i s ,  t h e  h i g h e r  

Resu l t s  a l s o  i n d i c a t e  t h a t  maximum g a s i f i c a t i o n  r a t e  i s  much more 

PYROLYSIS, COMBUSTION, AND GASIFICATION OF COALS AND CHARS I N  THE DROP TUBE 
FURNACE SYSTEM (DTFS) 

The c o n t r o l s  o f  t h e  DTFS a r e  des igned t o  m a i n t a i n  t h e  w a l l  temperatures o f  t h e  
p r e h e a t e r  and t e s t  f u rnace  a t  c e r t a i n  va lues.  These va lues d i c t a t e  t h e  u l t i m a t e  

gas temperature p r o f i l e s  i n  t h e  r e a c t i o n  zone o f  t h e  t e s t  furnace.  A smal l  suc- 

t i o n  pyrometer  was used t o  measure a l l  t h e  gas temperature p r o f i l e s .  

R e s u l t s  a r e  shown i n  F i g u r e  4-4. 
o f f  a f t e r  a c e r t a i n  d i s tance .  The i so the rma l  zone i s  l o c a t e d  w i t h i n  t h e  l a s t  
e i g h t  t o  t e n  i nches  o f  t h e  s i x t e e n - i n c h  r e a c t i o n  zone. These i s o t h e r m a l  tempera- 

t u r e s  a r e  t h e  ones t h a t  a r e  r e f e r r e d  t o  th roughou t  t h i s  r e p o r t .  Example, T5 = 
265OOF i n d i c a t e s  t h a t  t h e  i s o t h e r m a l  zone was a t  t h i s  temperature.  
p e r a t u r e  p r o f i l e s  used f o r  o b t a i n i n g  cha r  combust ion and g a s i f i c a t i o n  k i n e t i c s  

a r e  g i v e n  i n  F i g u r e  4-4. 

Gas temperatures a r e  seen t o  r i s e  and t o  l e v e l -  

A l l  t h e  tem- 

P y r o l y s i s  o f  Coals and Char 

The 200 x 400 mesh s i z e  f r a c t i o n  o f  each p a r e n t  c o a l  was p y r o l y z e d  i n  n i t r o g e n  a t  
265OOF and cha rs  were c o l l e c t e d  a t  16 - inch  r e a c t i o n  zone.. The o b j e c t i v e  o f  t h i s  
exper iment  was t o  determine t h e  s w e l l i n g  f a c t o r  ( a )  and t h e  Q - f a c t o r  o f  each 

c o a l .  
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@ The s w e l l i n g  f a c t o r  i s  d e f i n e d  as t h e  r a t i o  o f  t h e  mean we igh t  p a r t i c l e  s i z e  o f  
t h e  16 - inch  cha r  (Il6) t o  t h a t  o f  t h e  feed  coa l  (io). 
values o f  1.4,  1 . 0 ,  1 .0,  and 0.8 f o r  t h e  PSC, ILC, JRC,  and TXL c o a l s ,  respec- 
t i v e l y .  That  i s ,  t h e  PSC coa l  s w e l l e d  by 40%, b o t h  t h e  ILC and JRC d i d  n o t  
s w e l l ,  and t h e  TXL a c t u a l l y  showed p a r t i c l e  d e c r e p i t a t i o n  (20% r e d u c t i o n  i n  
s i z e ) .  Resu l t s  (Tab le  4-6) on t h e  PSC coa l  i n d i c a t e  t h a t  most o f  t h e  s w e l l i n g  

R e s u l t s  (Table 4-5) i n d i c a t e  

takes  p l a c e  v e r y  e a r l y ,  a t  t h e  one- inch r e a c t i o n  zone (ca. 40 m i l l i s e c o n d s ) .  The 
200 x 400 mesh s i z e  f r a c t i o n  o f  t h e  PSC cha r  was a l s o  p y r o l y z e d  i n  n i t r o g e n .  
Resu l t s  i n  Table 4-6 show, as expected, no s w e l l i n g  o f  c h a r  th roughou t  t h e  r e a c t i o n  
zone. 
c o a l  s .  

These c1 values a r e  i m p o r t a n t  i n p u t  da ta  i n  any m o d e l l i n g  s t u d i e s  o f  these 

The Q - f a c t o r  i s  s i m p l y  t h e  r a t i o  o f  t h e  d r y - a s h - f r e e  we igh t  loss a t  16 - inch  
r e a c t i o n  zone (VM16) t o  t h e  d ry -ash - f ree  ASTM v o l a t i l e  m a t t e r  (VMo) .  
Table 4-7, show Q - f a c t o r s  o f  1 .2,  1 .1,  1.0, and 1.0, f o r  t h e  PSC, ILC, JRC, and 
TXL c o a l s ,  r e s p e c t i v e l y .  The PSC and ILC c o a l s  show, r e s p e c t i v e l y ,  a 20%, and 
10% enhancement i n  t h e  v o l a t i l e  m a t t e r  y i e l d  i n  t h e  e n t r a i n e d - f l o w  DTFS ove r  ASTM 
va lues .  Bo th  JRC and TXL c o a l s  show no s u b s t a n t i a l  changes between t h e  ASTM and 
DTFS v o l a t i l e  m a t t e r  y i e l d s .  
e x t e n t s  o f  d e v o l a t i l  i z a t i o n  o f  these c o a l s  f o r  model 1 i n g  purposes. 

Resu l t s ,  

These d a t a  a r e  a l s o  i m p o r t a n t  i n  e v a l u a t i n g  t h e  

Combustion o f  Coals 

The combust ion of 200 x 400 mesh s i z e  f r a c t i o n s  o f  c o a l s  was s t u d i e d  i n  3% 0 2 /  

97% N2 (% by volume) a t  1800 and 265OOF gas temperatures.  Combustion e f f i c i e n c y  

r e s u l t s ,  p l o t t e d  i n  F i g u r e  4-5, show t h e  impor tance o f  temperature and n a t u r e  of  
c o a l  on coa l  combust ion e f f i c i e n c i e s  (q). The f o l l o w i n g  t r e n d  i s  observed: 

‘ITxL= qJRC>qILC> ‘Ipsc. More s p e c i f i c a l l y :  
78%, qILc= 69%, and qpsc= 61%; and (2) a t  2650OF and 0.6 sec. ,  qTxL= 98%, qJRC= 
98%, qILc= 95%, and ‘Ipsc= 85%. 

(1) a t  18OOOF and 0 . 6  sec. ,  qJRC= 

F i g u r e  4-5 shows t h a t  t h e  t r e n d  g i v e n  above i s  due s o l e l y  t o  d i f f e r e n c e s  i n  cha r  
bu rn -ou t  r a t e s  r a t h e r  t h a n  t o  d i f f e r e n c e s  i n  d e v o l a t i l i z a t i o n  r a t e s .  I n  f a c t ,  
d e v o l a t i l i z a t i o n  r a t e s  i n  t h e  e a r l y  s tages o f  combust ion o f  t hese  c o a l s  a r e  found 
t o  be s i m i l a r  a t  2650OF; a t  18OO0F, t h e  d e v o l a t i l i z a t i o n  r a t e  o f  t h e  P i t t s b u r g h  

coa l  i s  more r a p i d  t h a n  those  o f  t h e  o t h e r  c o a l s .  
combust ion d a t a  a r e  g i v e n  i n  Appendix C. 

Computer p r i n t o u t s  o f  c o a l  
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Table 4-5 

SWELLING FACTORS O F  COALS DURING DTFS PYROLYSIS IN NITROGEN AT 2650°F GAS TEMPERATURE 

Mean We i g h t 
P a r t i c l e  S i z e  P a r t i c l e  S i z e  o f  Swelling Fac tor ,  

o f  200 x 400 Mesh 
Coal, Xo, Dm a t  16"  Reaction 

Zone, X,6, urn 

Mean Weight 

Char Collected CY = Xl6/X0 
Coa 1 

P 
I 
w 
P 

TX L 55 43 0.8 

54 54 1 . o  J RC 

I L C  

PSC 

55 

53 

56 

72 

1 . o  

1.4  



Table 4-6 

PARTICLE SIZE CHANGES DURING PYROLYSIS I N  NITROGEN AT 265OOF FOR PITTSBURGH SEAM COAL AND CHAR' 

~ ~~ ~ 

CUMMULATIVE WEIGHT PERCENT GREATER THAN X 
~~ ~~ 

CHAR (TEST NO. PSCC-IV-5) SIEVE COAL (TEST NO. PSC-11-5) 

( vm) @ Oae1 @ 1" @ 2" @ 4" @ 8" @ 12" Q 16" @ @ 1" @ 2" 0 4" @ 8" @ 12" @ 16" 
OPENIIIG. X. 

75 0.6 43.5 56.4 41.8 34.5 38.2 45.1 0.7 0.6 0.7 0.5 0.8 0.4 0.3 

44 85.5 86.8 88.5 75.6 72.5 72.9 80.3 70.0 71.0 74.3 77.0 77.2 80.3 82.6 

38 96.6 95.1 96.3 90.5 91.0 91.5 93.7 95.5 93.3 95.2 96.9 93.3 96.4 97.4 

n 7.1 3.5 3.9 2.9 3.3 3.3 3.4 6.0 5.5 6.3 6.5 6.0 7.5 7.5 

57.0 80.0 87.0 78.0 71.0 78.0 80.0 57.0 56.0 58.0 59.0 59.0 58.0 58.0 

x (VI 53.0 72.0 79.0 70.0 64.0 70.0 72.0 53.0 52.0 54.0 55.0 55.0 55.0 55.0 

X '  (urn) 



Table 4-7 

COMPARISON BETWEEN ASTM VOLATILE MATTERS OF COALS AND THEIR DTFS 
PYROLYSIS WEIGHT LOSSES I N  NITROGEN AT 2650°F GAS TEMPERATURE 

ASTM V o l a t i l e  DTFS Weight Loss Q- Factor ,  
M a t t e r  o f  200 x 400 a t  16"  React ion  

Mesh Coal, VM , Zone, VM,6, Q = VMl6/\ 'M0 
COAL 

% Dry-Ash-Free B%sis % Dry-Ash-Free Bas is  
P 
I 
w 
r n  

TXL 52.8 51.2 1 . o  

JRC 46.6 48.0 1 .o  

I LC 42.8 47.4 1.1 

PSC 43.1 50.5 1 .2  
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FIGURE 4-5 EFFECT OF GAS TEMPERATURE ON DTFS COWBUSTION EFFICIENCIES 
OF 200 x 400 MESH COALS 
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Combustion o f  Chars 

E f f e c t  o f  Temperature. The 200 x 400 mesh PSC, ILC, and J R C  chars were s t u d i e d  
a t  t h r e e  gas temperatures (1800, 2200, and 265OOF) i n  t h e  presence o f  oxygen 
p a r t i a l  p ressu re  o f  0.03 atmosphere i n  n i t r o g e n  balance. 
F i g u r e  4-6. Combustion e f f i c i e n c i e s  a r e  p l o t t e d  as a f u n c t i o n  o f  res idence  t ime .  
The p l o t s  show t h a t :  
increases w i t h  i n c r e a s i n g  res idence  t ime ;  and (2) a t  a g i v e n  t i m e ,  t h e  combust ion 
e f f i c i e n c y  i nc reases  w i t h  i n c r e a s i  ng temperature.  For  
example, a t  0 . 6  sec. res idence  t i m e  t h e  combust ion e f f i c i e n c y  of' t h e  PSC cha r  
i nc reased  f rom 30% t o  72% as temperature i nc reased  f rom 180OoF t o  2650OF. 
r e p r o d u c i b i l i t y ,  examined w i t h  PSC and ILC cha rs ,  was found t o  be good as c l e a r l y  
shown i n  F i g u r e  4-6. 

R e s u l t s  a re  g i v e n  i n  

( 1 )  a t  a g i v e n  temperature,  t h e  combust ion e f f i c i e n c y  

The l a t t e r  i s  pronounced. 

Data 

E f f e c t  o f  Fuel  P r o p e r t i e s .  
c i e s  between cha rs  p repared  from c o a l s  o f  d i f f e r e n t  ranks,  t h e  curves i n  F i g u r e  
4-6 a r e  r e - p l o t t e d  i n  F i g u r e  4-7. The combust ion e f f i c i e n c y  cu rve  o f  t h e  TXL 

cha r  a t  265OoF i s  added t o  t h e  a p p r o p r i a t e  f i g u r e  frame. F i g u r e  4-7 shows t h a t  
(1)  a t  1 8 O O O F  t h e  f o l l o w i n g  r e a c t i v i t y  t r e n d s  emerge: qJRCC >qILcc >qpscc; and 
(2)  a t  2200 and 265OOF t h e  t r e n d  i s  qILcc >qJRCC >qpscc. Texas l i g n i t e  cha r  was 

t e s t e d  a t  265OoF o n l y ;  i t s  combust ion i s  s l i g h t l y  b e t t e r  t han  t h a t  o f  t h e  I l l i n o i s  

cha r .  

I n  o r d e r  t o  more c l e a r l y  compare combust ion e f f i c i e n -  

R e s u l t s  i n d i c a t e  t h a t  t h e  cha rs  f rom Texas l i g n i t e ,  I l l i n o i s  No. 6, and Jacobs 
Ranch c o a l s  a r e  r e l a t i v e l y  comparable i n  r e a c t i v i t y  and a r e  more r e a c t i v e  t h a n  
t h e  P i t t s b u r g h  No. 8 c o a l  char .  D u r i n g  coa l  analyses i t  was determined t h a t  t h e  
f i r s t  t h r e e  c o a l s  a r e  non-agglomerat ing w h i l e  t h e  P i t t s b u r g h  No. 8 c o a l  i s  agglo-  
mera t i ng .  
r e l a t i v e l y  porous hav ing  BET s u r f a c e  areas i n  t h e  54-213 m /g  range (Table 4-4) 
w h i l e  t h e  P i t t s b u r g h  No. 8 cha r  i s  r e l a t i v e l y  non-porous hav ing  a BET s u r f a c e  

area o f  13 m /g. These p h y s i c a l  d i f f e r e n c e s  a r e  b e l i e v e d  t o  be l a r g e l y  r e s p o n s i b l e  
f o r  combust ion r e a c t i v i t y  d i f f e rences .  T h i s  w i l l  be e l a b o r a t e d  on i n  a subsequent 

s e c t i o n  (Sur face Area- R e a c t i v i t y  R e l a t i o n s h i p s ) .  

It shou ld  a l s o  be no ted  t h a t  chars f rom t h e  more r e a c t i v e  c o a l s  a r e  
2 

2 

The combust ion e f f i c i e n c y  d a t a  g i v e n  i n  F i g u r e  4-6 were used t o  c a l c u l a t e  t h e  
k i n e t i c  parameters (apparent  a c t i v a t i o n  energy and f requency f a c t o r )  f o r  each 

char .  
t h e  t e x t .  

Resu l t s  a r e  p resen ted  i n  t h e  " K i n e t i c  Parameters" S e c t i o n  g i v e n  l a t e r  i n  
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P E f f e c t  o f  Oxygen P a r t i a l  Pressure ( 021_1_ The 200 x 400 mesh PSC cha r  was a l s o  
s t u d i e d  i n  t h e  presence o f  oxygen p a r t i a l  pressures o f  0.01 and 0.05 atmospheres 
a t  265OOF. R e s u l t s ,  F i g u r e  4-8, show t h a t  oxygen p a r t i a l  p ressu re  has a s i g n i f i -  

c a n t  e f f e c t  on t h e  combust ion e f f i c i e n c y  o f  PSC char .  
t h e  combust ion e f f i c i e n c y  i s  31, 72, and 97%. r e s p e c t  v e l y ,  f o r  oxygen p a r t i a l  
p ressu re  o f  0.01, 0.03, and 0.05 atmosphere. 

For  example, a t  0 .6  sec. 

Data i n  F i g u r e  4-8 were used t o  c a l c u l a t e  t h e  char  r e  c t i o n  o r d e r  w i t h  r e s p e c t  t o  
oxygen p a r t i a l  p ressu re .  R e s u l t s  a r e  p resen ted  i n  t h e  f o l l o w i n g  s e c t i o n .  

K i n e t i c  Parameters. 
S e c t i o n  3. 
p l o r e d  e x p e r i m e n t a l l y .  
t i o n s  o f  t h e  feed  and p a r t i a l l y  r e a c t e d  chars.  
(Table 4-8) c l e a r l y  show t h a t  combust ion c o u l d  be assumed t o  t a k e  p l a c e  by a 
s h r i n k i n g  c o r e  mechanism. 
t e r n a l  s u r f a c e  area)  was c a l c u l a t e d  on t h e  b a s i s  o f  t h i s  assumption. 

A l l  t h e  k i n e t i c  parameters were determined as s p e c i f i e d  i n  
The mechanism mode ( s h r i n k i n g  c o r e  versus c o n s t a n t  d iamete r )  was ex- 

T h i s  was done by d e t e r m i n i n g  t h e  p a r t i c l e  s i z e  d i s t r i b u -  
Mean w e i g h t  p a r t i c l e  s i z e  r e s u l t s  

There fo re ,  q ( r a t e  o f  removal o f  carbon p e r  u n i t  ex- 

Table 4-8 
PARTICLE S I Z E  CHANGES D U R I N G  DTFS CHAR COMBUSTION AT 2650OF GAS TEMPERATURE 

MEAN PARTICLE S I Z E ,  Ti, pm 
Reac t ion  Zone 
Length,  Inches TXL Char JRC Char ILC Char PSC Char 

O1 51 51 55 53 
8 26 28 27 33 

12 
16 23 22 24 26 

-- -- -- -- 

Note: 1. Feed cha r  (200 x 400 Mesh) - 

The va lues  o f  s u r f a c e  r e a c t i o n  r a t e  c o e f f i c i e n t s  (KS)  o b t a i n e d  by Eq. (3-7) f o r  
each cha r  a r e  g i v e n  i n  Table 4-9. va lues  were used i n  c o n j u n c t i o n  w i t h  

t h e i r  co r respond ing  temperatures (Eq. (3-8)) t o  d e r i v e  t h e  A r rhen ius  p l o t s  g i v e n  

These K s 
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Table 4-9 

K I N E T I C  DATA FROM COMBUSTION O F  200x400 MESH CHARS I N  0.03 OXYGEN ATMOSPHERE 
AND 1800-2650°F TEMPERATURE RANGE 

Y C h a r - Type Temp. K E 2A 
O K  gm/crn2-s2c. atm cal /mole qm/cm -sec. atm 

1227 .01770 
1257 .04484 
1259 .07871 
1258 .08981 
1409 .11110 
1449 .12362 
1481 .20348 

J RC 1492 .19479 
1567 .20310 
1594 .17227 
1636 .26113 
1679 .48106 
1713 .52590 
1726 .39209 

19970 145 -0.92 

1257 
1259 
1258 
1409 
1449 

I LC 1481 
1492 
1594 
1636 
1679 
1713 
1726 

.02647 

.06783 

.07989 

.13971 

.30481 

.25937 171 50 60 -0.86 

.27593 

.14412 

.24737 

.29370 

.40921 

.39119 

1257 
1259 
1258 
1449 

PSC 1481 
1492 
1636 
1679 
1713 
1726 

.01123 

.02118 
-02357 
.06005 

. lo114 

.09267 

.12611 

.17151 

.17698 

.07655 20360 66 -0.96 

K = Sur face React ion Rate C o e f f i c i e n t  
Es = Apparent A c t i v a t i o n  Energy 
A = Frequency Fac tor  
Y = C o r r e l a t i o n  C o e f f i c i e n t  o f  I n  KS vs .  1/T 
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i n  F i g u r e  4-9. 
va lues were determined f rom t h e  s lopes and i n t e r c e p t s  o f  t h e  l e a s t  squares f i t s  

o f  I n  KS vs .  1/T p l o t s .  

The apparent  a c t i v a t i o n  energy (E)  and f requency f a c t o r  ( A )  

The apparent  a c t i v a t i o n  energ ies  o b t a i n e d  f rom t h i s  s tudy  a r e  ,20360, 17150, and 
19970 ca l /mole f o r  PSC, ILC, and J R C  chars,  r e s p e c t i v e l y .  

f requency f a c t o r s  a r e  66, 60, and 145 g cm-2sec-1atm-1. 
y i e l d e d  c o r r e l a t i o n  c o e f f i c i e n t s  o f  -0.86 t o  -0.96. A l l  t h e  k i n e t i c  da ta  f rom 
t h i s  s tudy a r e  p resen ted  i n  Table 4-9. 

The co r respond ing  
The p l o t s  i n  F i g u r e  4-9 

To compare t h e  r e l a t i v e  r e a c t i v i t e s  o f  these chars f rom a t h e o r e t i c a l  s t a n d p o i n t ,  
t h e i r  E and A va lues a r e  p lugged i n  t h e  A r rhen ius  Equat ion and t h e  s u r f a c e  reac-  
t i o n  r a t e  c o e f f i c i e n t s  (KS) a r e  c a l c u l a t e d  as a f u n c t i o n  o f  temperature a lone.  
R e s u l t s  a r e  p l o t t e d  i n  F i g u r e  4-10. These curves show t h a t  w h i l e  t h e  ILC cha r  i s  

s l i g h t l y  more r e a c t i v e  t h a n  t h e  JRC char  a t  lower  temperatures,  t h e  converse i s  
t r u e  a t  h i g h e r  temperatures.  The PSC cha r  i s  much l e s s  r e a c t i v e  t h a n  J R C  and ILC 
chars,  and i s  g e n e r a l l y  comparable i n  r e a c t i v i t y  t o  a f u e l  r e p r e s e n t i n g  t h e  
va lues  o f  E (35700 ca l /mole)  and A (8710 g cm-’sec-latm-l) o b t a i n e d  by F i e l d  and 
co-workers a t  BCURA (9) - from t h e  l e a s t  squares f i t s  on I n  KS vs. 1/T d a t a  found 
i n  t h e  l i t e r a t u r e .  A t  265OoF, t h e  K va lues o f  JRC, ILC, BCURA, and PSC cha rs  

a r e  0.430, 0.405, 0.264, 0.175 g cm -2 sec -1atm-1, r e s p e c t i v e l y .  

The combust ion k i n e t i c  r e a c t i o n  o r d e r  w i t h  r e s p e c t  t o  oxygen c o n c e n t r a t i o n  was 
e v a l u a t e d  f o r  PSC char .  
here.  That  i s  

The method used b y  K n i g h t  and Sergeant (6) was a l s o  used 

(4-1 1 n K i  = K ’  [02] 

where K i  i s  t h e  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-l, K1 i s  a c o n s t a n t ,  and n 
i s  t h e  r e a c t i o n  o rde r .  M a n i p u l a t i n g  Eq. (4-1) y i e l d s  

I n  K b  = I n  K 1  + n I n  [O,] (4-2) 

A p l o t  o f  I n  K b  vs. I n  [O,] g i v e s  a s t r a i g h t  l i n e  whose s lope  i s  equal  t o ’ n .  

T h i s  method was used as shown i n  Table 4-10 and F i g u r e  4-11. 

t h i s  f i g u r e  i s  equal  t o  0.92, which i s  v e r y  c l o s e  t o  f i r s t  o rde r .  
p r i n t o u t s  o f  cha r  combust ion d a t a  a r e  g i v e n  i n  Appendix C. 

The v a l u e  of  n i n  
Computer 
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Table 4-10 

DATA FOR EVALUATING COMBUSTION REACTION ORDER 
OF 200 x 400 MESH PSC CHAR 

LO2]  1 nC021 K k  = Ks x [02]* I n  K& 
% g sec - l  

1 0.00 
3 -1.10 
5 -1.61 

0.1462 -1.922 
0.4254 -0.855 
0.6369 -0.451 

* ks a r e  averages o f  KS va lues found a t  each oxygen p a r t i a l  p ressu re .  

G a s i f i c a t i o n  o f  Chars 

E f f e c t  o f  Temperature. The g a s i f i c a t i o n  o f  200 x 400 mesh JRC char  was s t u d i e d  

a t  2000, 2200, 2450, and 265OOF i n  t h e  presence o f  carbon d i o x i d e  p a r t i a l  p res -  
su re  o f  0.30 atmosphere i n  n i t r o g e n  balance.  The TXL cha r  was s t u d i e d  a t  2000, 

2200, and 265OOF. 
t h e y  were s t u d i e d  o n l y  a t  2200, 2450, and 2650OF. R e s u l t s  on g a s i f i c a t i o n  e f f i -  
c i e n c y  vs. t i m e  a r e  p l o t t e d  i n  F i g u r e s  4-12a and 4-12b. 
( 1 )  a t  a g i v e n  temperature,  t h e  g g  
res idence  t ime ;  and (2) a t  a g i v e n  t ime ,  t h e  g a s i f i c a t i o n  e f f i c i e n c y  i nc reases  

w i t h  i n c r e a s i n g  temperature.  The l a t t e r  e f f e c t  i s  pronounced. Fo r  example, a t  
0.6 sec. res idence  t i m e  t h e  g a s i f i c a t i o n  e f f i c i e n c y  o f  PSC cha r  i nc reased  f rom 
l e s s  t h a n  1% t o  6% as temperature i nc reased  f rom 22OOOF t o  265OOF. 

The ILC and PSC cha rs  were s l u g g i s h  a t  20OOOF. There fo re ,  

These p l o t s  show t h a t :  

E f f e c t  o f  Fuel  P r o p e r t i e s .  
e f f i c i e n c i e s  between cha rs  p repared  f rom c o a l s  o f  d i f f e r e n t  ranks,  t h e  curves i n  
F igu res  4-12a and 4-12b a r e  r e - p l o t t e d  i n  F i g u r e  4-13. 

( q )  t r e n d  i n  a l l  cases i s  qTxLc >qJRCC >qILcc >qpscc. 
t o  no te  t h a t  t h e  g a s i f i c a t i o n  e f f i c i e n c i e s  o f  PSC and ILC cha rs  a r e  much lower  
t h a n  those  o f  TXL and JRC chars.  

r e a c t i o n  t ime ,  qTXLC 
d i f f e r e n c e s  a r e  b e l i e v e d  t o  be l a r g e l y  a t t r i b u t a b l e  t o  d i f f e r e n c e s  i n  i n t e r n a l  
s u r f a c e  a rea  and f o l l o w  s i m i l a r  t r e n d s  t o  t h e  BET areas (Table 4-4) which were 

2 213, 97, 54, and 13 m /g f o r  t h e  TXL, JRC, ILC, and PSC cha rs ,  r e s p e c t i v e l y .  

To show more c l e a r l y  t h e  comparison i n  g a s i f i c a t i o n  

The g a s i f i c a t i o n  e f f i c i e n c y  
However, i t  i s  i m p o r t a n t  

Fo r  example, a t  265OOF a f t e r  0 . 6  second o f  

These 76%, QJRCC = 66%, qILcc = 19%, and qpscc = 6%. 
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The g a s i f i c a t i o n  e f f i c i e n c y  d a t a  g i v e n  i n  F igu res  4-12a and 4-12b were used t o  
c a l c u l a t e  t h e  k i n e t i c  parameters (apparent  a c t i v a t i o n  energy and f requency f a c -  
t o r )  f o r  each char .  Resu l t s  a r e  p resen ted  i n  t h e  " K i n e t i c  Parameters" S e c t i o n  
p resen ted  l a t e r  i n  t h e  t e x t .  

E f f e c t  o f  P a r t i c l e  S i ze .  
t a i n e d  by g r i n d i n g  a p o r t i o n  o f  200 x 400 mesh, were used t o  determine t h e  e f f e c t  
o f  p a r t i c l e  s i z e  on t h e  g a s i f i c a t i o n  e f f i c i e n c i e s  o f  JRC,  I LC ,  and PSC chars.  A 
t h i r d  s i z e ,  -400 mesh o b t a i n e d  f rom s i z e  g r a d i n g  t h e  whole c h a r ,  was s t u d i e d  i n  
t h e  case o f  PSC char .  Resu l t s ,  g i v e n  i n  F i g u r e  4-14, show t h a t  g a s i f i c a t i o n  
e f f i c i e n c y  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  p a r t i c l e  s i z e .  Fo r  example, a f t e r  0.6 
sec. r e a c t i o n  t ime ,  t h e  g a s i f i c a t i o n  e f f i c i e n c i e s  a r e  66%, and 96%, r e s p e c t i v e l y ,  
f o r  200 x 400 mesh and -400 mesh JRC chars.  The co r respond ing  va lues  f o r  ILC and 
PSC chars a r e  20 and 30%, and 6 and 6%, r e s p e c t i v e l y .  It i s  i n t e r e s t i n g  t o  n o t e  
t h a t  t h e  -400 mesh PSC cha r  o b t a i n e d  f rom s i z e  g r a d i n g  t h e  whole cha r  i s  o n l y  

m a r g i n a l l y  more r e a c t i v e  t h a n  t h e  200 x 400 mesh char .  

Two s i z e  f r a c t i o n s ,  200 x 400 mesh and -400 mesh ob- 

These r e s u l t s  a r e  i n  agreement w i t h  TGA g a s i f i c a t i o n  r e a c t i v i t y  r e s u l t s  p resen ted  

e a r l i e r  i n  F i g u r e  4-2. 
t h e  a v a i l a b l e  i n t e r n a l  s u r f a c e  a rea  f o r  r e a c t i v i t y .  The BET po re  s u r f a c e  a rea  
r e s u l t s ,  Table 4-4, bea r  o u t  t h i s  p o s t u l a t e .  K n i g h t  and Sergeant a l s o  found  f rom 
t h e i r  t he rmo-g rav ime t r i c  g a s i f i c a t i o n  s t u d i e s  i n  carbon d i o x i d e  o f  A u s t r a l i a n  
coa l  chars t h a t  r e a c t i v i t y  v a r i e d  i n v e r s e l y  w i t h  p a r t i c l e  s i z e  f o r  t h e i r  l ow  
r e a c t i v i t y  L i thgow c o a l  cha r  (8). - 

G r i n d i n g  t h e  200 x 400 mesh cha rs  t o  -400 mesh inc reases  

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

v o l u m e t r i c  r e a c t i o n .  
g rad ing )  was o n l y  m a r g i n a l l y  more r e a c t i v e  t h a n  t h e  200 x 400 mesh c u t  i n d i c a t e s  

t h a t  t h e  i n t r i n s i c  r e a c t i v i t y  of t h e  f u e l  may be a f u n c t i o n  of n o t  o n l y  p a r t i c l e  
s i z e  b u t  a l s o  o f  o t h e r  f a c t o r s  (such as t h e  c o n t e n t  and degree o f  d i s p e r s i o n  o f  

m i n e r a l  i m p u r i t i e s ) .  

F u r t h e r  t h e  f a c t  t h a t  t h e  -400 mesh c u t  ( o b t a i n e d  b y  s i z e  

P E f f e c t  o f  Carbon D i o x i d e  P a r t i a l  Pressure ( CO& 
was a l s o  s t u d i e d  i n  t h e  presence o f  carbon d i o x i d e  p a r t i a l  pressures of  0.15 and 
0.60 atmospheres a t  265OOF. Resu l t s ,  F i g u r e  4-15, show t h a t  carbon d i o x i d e  
p a r t i a l  p ressu re  has a s i g n i f i c a n t  e f f e c t  on t h e  g a s i f i c a t i o n  e f f i c i e n c y  of  PSC 
char .  Fo r  example, a t  0.6 sec. t h e  g a s i f i c a t i o n  e f f i c i e n c y  i s  3, 6 ,  and 9%, 
r e s p e c t i v e l y ,  f o r  carbon d i o x i d e  p a r t i a l  p ressu res  o f  0.15, 0.30, and 0.60 atmos- 
phere.  

The 200 x 400 mesh PSC cha r  
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~ Data i n  F i g u r e  4-15 were used t o  c a l c u l a t e  t h e  cha r  r e a c t i o n  o r d e r  w i t h  r e s p e c t  
t o  carbon d i o x i d e  p a r t i a l  p ressu re .  R e s u l t s  f rom t h i s  c a l c u l a t i o n  a r e  p resen ted  
i n  t h e  " K i n e t i c  Parameters" S e c t i o n  g i v e n  l a t e r  i n  t h e  t e x t .  

I 

E f f e c t  o f  G a s i f i c a t i o n  Medium. The 200 x 400 mesh PSC and JRC chars  were a l s o  
s t u d i e d  i n  t h e  presence o f  0.30 atmosphere o f  steam i n  n i t r o g e n  balance. 
f o r  JRC char  a r e  g i v e n  i n  F i g u r e  4-16. 
c a t i o n  e f f i c i e n c y  o f  t h i s  cha r  i n  steam i s  a l s o  d i s c e r n i b l e .  
0 .45 sec. ,  t h e  g a s i f i c a t i o n  e f f i c i e n c i e s  a r e  2% and 22% f o r  gas temperatures o f  
2200OF and 265OOF r e s p e c t i v e l y .  
measure i n  t h e  2000-2650OF temperature range. 

R e s u l t s  
The e f f e c t  o f  temperature on t h e  g a s i f i -  

Fo r  example, a t  

The PSC cha r  r e a c t i v i t y  i n  steam was t o o  l ow  t o  

JRC g a s i f i c a t i o n  e f f i c i e n c i e s  i n  steam and carbon d i o x i d e  a r e  compared i n  F i g u r e  
4-17. It i s  found t h a t  g a s i f i c a t i o n  i s  more e f f i c i e n t  i n  carbon d i o x i d e  than  i t  
i s  i n  steam. For  example, a t  265OoF and 0.45 sec. t h e  g a s i f i c a t i o n  e f f i c i e n c i e s  
a r e  61 and 22%, f o r  C-C02 and C-H20 r e a c t i o n s ,  r e s p e c t i v e l y .  
r e a c t i v i t e s  between C-C02 and C-H20 r e a c t i o n s  w i l l  be d i scussed  i n  t h e  s e c t i o n  on 
" K i n e t i c  Parameters" g i v e n  below. 

The d i s p a r i t y  i n  

Carbon Mass Balance D u r i n g  Char G a s i f i c a t i o n  i n  COP_ 
c o l l e c t e d  a t  t h e  s i x t e e n - i n c h  r e a c t i o n  zone o f  t h e  DTFS th roughou t  t h i s  g a s i f i c a -  
t i o n  t e s t i n g  phase. D u r i n g  these  p a r t i c u l a r  runs ,  t h e  exper iments were c a r e f u l l y  
t i m e d  and t h e  cha rs  c o l l e c t e d  i n  t h e  f i l t e r  hous ing  were weighed and t h e i r  p r o x i -  
mate and u l t i m a t e  ( C ,  H ,  and N o n l y )  analyses were determined.  S ince t h e  cha r  
feed  r a t e s  were known a c c u r a t e l y ,  i t  was p o s s i b l e  t o  c a l c u l a t e  carbon mass balance.  

The 200 x 400 mesh ILC cha r  was a l s o  used t o  r u n  two r e p e a t  carbon mass balance 
t e s t s  u s i n g  a f i x e d  probe f i t t e d  un to  t h e  bot tom o f  t h e  DTFS. R e s u l t s  a r e  p r e -  
sented i n  Tab le  4-11. 
t i o n  e f f i c i e n c y  i n  a l l  cases. 
g a s i f i c a t i o n  e f f i c i e n c i e s  o b t a i n e d  b y  CO c o n c e n t r a t i o n s  i n  t h e  e f f l u e n t  gas 
streams. 

A few cha r  samples were 

The ash t r a c e r  method was used t o  determine cha r  g a s i f i c a -  
These va lues  were compared w i t h  t h e  co r respond ing  

These r e s u l t s  a r e  p l o t t e d  i n  F i g u r e  4-18. 

Resu l t s  i n  Table 4-11 show carbon balance c l o s u r e  va lues  i n  t h e  85-103% range. 
It i s  i m p o r t a n t  t o  no te  t h a t  56% o f  t hese  va lues a r e  w i t h i n  t h e  90-100% range. 
Data d e p i c t e d  i n  F i g u r e  4-18 a l s o  show t h e  agreement between t h e  cha r  g a s i f i c a t i o n  
e f f i c i e n c i e s  determined by ash t r a c e r  and CO c o n c e n t r a t i o n  methods. 
a lmos t  e v e n l y  d i s t r i b u t e d  on b o t h  s i d e s  o f  t h e  pe r fec t -ag reemen t  l i n e ,  i n d i c a t i n g  

t h a t  n e i t h e r  o f  t hese  two methods shows a p a r t i c u l a r  b i a s .  Never the less ,  t h e  ash 

Data a r e  
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Table 4-11 
CARBON MASS BALANCE FOR GASIFICATION OF CHARS I N  

0.3 CARBON DIOXIDE ATMOSPHERE AT VARIOUS GAS TEMPERATURES’ 

GAS1 F I  CATION 
EFFICIENCY 
, %, DAF CARBON MASS BALANCE 

CHAR-TYPE TEST NO. TEMPERATURE CARBON I N  CARBON I N  CARBON I N  CARBON4 
O F  FEED CHAR, CO, g/min REACTED CHAR, CLOSURE CO ASH 

g/mi n g/mi n (PCT) CONC. TRACER 
PSCC-VI-  3 

PSC PSCC-v 1-4 

PSCC- V I -  5 

J RC JRCC-11-3 
Chars JRCC-II-42 

JRCC- I I- 5 

Chars PSCC-v I- 52 

I LCC- I 1-3 
I LC ILCC-I 1-4 

Chars I LCC- I I-52 
I LCC- I I- 53 
I LCC- FP- 1 
ILCC-FP-2 

TXL TXLC- 11-2 
Chars TXLC-I 1-3 

TXLC-I I-3R 

2200 
2450 
2650 
2650 

2200 
2450 
2650 

2200 
2450 
2650 
2650 
2650 
2650 

2000 
2200 
2200 

0.06568 
0.07143 
0.06896 
0.05644 

0.06690 
0.00690 
0.0461 7 

0.04999 
0.04922 
0.05075 
0.05700 
0.05092 
0.0501 6 

0.03962 
0.03714 
0.03714 

0.00051 
0.001 37 
0.00406 
0.00906 

0.01445 
0.02697 
0.04462 

0.00096 
0.00309 
0.00856 
0.01738 
0.00985 
0.00963 

0.00090 
0.00337 
0.01458 

0.06514 
0.06119 
0.05949 
0.04879 

0.04860 
0.02969 
0.00155 

0.04404 
0.04214 
0.03812 
0.03188 
0.03306 
0.03388 

0.03673 
0.03234 
0.02371 

100.0 0.8 
87.6 1.9 
92.1 5.9 

102.5 16.1 

94.2 21.6 
84.7 40.3 

100.0 96.6 

90.0 1.9 
92.0 6.3 
92.0 16.9 
86.4 30.5 
84.3 19.3 
86.7 19.2 

95.0 2.3 
96.2 9.1 

103.1 39.2 

0.1 
5.4 

11.7 
11.7 

16.5 
44.3 
.94.7 

1.5 
8.5 

15.2 
32.1 
19.3 
22.5 

7.5 
5.1 

25.5 
~ ~~ ~ 

1. 

2. 
3. 
4. 

Most o f  the chars were col lected a t  16-inch DTFS react ion zone; other chars were co l lec ted  through a f i x e d  
probe f i t t e d  unto the bottom o f  the DTFS. 
These -400 mesh chars were obtained from grinding port ions o f  200 x 400 mesh chars. 
Data obtained w i t h  a f i x e d  probe. 
Carbon Closure = 100 [Carbon i n  Products/Carbon i n  Feed Char.] 

Feed chars were 200 x 400 mesh unless otherwise speci f ied.  
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I 
t r a c e r  method was found t o  be prone t o  y i e l d i n g  spu r ious  (sometimes n e g a t i v e )  
r e s u l t s  i n  t h e  low g a s i f i c a t i o n  e f f i c i e n c y  range. I n  a d d i t i o n ,  because i t  i s  
p o s s i b l e  t o  measure low c o n c e n t r a t i o n s  o f  CO (down t o  50 ppm) t h i s  gas t r a c e r  
techn ique  shou ld  p r o v i d e  b e t t e r  r e s o l u t i o n ,  p a r t i c u l a r l y  a t  l ow  carbon convers ion  
e f f i c i e n c i e s .  

K i n e t i c  Parameters. 
S e c t i o n  3. 
proceed by a s h r i n k i n g  c o r e  mechanism. There fo re ,  q ( r a t e  o f  removal o f  carbon 
p e r  u n i t  e x t e r n a l  sur face area)  was determined on t h e  b a s i s  o f  t h i s  assumption. 

A1 1 t h e  k i  n e t i  c parameters were determined as s p e c i f i e d  i n  
Data i n  Table 4-12 show t h a t  cha r  g a s i f i c a t i o n  c o u l d  be assumed t o  

Table 4-12 

PARTICLE S I Z E  CHANGES DURING DTFS CHAR GASIFICATION AT 265OoF GAS TEMPERATURE 

MEAN PARTICLE SIZE, X, pm 
Reac t ion  Zone 
Length,  Inches TXL Char JRC Char ILC Char PSC Char 

O1 51 51 55 53 
- -  -- 8 28 22 

50 12 
16 30 22 43 43 

-- -- -- 

Note: 1. Feed cha r  (200 x 400 Mesh) 

The va lues  o f  s u r f a c e  r e a c t i o n  r a t e  c o e f f i c i e n t s  (KS) o b t a i n e d  by Eq. (3-7) f o r  
each cha r  a r e  p resen ted  i n  Table 4-13. 
w i t h  t h e i r  co r respond ing  temperatures (Eq. (3-8))  t o  d e r i v e  t h e  A r rhen ius  p l o t s  
g i v e n  i n  F i g u r e s  4-19a and 4-19b. The apparent  a c t i v a t i o n  energy (E) and f r e -  
quency f a c t o r  ( A )  va lues  were determined f rom t h e  s lopes and i n t e r c e p t s  o f  t h e  
l e a s t  squares f i t s  o f  I n  KS vs. 1/T p l o t s .  

These va lues  were used i n  c o n j u n c t i o n  

The apparent  a c t i v a t i o n  energ ies  o b t a i n e d  f rom t h i s  s t u d y  are:  53700, 56360, 
42470, and 39490 ca l /mole f o r  PSC, ILC, JRC, and TXL cha r ,  r e s p e c t i v e l y .  The 

co r respond i  ng f requency f a c t o r s  are:  1390, 12950, 1040, and 660 g cm-’sec-’atrn-’. 
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Table 4-13 

K I N E T I C  DATA FROM GASIFICATION OF 200x400 MESH CHARS I N  0.3 CARBON D I O X I D E  
ATMOSPHERE AND 2000-2650°F TEMPERATURE RANGE 

C h a r - Type Temp. K E Z A  Y 
"K gm/crn2-s&. atm cal /mole gm/cm -sec. a t m  

~ 

1365 .00019 
1485 .00098 

1488 .00188 
1721 .00578 
1724 .00548 
1720 .00582 

TXL 1498 .00152 39490. 660 -0.96 

1294 
1332 
1365 
1485 
1498 
1488 

J RC 1613 
1616 
1617 
1697 
1721 
1724 
1720 

.00004 

.00020 

. 0001 6 

.00046 

.00071 

.00087 

. 001 48 42470 1040 

.00196 

.00219 

.00137 

.00579 

.00577 

.00461 

1485 
1498 
1488 

I LC 1613 
1616 
1617 
1721 
1724 
1720 

.00006 

.00008 

.00008 

.00026 56360 12950 

.00028 

.00031 

.00081 . 001 06 

.00099 

.0.99 

1485 
1498 
1488 
1574 

PSC 1602 
1613 
1616 
1617 
1721 
1724 
1720 

.00001 

.00003 

.00003 

.00004 

.00004 53700 1390 - 

.00007 

.00007 

.00009 

. 0001 6 

.00026 

.00030 

0.94 

KS = Surface React ion Rate C o e f f i c i e n t  
E = Apparent A c t i v a t i o n  Energy 
A = Frequency Factor  
Y = C o r r e l a t i o n  C o e f f i c i e n t  o f  I n  KS vs. 1 / T  
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The p l o t s  i n  F i g u r e s  4-19a and 4-19b y i e l d e d  c o r r e l a t i o n  c o e f f i c i e n t s  i n  t h e  

range o f  -0.94 t o  -0 .99.  
4-13. 

A l l  t h e  k i n e t i c  d a t a  f rom t h i s  s tudy  a r e  g i v e n  i n  Table 

Wen and Chuang ( 5 )  have used k i n e t i c  parameter va lues d e r i v e d  by Dobner (6) f r om 
t h e  d a t a  o b t a i n e d  by Gray and Kimber i n  t h e i r  l am ina r  f l o w  r e a c t o r  u s i n g  a com- 
m e r c i a l  cha rcoa l  p repared  f rom c o a l  by steam a c t i v a t i o n  (7 ) .  - These va lues a r e  42 
kcal /mole f o r  a c t i v a t i o n  energy ( E )  and 247 g cm-2sec-1atm-1 f o r  f requency f a c t o r  

( A ) .  The va lues o f  a c t i v a t i o n  energy found by K n i g h t  and Sergeant (8) - i n  t h e i r  
t he rmo-g rav ime t r i c  g a s i f i c a t i o n  s t u d i e s  o f  f o u r  chars a r e  i n  a r a t h e r  narrow 
range o f  21 9-233 kJ/mol e (52-56 k c a l  /mol e). 
s tudy  a r e  q u i t e  c l e a r l y  i n  t h e  range o f  t hose  found by these research  teams ( 5 ,  

Resu l t s  o b t a i  ned f rom t h e  p r e s e n t  

- 6, 1, 8) .  

To c l a s s i f y  t h e  r e l a t i v e  r e a c t i v i t i e s  o f  t h e  chars s t u d i e d ,  f rom a t h e o r e t i c a l  

s t a n d p o i n t ,  t h e i r  E and A values a r e  p lugged i n t o  t h e  A r rhen ius  Equa t ion  and t h e  
s u r f a c e  r e a c t i o n  r a t e  c o e f f i c i e n t s  (KS)  a r e  c a l c u l a t e d  as a f u n c t i o n  o f  tempera- 
t u r e  a lone.  Wen and Chuang's va lues a r e  i n c l u d e d  f o r  comparison. 

F i g u r e  4-20, show t h a t  TXL and JRC chars a r e  much more r e a c t i v e  t h a n  I L C  and PSC 
cha rs  and t h a t  Wen and Chuang's cha r  (WCC) i s  s l i g h t l y  more r e a c t i v e  t h a n  ILCC 
char .  For  example, a t  2650OF t h e  KS va lues o f  TXLC, J R C C ,  W C C ,  ILCC, and PSCC 

a r e  0.00663, 0.00436, 0.00125, 0.000946, and 0.000221 g cm-2sec-1atm-1, respec- 
t i v e l y .  K i n e t i c  r e s u l t s  show t h e  same t r e n d  as t h e  r e l a t i v e  g a s i f i c a t i o n  reac-  
t i v i t i e s  i n d i c a t e d  e a r l i e r .  These r e s u l t s  f u r t h e r  i n d i c a t e  t h a t  u s i n g  k i n e t i c  
parameters 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  a p p l i c a t i o n  shou ld  be done 

w i t h  c i r cumspec t ion .  For  i n s t a n c e ,  Wen and Chuang's d a t a  would o v e r - p r e d i c t  PSC 
cha r  g a s i f i c a t i o n  performance i n  t h e  p r e s e n t  temperature range by a f a c t o r  o f  a t  
l e a s t  f i v e .  

R e s u l t s ,  

K i n e t i c  parameters f o r  JRC char  g a s i f i c a t i o n  i n  steam were e s t i m a t e d  f rom a 
l i m i t e d  number o f  d a t a  p o i n t s .  
t i v a t i o n  energy (75900 c a l /  mole) t h a n  found f o r  g a s i f i c a t i o n  i n  carbon d i o x i d e  
(42470 cal /mole).  The r a t i o s  o f  KS, i . e . ,  (Ks)C-H o/(Ks)co2 = C2.79 x 10 exp 

(-75900/RT)]/[1040 exp (-42470/ RT)], a r e  0.12, 0.$7, and 4.22 a t  2000, 2400, and 
30OO0F, r e s p e c t i v e l y .  
e f f i c i e n t  t h a n  C-C02 r e a c t i o n  a t  h i g h e r  temperatures (.~3000OF), b u t  i t  i s  l e s s  
e f f i c i e n t  a t  l ower  temperatures.  

t h e r  q u a n t i f y  t h e  DTFS-derived k i n e t i c  parameters o f  c o a l  cha r  g a s i f i c a t i o n  i n  
steam. 

P r e l i m i n a r y  r e s u l t s  showed a much h i g h e r  ac- 

7 

T h i s  i n f o r m a t i o n  i n d i c a t e s  t h a t  C-H20 r e a c t i o n  i s  more 

T h i s  i n t e r e s t i n g  t r e n d  shows t h e  need t o  f u r -  
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@ The g a s i f i c a t i o n  k i n e t i c  r e a c t i o n  o r d e r  w i t h  r e s p e c t  t o  carbon d i o x i d e  concentra-  
t i o n  [CO,] was e v a l u a t e d  f o r  PSC cha r  f o l l o w i n g  t h e  same procedure o u t l i n e d  
e a r l i e r  i n  t h e  s e c t i o n  on "Combustion o f  Chars". That  i s  

KS = K'[C021n (4-3) 

where KS, K ' ,  and n a r e  as e x p l a i n e d  i n  Eq. (4-1). 

Equa t ion  (4-3) can be expressed as 

I n  KS = I n  K '  + n I n  [CO,] (4-4) 

A p l o t  o f  I n  KS vs. I n  [CO,] g i v e s  a s t r a i g h t  l i n e  whose s lope  i s  equal  t o  n. 
T h i s  method was used as shown i n  Table 4-14 and F i g u r e  4-21. The v a l u e  o f  n i n  
t h i s  f i g u r e  i s  equal  t o  0.91, which i s  v e r y  c l o s e  t o  f i r s t  o rde r .  K n i g h t  and 
Sergeant (8) - found a va lue  o f  0 . 7  f rom t h e i r  t he rmo-g rav ime t r i c  s t u d i e s  o f  Aus- 
t r a l i a n  c o a l  chars.  Wen e t  a l .  (20) - used f i r s t  o r d e r  r e a c t i o n  k i n e t i c s  w i t h  
r e s p e c t  t o  CO c o n c e n t r a t i o n  i n  t h e i r  TGA c o a l  g a s i f i c a t i o n  s t u d i e s .  Computer 
p r i n t o u t s  o f  cha r  g a s i f i c a t i o n  d a t a  a r e  g i v e n  i n  Appendix C. 

2 

Table 4-14 
DATA FOR EVALUATING GASIFICATION REACTION 

ORDER OF 200 x 400 MESH PSC CHAR 

15 2.71 
30 3.40 
60 4.09 

0.0024 
0.0070 
0.0084 

-6.03 
-4.96 
-4.78 

* is a r e  averages o f  K va lues found a t  each carbon d i o x i d e  p a r t i a l  pressure.  S 
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FIGURE 4-21 VARIATION OF In I<s'WlTH In [CO*I FOR 
200x400 MESH PSC CHAR GASIFICATION IN THE 
DTFS AT 2650°F GAS TEMPERATURE 
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Comparison Between Combustion and G a s i f i c a t i o n  React ion Rates o f  Chars 

Reac t ion  r a t e  c o e f f i c i e n t s  ( K S )  c a l c u l a t e d  from combust ion and g a s i f i c a t i o n  k ine -  
t i c  parameters o f  each cha r  a r e  compared i n  Table 4-15. 

Table 4-15 
RATIOS OF COMBUSTION TO GASIFICATION SURFACE 

REACTION RATE COEFFICIENTS OF 200 x 400 MESH CHARS 

Temperature JRC Char ILC Char PSC Char 

O F  O K  
145 exp( - 19970/RT) 60 exp( - 171 50/RT) 

1040 exp(-42470/RT) 12950 exp(-56360/RT) 1390 exp(-53700/RT) 
66 exp( -20360/RT) 

2000 1366 
2200 1477 
2400 1589 
2600 1700 
2650 1727 

558 
298 
174 
109 
98 

8,765 10,318 
2,959 4,098 
1,153 1,840 

51 2 923 
427 791 

R e s u l t s  i n  Table 4-15 show t h a t  cha r  combust ion r a t e s  a r e  two t o  f o u r  o r d e r s  o f  
magnitude g r e a t e r  t h a n  t h e i r  co r respond ing  g a s i f i c a t i o n  r a t e s  and t h a t  t h e  r a t i o s  
o f  combust ion t o  g a s i f i c a t i o n  r a t e s  decrease w i t h  i n c r e a s i n g  temperature and 

dec reas ing  c o a l  rank.  The former e f f e c t  i s  due t o  t h e  h i g h e r  a c t i v a t i o n  energ ies  
a s s o c i a t e d  w i t h  g a s i f i c a t i o n  i n d i c a t i n g  t h a t  i t  i s  more temperature s e n s i t i v e  

t h a n  combust ion.  
F o r  example, e x t r a p o l a t i n g  PSC r e s u l t s  t o  1472OF (800OC) yields a r a t i o  o f  3 x 10 . 
The comparable v a l u e  o f  Walker e t .  a l .  a t  147OOF and 0.1 atmospher ic  p ressu re  i s  

5 l x  10 . 

These r e s u l t s  p o i n t  t o  t h e  t r e n d  g i v e n  b y  Walker e t  a l .  (E). 
5 

Sur face Area - R e a c t i v i t y  R e l a t i o n s h i p s  

The BET po re  s u r f a c e  areas (SeET) o f  200 x 400 mesh cha rs  (Table 4-4) a r e  p l o t t e d  
a g a i n s t  combust ion and g a s i f i c a t i o n  s u r f a c e  r e a c t i o n  r a t e  c o e f f i c i e n t s  (KS) c a l -  
c u l a t e d  a t  265OOF u s i n g  k i n e t i c  parameters o b t a i n e d  f rom t h i s  s tudy  (Tables 4-9 
and 4-13). R e s u l t s  a r e  g i v e n  i n  F i g u r e  4-22. They i n d i c a t e  t h a t :  (1) as t h e  
BET s u r f a c e  areas i n c r e a s e  f rom 13 t o  97 m /g ,  t h e  combust ion s u r f a c e  r e a c t i o n  
r a t e  c o e f f i c i e n t s  i n c r e a s e  f rom 0.175 t o  0.429 g cm-2sec-1atm-1; and (2) as t h e  

BET s u r f a c e  areas i n c r e a s e  f rom 13 t o  213 m /g, t h e  g a s i f i c a t i o n  s u r f a c e  r e a c t i o n  
r a t e  c o e f f i c i e n t s  i n c r e a s e  f rom 0.000221 t o  0.00663 g cm-’sec 

2 

2 
-1 -1  atm . 
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FIGURE 4-22 RELATIONSHIP OF BET PORE SURFACE AREA (SBET) WITH 
DTFS COMBUSTION AND GASIFICATION SURFACE REACTION 
RATE COEFFICIENTS (Ks) FOR 2 0 0 ~ 4 0 0  MESH CHARS 
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The q u a l i t a t i v e  shapes o f  t h e  SBET - KS curves i n  F i g u r e  4-22 a r e  s t r i k i n g l y  
s i m i l a r  t o  those e x h i b i t e d  by SBET-RT r e l a t i o n s h i p s  ( F i g u r e  4-3). 
scores t h e  f a c t  t h a t  cha r  combust ion and g a s i f i c a t i o n  i n  e n t r a i n e d  and f i x e d  
bed r e a c t o r s  a r e  c o n t r o l l e d  t o  a l a r g e  e x t e n t  by a common parameter,  i n t e r n a l  
p o r e  s u r f a c e  area,  and t h a t  f u e l s  w i t h  g r e a t e r  i n t e r n a l  areas a r e  more r e a c t i v e .  

T h i s  under- 

Morphology o f  Coals and Chars 

Coals and cha rs  s i z e d  t o  200 x 400 mesh were observed under a Scanning E l e c t r o n  
Microscope (SEM) t o  examine t h e  s u r f a c e  s t r u c t u r e  o f  t h e i r  p a r t i c l e s .  
p a r t i a l l y  r e a c t e d  cha rs  were a l s o  examined s i m i l a r l y  t o  s tudy  p a r t i c l e  s u r f a c e  
s t r u c t u r e  changes d u r i n g  cha r  g a s i f i c a t i o n  and combust ion i n  t h e  Drop Tube Fur-  
nace System (DTFS). R e s u l t s  a r e  p resen ted  i n  m ic rog raph ic  form i n  F i g u r e s  4-23 
th rough  4-27. 

Some 

F i g u r e  4-23 shows the.micrographs o f  c o a l s .  
shape w i t h  no v i s i b l e  i n t e r n a l  c a v i t i e s .  The p h y s i c a l  appearance o f  t hese  coa l  
p a r t i c l e s  show no d i s c e r n i b l e  c o r r e l a t i o n  w i t h  coa l  rank.  

Coal p a r t i c l e s  appear a n g u l a r  i n  

F i g u r e s  4-24 th rough  4-27 show micrographs o f :  
cha rs  ( these  cha rs  were used as feed  m a t e r i a l s  f o r  subsequent cha r  combust ion and 

g a s i f i c a t i o n  s t u d i e s ) ;  (2)  g a s i f i c a t i o n  chars a t  v a r i o u s  r e a c t i o n  zones; and (3) 
combust ion cha rs  a t  t h e  s i x t e e n - i n c h  r e a c t i o n  zone. 

(1) 200 x 400 mesh p y r o l y s i s  

G a s i f i c a t i o n  and combust ion chars f rom TXLC, F i g u r e  4-24, a r e  f rom 12" and 16" 
r e a c t i o n  zones, r e s p e c t i v e l y .  
p o s i t i o n s  a r e  61 and 8556, r e s p e c t i v e l y .  The g a s i f i c a t i o n  cha r  appears s l i g h t l y  
more s p h e r i c a l  t h a n  t h e  p y r o l y s i s  cha r  and a l s o  has l a r g e r  s u r f a c e  de fec ts .  
combust ion cha r  appears d i f f e r e n t  f rom t h e  o t h e r  two cha rs ;  i t  shows a predominance 

o f  g l o b u l e s  which a r e  ash c o n s t i t u e n t s  and a much more open porous s t r u c t u r e  
r e p r e s e n t a t i v e  o f  t h e  l a t t e r  s tages o f  combust ion o f  l ow  r a n k  f u e l .  

G a s i f i c a t i o n  and combust ion e f f i c i e n c i e s  a t  t hese  

The 

F i g u r e  4-25 shows JRC g a s i f i c a t i o n  cha rs  a t  8" and 16" r e a c t i o n  zones a l o n g  w i t h  
t h e  p y r o l y s i s  char .  
64%, r e s p e c t i v e l y .  
t h e  form o f  t i n y  ho les.  
dominance o f  sur face f i s s u r e s .  
s t r u c t u r e .  
c a t i o n  appear t o  have l o s t  t h e i r  s t r u c t u r a l  i n t e g r i t y  and have s h a t t e r e d  i n t o  
sma l l  e r  p ieces .  

The g a s i f i c a t i o n  e f f i c i e n c i e s  a t  t hese  l e v e l s  a r e  45 and 
The s u r f a c e  d e f e c t s  on t h e  p y r o l y s i s  cha r  p a r t i c l e s  appear i n  

The p a r t i c l e s  o f  t h e  8" g a s i f i c a t i o n  cha r  have a p r e -  

A t  16" cha r  p a r t i c l e s  have a v e r y  open porous 

I n  a d d i t i o n ,  some o f  t h e  p a r t i c l e s  d u r i n g  t h e  l a t t e r  s tages o f  g a s i f i -  
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500X T X L  LIGNITE 

500X ILC HVCB 

500X JRC SUB C 

500X PSC HVAB 

FIGURE 4-23 SCANNING ELECTRON MICROGRAPHS OF 2 0 0 ~ 4 0 0  MESH COALS 
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500X PYROLYSIS CHAR 500X GASIFICATION CHAR 
DTFS-12" 

1OOX COMBUSTION CHAR 
D T  F S- 1 6" 

5oOX COMBUSTION CHAR 
D T  FS- 1 6" 

FIGURE 4-24 SCANNING ELECTRON MICROGRAPHS OF T X L  CHARS 
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500X PYROLYSIS CHAR 500X GASIFICATION CHAR 
DT FS-8" 

IOOX GASIFICATION CHAR 
DT FS-16" 

500X GASIFICATION CHAR 
DTFS-16" 

FIGURE 4-25 SCANNING ELECTRON MICROGRAPHS OF JRC CHARS 
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500X PYROLYSIS CHAR 

500X GASIFICATION CHAR 
DT FS- 16" 

500X GASIFICATION CHAR 
DT FS-8" 

500X COMBUSTION CHAR 
DT FS- 16" 

FIGURE 4-26 SCANNING ELECTRON MICROGRAPHS OF ILC CHARS 
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500X PYROLYSIS CHAR 500X GASIFICATION CHAR 
DTFS-8” 

500X GASIFICATION CHAR 
DT FS- 1 6” 

5OOX COMBUSTION CHAR 
DTFS-16” 

FIGURE 4-27 SCANNING ELECTRON MICROGRAPHS OF PSC CHARS 
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The micrographs o f  t h e  ILC cha rs  a r e  g i v e n  i n  F i g u r e  4-26. 
c i e s  a t  8" and 16" a r e  7 and 17%, r e s p e c t i v e l y ,  and combust ion e f f i c i e n c y  a t  16" 
i s  95%. 
Sur face  d e f e c t s  appear i n  t h e  form o f  l a r g e  ho les .  
a l s o  appear d i f f e r e n t  f rom t h e  o t h e r  chars.  
porous.  

G a s i f i c a t i o n  e f f i c i e n -  

P y r o l y s i s  and g a s i f i c a t i o n  chars do n o t  appear t o  be m a t e r i a l l y  d i f f e r e n t .  
The combust ion cha r  p a r t i c l e s  

T h e i r  su r faces  l o o k  r e l a t i v e l y  
G lobu le  ash c o n s t i t u e n t s  a r e  a l s o  abundant. 

F i g u r e  4-27 d e p i c t s  micrographs of  PSC chars.  
and 16" r e a c t i o n  zones a r e  2 and 6%, r e s p e c t i v e l y ,  and combust ion e f f i c i e n c y  a t  
16" r e a c t i o n  zone i s  73%. Again,  no s i g n i f i c a n t  d i f f e r e n c e s  a r e  found between 
p y r o l y s i s  and g a s i f i c a t i o n  cha r  p a r t i c l e s .  P a r t i c l e s  a r e  f a i r l y  s p h e r i c a l  i n  
shape and have o n l y  a few d e f e c t s  i n  t h e  form o f  ho les .  T h i s  i s  t y p i c a l  o f  
agg lomera t i ng  c o a l s  which go th rough  a p l a s t i c  s tage d u r i n g  p y r o l y s i s ;  t h e y  
assume a more s p h e r i c a l  shape and r e s u l t  i n  a c l o s e d  po re  s t r u c t u r e .  
t i o n  cha r  l o o k s  somewhat s i m i l a r  t o  ILC combust ion char .  Tha t  i s ,  i t  i s  r e l a t i v e l y  
porous and has an abundance o f  g l o b u l e  ash c o n s t i t u e n t .  
somewhat more porous. 

G a s i f i c a t i o n  e f f i c i e n c i e s  a t  8" 

The combus- 

The TXL cha r  appears 

The s u r f a c e  d e f e c t s  found  i n  g a s i f i c a t i o n  and combust ion c h a r  p a r t i c l e s  (F igu res  
4-24 th rough  4-27) a r e  i n d i c a t i v e  o f  v a r y i n g  degrees o f  p o r o s i t y  o f  t hese  chars.  
They a l s o  i n d i c a t e  t h a t  b o t h  c h a r  g a s i f i c a t i o n  and combust ion a r e  c o n t r o l l e d  t o  a 

l a r g e  e x t e n t  by t h e  same p h y s i c a l  phenomenon, namely, t h e  s u r f a c e  r e a c t i o n .  The 
v e r y  h i g h  p o r o s i t y  and l a r g e  open po re  s t r u c t u r e  o f  t h e  TXL and JRC chars  i s  
l a r g e l y  r e s p o n s i b l e  f o r  t h e i r  h i g h  r e a c t i v i t i e s .  
P i t t s b u r g h  No. 8 c o a l  and i t s  subsequent f o r m a t i o n  o f  a s p h e r i c a l  cha r  w i t h  few 
sur face d e f e c t s  i s  l a r g e l y  r e s p o n s i b l e  f o r  t h e  r e l a t i v e l y  l ow  r e a c t i v i t y  o f  t h e  
PSC char .  

The agg lomera t i ng  n a t u r e  o f  t h e  
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S e c t i o n  5 

APPLICATION 

DTFS PERFORMANCE PREDICTIONS 

The c o m b u s t i o n / g a s i f i c a t i o n  model desc r ibed  i n  Appendix D was used i n  c o n j u n c t i o n  
w i t h  t h e  k i n e t i c  parameters ( A c t i v a t i o n  Energ ies and Frequency Fac to rs )  o b t a i n e d  
f rom t h i s  s tudy  t o  p r e d i c t  t h e  performances o f  TXL, JRC, ILC, and PSC chars i n  
t h e  Drop Tube fu rnace  System (DTFS). 
c o a l  and cha r  behav io r  i n  t h e  Drop Tube fu rnace  System t o  a n t i c i p a t e  performance and 
t r e n d s  a t  c o n d i t i o n s  where exper imenta l  d a t a  may n o t  have been taken.  

I n  t h i s  manner, i t  i s  p o s s i b l e  t o  g e n e r a l i z e  

Char Combustion 

R e s u l t s  g i v e n  i n  f i g u r e  5-1 show t h e  e f f e c t s  o f  temperature and res idence  t i m e  on 
t h e  p r e d i c t e d  combust ion e f f i c i e n c i e s  o f  JRC, ILC, and PSC 200 x 400 mesh chars.  
Exper imenta l  d a t a  p o i n t s  a r e  shown f o r  comparison. T h i s  f i g u r e  g e n e r a l l y  shows 

good agreement between exper imenta l  and t h e o r e t i c a l  cha r  combust ion e f f i c i e n c y  

(q) r e s u l t s ,  even though t h e o r y  s l i g h t l y  o v e r - p r e d i c t s  q va lues a t  h i g h e r  temper- 
a t u r e s  and l o n g e r  res idence  t imes .  

PSC cha r  i s  f u r t h e r  examined i n  more d e t a i l  s i n c e  i t s  r e a c t i v i t y  performance i s  

?ower t h a n  those  o f  o t h e r  chars.  Three cases a r e  p resen ted  based on t h e  assump- 
t i o n s  t h a t  t h i s  cha r  i s  burned i n  a i r  a t  an i so the rma l  temperature o f  300OoF and 

-20, 0, and 10% excess a i r .  Resu l t s ,  g i v e n  i n  F i g u r e  5-2,  show t h a t :  (1) as 
expected, o n l y  80% o f  t h e  cha r  can be burned a t  -20% excess a i r ;  (2)  a t  0% excess 
a i r ,  98% o f  t h e  cha r  i s  burned i n  0 .6  second; and (3) a t  10% excess a i r ,  t h e  cha r  

i s  burned t o  comp le t i on  i n  0 .4  sec. 

These r e s u l t s  i n d i c a t e  t h a t  f rom an a p p l i c a t i o n  s t a n d p o i n t  t h e  PSC cha r  can be 
burned t o  comp le t i on  i n  an adequate res idence  t i m e  g i v e n  p r o p e r  temperature and 
excess a i r .  

temperature were h e l d  i s o t h e r m a l l y  a t  30OO0F, t h e  PSC cha r  would bu rn  t o  comp le t i on  
i n  about  0.6 sec. 

Fo r  i n s t a n c e ,  F i g u r e  5 - 1  i n d i c a t e s  t h a t  i f  t h e  3% 02/97% N2 gas 
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Char Gasification 

Figures 5-3a and 5-3b show predicted gasification resu ts in a 0.3 C02 atmosphere 
in nitrogen balance at different temperatures for TXL, JRC, ILC, and PSC 200 x 
400 mesh chars. Experimental data points are included for comparison. Figure 
5-3 shows that temperature has a significant effect on gasification efficiency. 
For example, conversion efficiency can be increased by an order of magnitude (in a 
0.5 sec. residence time) by increasing temperature by 600-8OO0F. Figure 5-3 shows 
that fuel property effects are also great. Even though an order of magnitude 
increase in gasification efficiency can be attained for the PSC char in going 
from 2200OF to 30OO0F, its gasification efficiency at 30OOOF is only 16% at 0.5 
sec. residence time. 

The effect of C02 partial pressure on predicted gasification efficiency of 200 x 
400 mesh PSC char at 265OOF gas temperature is shown in Figure 5-4. Experimental 
data points are included for cornparison. It is evident that C02 partial pressure 
has a favorable influence on gasification. However, since PSC char  is so unreac- 
tive in carbon dioxide, an increase of C02 partial pressure to one atmosphere 
from 0.6 atmosphere results in only 13% versus 7% conversion efficiency at 0.6 
sec. residence time in the DTFS. 
pressure is evident, the absolute amount of carbon conversion in both cases is 
smal 1. 

Even though the first order effect of C02 partial 

The effect of particle size on the predicted gasification efficiencies o f  JRC, 
ILC, and PSC chars was simulated. Two size grades were considered: 200 x 400 
mesh (the same results given in Figures 5-3a and 5-3b) and -400 mesh obtained 
from grinding a portion of 200 x 400 mesh. 
meters developed on 200 x 400 mesh chars consistently over-predicted the perfor- 
mance of -400 mesh size fractions compared to experimental data points. 
work needs to be done to scrutinize the dependency of kinetic parameters on 
particle size. Curve-fitting was achieved by adjusting the values of frequency 
factors ( A )  while keeping the activation energies (E) constant. The prediction 
of the -400 mesh PSC char performance was based on an adjusted A value of 800 g 

-1 -1 cm-2sec atm 
size fraction. 

atm-’ and 500 g cm-*sec-latm-’ from 1040 g cm-2sec-1atm-1. 
in Figure 5-5. 

It was found that the kinetic para- 

More 

from a value of 1390 g cm-2sec-’atm-1 obtained from 200 x 400 mesh 
The correspondingly adjusted A values for predicting -400 mesh 

ILC and JRC chars are, respectively, 2500 g cm-2sec-1atm-1 from 12950 g cm -2  sec - 1  

Results are plotted 
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Results presented in Figures 5-3a t h r o u g h  5-4 show tha t  temperature, and carbon 
dioxide par t ia l  pressure and p a r t i c l e  s ize  play very important roles during char 
gas i f ica t ion .  However, one thing i s  evident: None of these reaction parameters 
improves the performance of the low reac t iv i ty  PSC char in the DTFS t o  a p o i n t  
where substantial  increases in carbon conversions can be achieved i n  a s ingle  
pass. 
h i g h  performance of JRC char (close t o  complete gasif icat ion) .  

A good combination of the same reaction parameters would lead t o  a very 
These resu l t s  

indicate t h a t  the nature of the parent coal i s  very important and 
data are  required t o  determine gasif icat ion rates  for  any particu 

Coal Gasification 

Gasification reaction kinet ic  parameters obtained from t h i s  study 
t o  predict  the gas i f ica t ion  performances of JRC, ILC, and PSC coa 
conditions. 

t h a t  empirical 
a r  coal. 

were also used 
s under spec i f ic  

I t  i s  assumed t h a t  vo la t i les  are released instant ly  and char gasif icat ion s t a r t s  
thereaf ter .  
weight loss obtained a t  16-inch reaction zone during coal pyrolysis in nitrogen 
a t  265OOF (VM16, % dry-ash-free basis)  (Table 4-7) .  
gas i f ica t ion  eff ic iency (qc) i s  obtained as follows: 

The quantity of vo la t i les  released i n  each case i s  equal t o  the DTFS 

As such, predicted coal 

qc  = VM16 + (1 - VM16/100) (5-1 1 

where q i s  the char gasif icat ion eff ic iency predicted by the model described i n  
Appendix D. 
phase by b o t h  pyrolysis and gasif icat ion processes. Note tha t  i f  char,  instead 
of coal ,  were the s t a r t i n g  mater ia l ,  VM16 'L 0 ,  and Eq. (5-1) reduces t o  q c  q. 

Eq. (5-1) indicates t h a t  qc  i s  the to ta l  so l id  conversion t o  gas 

Figure 5-6 shows resu l t s  on the predicted gasif icat ion e f f ic ienc ies  of 70% -200 
mesh fract ions of JRC, ILC, and PSC coals a t  an isothermal gas temperature of 26OOOF 
and constant COP par t ia l  pressure of 0 .15 atmosphere. The gas i f ica t ion  e f f ic ienc ies  
(qc) of JRC, ILC, and PSC coals a f t e r  a two-second residence time are 94,  71, and 
63%, respectively,  indicating the great  influence o f  fuel property e f fec ts .  

Figure 5-7 shows the e f fec ts  of temperature, p a r t i c l e  s i z e ,  and C02 par t ia l  pres- 
sure ( CD2)  on the gasif icat ion eff ic iency of PSC coal. To examine the e f f e c t  of 
temperature, C02 par t ia l  pressure i s  maintained constant a t  0.15 atmosphere, a 
70% -200 mesh i s  used, and temperature i s  varied from 2 2 0 O O F  t o  32OOOF. 

P 

The 
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g a s i f i c a t i o n  e f f i c i e n c i e s  a t  two-second res idence  t i m e  a r e  52, 63 
r e s p e c t i v e l y ,  f o r  2200, 2600, 3000, and 320OOF gas temperatures,  
s u b s t a n t i a l  e f f e c t .  

The e f f e c t  o f  p a r t i c l e  s i z e  on t h e  g a s i f i c a t i o n  e f f i c i e n c y  o f  PSC 

88, and 97%, 
n d i c a t i n g  i t s  

coal  i s  examined 
by m a i n t a i n i n g  t h e  temperature a t  an i so the rma l  va lue  o f  3000°F, t h e  p a r t i a l  
p ressu re  o f  C02 c o n s t a n t  a t  0.15 atmosphere, and v a r y i n g  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  f rom 60 t o  80% -200 mesh. 
c o n d i t i o n s ,  i s  q u i t e  sma l l .  Coal g a s i f i c a t i o n  e f f i c i e n c i e s  a t  a two-second 
r e s i d e n c t  t i m e  a r e  86, 88, and 89%, r e s p e c t i v e l y ,  f o r  60, 70, and 80% -200 mesh 
s i z e  d i s t r i b u t i o n s .  

The e f f e c t  o f  p a r t i c l e  s i z e ,  under p r e v a i l i n g  

The e f f e c t  o f  C02 p a r t i a l  p ressu re  on t h e  g a s i f i c a t i o n  e f f i c i e n c y  o f  PSC c o a l  i s  
examined b y  m a i n t a i n i n g  t h e  temperature a t  30OO0F, u s i n g  a s i z e  grade o f  80% -200 
mesh, and v a r y i n g  t h e  p a r t i a l  p ressu re  f rom 0.15 t o  1.0 atmosphere. Under these  

c o n d i t i o n s ,  c o a l  g a s i f i c a t i o n  e f f i c i e n c y  goes t o  comp le t i on  i n  1.4 seconds a t  
carbon d i o x i d e  p a r t i a l  p ressu re  o f  one atmosphere. A t  t h i s  t i m e ,  t h e  c o a l  g a s i -  

f i c a t i o n  e f f i c i e n c i e s  a r e  85, 94, and 99%, r e s p e c t i v e l y ,  f o r  C02 p a r t i a l  p ressu re  
o f  0.15, 0.30, and 0.60 atmospheres. The co r respond ing  va lues  a t  two-second 
res idence  t i m e  a r e  90, 97, and 100%. 
i s  c a r r i e d  o u t  a t  a v e r y  h i g h  temperature u s i n g  v e r y  f i n e  p a r t i c l e s ,  C02 p a r t i a l  

p ressu re  s t i l l  e x e r t s  a s t r o n g  i n f l u e n c e  on t h e  PSC g a s i f i c a t i o n  e f f i c i e n c y .  

A l though t h i s  p a r t i c u l a r  p a r a m e t r i c  s tudy  

Equa t ion  (5-1) makes a s i m p l i f y i n g  assumption t h a t  v o l a t i l e  m a t t e r  (VM,6) r e l e a s e d  
by p y r o l y s i s  does n o t  r e a c t .  
CH4, e t c . )  r e a c t  homogeneously and heterogeneously .  
r e a c t  heterogeneously  w i t h  carbon i n  t h e  cha r  t o  produce CO and H 
t h e  u l t i m a t e  q u a n t i t y  and q u a l i t y  o f  p r o d u c t  gas d u r i n g  c o a l  g a s i f i c a t i o n  depends 
on t h e  e x t e n t s  o f  b o t h  c o a l  p y r o l y s i s  and cha r  g a s i f i c a t i o n .  As such, t h e  r e s u l t s  
o b t a i n e d  b y  Eq. (5-1) a r e  n o t  a b s o l u t e  va lues.  They, i n s t e a d ,  i n d i c a t e  g a s i f i -  

c a t i o n  e f f i c i e n c y  t r e n d s  as a f u n c t i o n  o f  s tudy  parameters.  

I n  a c t u a l i t y ,  py rogen ic  species (H20, C02, CO, H2, 
For example, C02 and H20 

There fo re ,  2' 

The above r e s u l t s  i n d i c a t e  t h a t  temperature,  f u e l  p r o p e r t i e s ,  and carbon d i o x i d e  

p a r t i a l  p r e s s u r e  have s i g n i f i c a n t  e f f e c t s  on t h e  e x t e n t  o f  c o a l  g a s i f i c a t i o n .  
f u r t h e r  i n d i c a t e  t h a t  because o f  t h e  l ow  g a s i f i c a t i o n  r e a c t i v i t y  o f  t h e  P i t t s b u r g h  
No. 8 c o a l ,  s i g n i f i c a n t  o v e r a l l  g a s i f i c a t i o n  can o n l y  occur  if ext reme ly  h i g h  

temperatures (30OOOF) and h i g h  carbon d i o x i d e  p a r t i a l  p ressu re  (0.6 atm. )are 
s u s t a i n e d  f o r  l o n g  res idence  t imes  (2 seconds). 
c o n t r i b u t i o n  t o  p r o d u c t  gas h e a t i n g  va lues w i l l  be due t o  d e v o l a t i l i z a t i o n  

because o f  t h e  l ow  cha r  r e a c t i v i t y  o f  t h e  P i t t s b u r g h  coa l  as i t  i s  g a s i f i e d .  

They 

There fo re ,  a r e l a t i v e l y  l a r g e  
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APPENDIX A 

TEST FACILITIES 

A l l  t h e  ma jo r  t e s t  f a c i l i t i e s  used th roughou t  t h i s  i n v e s t i g a t i o n  a r e  d e s c r i b e d  
below. 

FLAMMABILITY I N D E X  APPARATUS 

The F l a m m a b i l i t y  I ndex  Apparatus ( F i g u r e  A-1) i s  a dev i ce  used t o  determine t h e  
i g n i t i o n  temperatures of p u l v e r i z e d  s o l i d  f u e l s  under s p e c i f i c  c o n d i t i o n s .  
apparatus was employed t o  measure t h e  r e l a t i v e  i g n i t i o n  temperatures o f  c o a l s .  
About 0 .2 g o f  sample s i z e d  t o  200 x 0 mesh i s  p l a c e d  i n  t h e  sample h o l d e r .  
f u rnace  i s  p rehea ted  t o  a d e s i r e d  l e v e l ,  t h e n  t h e  so leno id -opera ted  v a l v e  i s  

opened, a l l o w i n g  oxygen f rom a 2 - l i t e r  s to rage  r e s e r v o i r  t o  suspend and convey 
t h e  sample th rough  t h e  furnace. 
repea ted  a t  h i g h e r  temperatures,  i n  5OoF increments,  u n t i l  i g n i t i o n  occurs.  I f  
i g n i t i o n  does occur  i n  t h e  f i r s t  t r i a l ,  t h e n  t h e  procedure i s  repea ted  t o  d e t e r -  
mine t h e  temperature below which i g n i t i o n  does n o t  occur .  I n  e i t h e r  case, f i n e  
t u n i n g  i s  necessary t o  f u r t h e r  narrow t h e  e r r o r  margin.  T h i s  i g n i t i o n  tempera- 
t u r e  i s  c a l l e d  t h e  F l a m m a b i l i t y  Index.  
compared t o  o t h e r  f u e l s  i n d i c a t e s  t h e  f lame i g n i t i o n  t e m p e r a t u r e / s t a b i l i t y  on a 
r e l a t i v e  b a s i s .  

T h i s  

The 

I f  i g n i t i o n  does n o t  occur ,  t h e  procedure i s  

The va lue  o f  t h e  F l a m m a b i l i t y  I ndex  

TGS-2 THERMO-GRAVIMETRIC ANALYSIS SYSTEM 

The Perk in-Elmer Model TGS-2 i s  a complete,  second-generat ion system f o r  accur-  
a t e l y  r e c o r d i n g  t h e  w e i g h t  l o s s  o r  w e i g h t  g a i n  o r  r a t e  o f  w e i g h t  change o f  a 
sample as i t  i s  s u b j e c t e d  t o  a p r e c i s e l y  c o n t r o l l e d  temperature environment.  
i s  a c o m p l e t e l y  modular system c o n s i s t i n g  o f  t h e  f o l l o w i n g  i ndependen t l y  packaged 
u n i t s :  t h e  Thermobalance Analyzer ,  t h e  E l e c t r o n i c  Balance C o n t r o l ,  t h e  Tempera- 
t u r e  (program) M ic rop rocesso r  C o n t r o l l e r ,  t h e  Heater  C o n t r o l  U n i t ,  t h e  F i r s t  
D e r i v a t i v e  Computer (FDC), and t h e  Recorder. 

I t  

T h i s  apparatus uses a sma l l  s o l i d  sample t o  de te rm ine  e i t h e r  i t s  m ic ro -p rox ima te  

a n a l y s i s  u s i n g  t h e  genera l  procedure e s t a b l i s h e d  by t h e  American S o c i e t y  for  
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T e s t i n g  M a t e r i a l s  (ASTM) o r  i t s  t he rmo-g rav ime t r i c  r e a c t i v i t y  under s p e c i f i c  
exper imen ta l  c o n d i t i o n s  ( h e a t i n g  r a t e ,  r e a c t i o n  medium, and r e a c t i o n  tempera- 
t u r e ) .  

The m ic ro -p rox ima te  a n a l y s i s  i s  determined as f o l l o w s .  
w i t h  n i t r o g e n  t o  remove oxygen t r a c e s .  
i n  n i t r o g e n  t o  105OC and h o l d i n g  f o r  t h r e e  minutes.  
heated a t  100°C/min t o  95OOC and h e l d  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  m a t t e r .  A f t e r  t h i s ,  t h e  temperature i s  lowered t o  75OOC and a 
s w i t c h i n g  v a l v e  i s  used t o  i n t r o d u c e  oxygen f o r  t h e  combust ion o f  f i x e d  carbon a t  
t h i s  temperature.  

A 4-6 mg sample i s  purged 
The m o i s t u r e  l o s s  i s  o b t a i n e d  by h e a t i n g  

Subsequent ly,  t h e  sample i s  

The r e s i d u e  rep resen ts  t h e  ash con ten t .  

The i s o t h e r m a l  c h a r  r e a c t i v i t y  t e s t  i s  determined as f o l l o w s .  A 4-6 mg sample o f  
s p e c i f i c  s i z e  grade i s  p l a c e d  i n  t h e  TGS-2 System and heated i n  t h e  presence o f  
n i t r o g e n  a t  20°C/min t o  t h e  r e a c t i v i t y  temperature (700OC f o r  combust ion and 
95OoC f o r  g a s i f i c a t i o n ) .  A f t e r  s t a b i l i z a t i o n  a t  t h i s  temperature,  t h e  r e a c t i o n  
medium ( a i r  f o r  combust ion and carbon d i o x i d e  f o r  g a s i f i c a t i o n )  i s  i n t roduced .  
The p e r c e n t  w e i g h t  o f  t h e  unburned o r  u n g a s i f i e d  cha r  and r a t e  o f  w e i g h t  l o s s  a r e  
reco rded  on a s t r i p  c h a r t  as a f u n c t i o n  o f  t ime.  
q u e n t l y  used t o  de te rm ine  t h e  cha r  combust ion o r  g a s i f i c a t i o n  e f f i c i e n c y  h i s t o r y  and 
r e a c t i v i t y  parameter  (which i n d i c a t e s  t h e  maximum r a t e  o f  w e i g h t  l o s s  p e r  u n i t  
w e i g h t  o f  t h e  o r i g i n a l  sample i n  t h e  TGS-2 System). 

These thermo-grams a r e  subse- 

QUANTASORB 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  Quantasorb Sur face Area Analyzer  i n v o l v e s  
pass ing  a m i x t u r e  o f  h e l i u m  (used as a c a r r i e r )  and adsorbate (N o r  CO ) th rough  2 2 
a U-shaped sma l l  c e l l  c o n t a i n i n g  t h e  smaple.* The amount o f  adsorbate p h y s i c a l l y  
adsorbed a t  v a r i o u s  p a r t i a l  p ressu res  on t h e  sample (adsorbent)  s u r f a c e  can t h e n  
be used t o  c a l c u l a t e  t h e  sample 's  s u r f a c e  area. 

A d s o r p t i o n  and d e s o r p t i o n  occur  when t h e  sample i s  immersed i n t o  and t h e n  w i t h -  
drawn f rom t h e  l i q u i d  c o n t r o l l i n g  t h e  a d s o r p t i o n  temperature.  
and room temperature (25OC) water  a r e  used f o r  n i t r o g e n  a d s o r p t i o n  and d e s o r p t i o n ,  
r e s p e c t i v e l y .  Room temperature and h o t  ( 6 O O C )  wa te r  a r e  used f o r  carbon d i o x i d e  

L i q u i d  n i t r o g e n  

* Outgassed i n  t h e  Quantasorb a t  2 O O O C  and one hour  u s i n g  n i t r o g e n  as t h e  
sweeping gas. 
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a d s o r p t i o n  and d e s o r p t i o n ,  r e s p e c t i v e l y .  Changes i n  t h e  r a t i o  o f  he l ium t o  ad- 
sorba te  i n  t h e  f l o w i n g  stream, due t o  a d s o r p t i o n  and d e s o r p t i o n ,  a re  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  d e t e c t o r .  The s i g n a l s  d e l i v e r e d  by t h e  
d e t e c t o r  a re  n e a r l y  Gaussian i n  shape. 
t i o n a l  t o  t h e  r a t e  o f  a d s o r p t i o n  o r  d e s o r p t i o n  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 r o p o r t i o n a l  t o  t h e  q u a n t i t y  o f  gas adsorbed. As such, t h e  
f u n c t i o n  o f  t h e  Quantasorb Sur face Analyzer  i s  t o  measure t h e  q u a n t i t y  o f  gas 
adsorbed a t  a g i v e n  temperature and p a r t i a l  pressure.  

The ins tan taneous s i g n a l  h e i g h t  i s  p r o p o r -  

A BET (Brunauer,  E m m e t t ,  T e l l e r )  s i n g l e  p o i n t  method i s  used i n  con junc- t ion  w i t h  
N2 a d s o r p t i o n  a t  -196OC (-321OF) t o  determine t h e  sample 's  BET s p e c i f i c  s u r f a c e  
area (1). - 
25OC (77'F) t o  determine t h e  sample 's  C02 s p e c i f i c  s u r f a c e  area (2). - 

A Dubinin-Kaganer method i s  used i n  c o n j u n c t i o n  w i t h  C02 a d s o r p t i o n  a t  

DROP TUBE FURNACE SYSTEM (DTFS) 

The Drop Tube Furnace System ( F i g u r e  A-2) i s  comprised o f  a 1 - i n c h  i n n e r  d iamete r  

h o r i z o n t a l  tube gas p r e h e a t e r  and a E- inch  i n n e r  d iameter  v e r t i c a l  tube t e s t  
fu rnace f o r  p r o v i d i n g  c o n t r o l l e d  temperature c o n d i t i o n s .  
t r i c a l l y  heated w i t h  s i l i c o n  c a r b i d e  elements ( S i c )  and a re  r a t e d  a t  2800OF. The 
DTFS was used t o  s tudy  p y r o l y s i s ,  combust ion,  and g a s i f i c a t i o n  o f  c o a l s  and/or 
chars.  

Both tubes a re  e l e c -  

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  DTFS i s  as f o l l o w s .  S ize  graded f u e l  (0.055- 
0.095 gm/min) i s  i n t r o d u c e d  w i t h  a smal l  amount o f  c a r r i e r  gas i n t o  t h e  h o t  r e -  
a c t i o n  zone o f  t h e  t e s t  fu rnace th rough a water -coo led  f u e l  i n j e c t o r .  
secondary gas stream i s  i n t r o d u c e d  around t h e  p r i m a r y  stream. I n j e c t i o n  o f  f ue l  
p a r t i c l e s  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  h e a t i n g  o f  t h e  p a r t i c l e s  t o  
t h e  p r e v a i l i n g  gas temperature ( a t  a r a t e  o f  t h e  o r d e r  o f  l o 4  OC/sec). F o l l o w i n g  

t h e  r a p i d  h e a t i n g  p e r i o d ,  p y r o l y s i s ,  g a s i f i c a t i o n ,  and/or combust ion o f  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 e a c t i o n s  a re  r a p i d l y  quenched. S o l i d  
p r o d u c t s  a re  separated f rom t h e  gaseous p r o d u c t s  i n  a smal l  f i l t e r  housing,  and 
an a l i q u o t  o f  t h e  e f f l u e n t  gas sample i s  s e n t  t o  a p r e - c a l i b r a t e d  Gas A n a l y s i s  
System. 

A p reheated  

The s o l i d  p r o d u c t s  c o l l e c t e d  a t  v a r i o u s  l o c a t i o n s  a l o n g  t h e  a x i s  o f  t h e  DTFS 
r e a c t i o n  zone can be analyzed t o  determine s o l i d  convers ion  e f f i c i e n c i e s .  
t r a c e r  method, which i s  based on t h e  assumption t h a t  ash remains i n e r t  d u r i n g  

An ash 
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either pyrolysis or combustion, i s  used to calculate the fuels' pyrolysis or 
combustion efficiency. 
to determine N O X ,  0 2 ,  CO, and C02 concentrations. 
to determine carbon gasification efficiency in carbon dioxide and steam. 

The aliquot of the effluent gas sample is analyzed on-line 

Carbon monoxide (CO) is used 

A 
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REAC 

Char combust ion o r  g a s i f  

APPENDIX B 

I O N  KINETIC PARAMETER DETERMINATIONS 

c a t i o n  k i n e t i c  parameters were determined on t h e  b a s i s  
o f  F i e l d ' s  f o r m u l a t i o n  g i v e n  below (10, - _  11). 

OVERALL REACTION RATE C O E F F I C I E N T  

The o v e r a l l  r e a c t i o n  r a t e  c o e f f i c i e n t  ( K )  i s  d e f i n e d  as t h e  r a t e  o f  carbon removal 
p e r  u n i t  e x t e r n a l  s u r f a c e  area p e r  u n i t  atmosphere p a r t i a l  p ressu re  o f  oxygen i n  
gas ( f o r  combust ion) o r  carbon d i o x i d e  i n  gas ( f o r  g a s i f i c a t i o n ) .  That  i s  

where q i s  t h e  r a t e  o f  carbon removal p e r  u n i t  e x t e r n a l  s u r f a c e  area ( g  cm-2sec-1), 

and P i s  t h e  p a r t i a l  p ressu re  o f  oxygen o r  carbon d i o x i d e  i n  t h e  gas (atm.) .  
g 

Reac t ion  r a t e ,  q, i s  g i v e n  by 

where S i s  t h e  s u r f a c e  a rea  a t  b u r n - o f f  o r  g a s i f i c a t i o n - l e v e l  B p e r  u n i t  w e i g h t  

o f  m o i s t u r e  and a s h - f r e e  char .  and t i s  t h e  res idence  t i m e  i n  t h e  r e a c t i o n  zone. 
S i s  g i v e n  b y  

where U = 
o r  u n g a s i f  
d e n s i t y  o f  

S = 6U/Xp 

F i e  
coa 

-B i s  t h e  f r a c t i o n  o f  combust 

ed, X i s  t h e  mean we igh t  p a r t  
cha r  (g/cm3, d ry -ash - f ree ) .  

d found t h e  f o l l o w  
assuming a s h r i n k  

b l e  o r  g a s i f  a b l e  cha r  rema in ing  unburn t  

c l e  d iamete r  (cm), and p i s  t h e  apparent  

ng v a r i a t i o n  o f  s u r f a c e  a rea  w i t h  b u r n - o f f  f o r  a n o n - s w e l l i n g  
ng c o r e  mechanism 

2/3 s/so = u (B-4) 
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where So i s  t h e  geometr ic  s u r f a c e  a rea  o f  t h e  feed  char .  I t  was reasonable t o  
use Eq. (6 -4 )  i n  t h e  p r e s e n t  work s ince :  (1) t h e  chars were non-swe l l i ng ,  and 

( 2 )  i t  c o u l d  be assumed on t h e  b a s i s  of  exper imen ta l  da ta  g i v e n  i n  Tables 4-8 and 
4-12 t h a t ’ b o t h  cha r  combust ion and g a s i f i c a t i o n  proceeded by a s h r i n k i n g  c o r e  
mec hani  sm. 

Combining Eqs. (6-2) and (6-4)  y i e l d s  

which, upon i n t e g r a t i n g  between t h e  l i m i t s ,  l eads  t o  

q = 3(1-U’/3)/Sot 

S u b s t i t u t i n g  q i n  Eq. (6-1) f rom Eq. (6-6)  y i e l d s  

K = 3(1-U”3)/(Sot Pg) (B-7) 

DIFFUSIONAL REACTION RATE COEFFICIENT 

D i f f u s i o n a l  r e a c t i o n  r a t e  c o e f f i c i e n t  (KDIFF) i s  g i v e n  by 

= 24 0 D/X R ’ T  (B-8) K~~~~ 

where D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  oxygen o r  carbon d i o x i d e  th rough  t h e  
c a r r i e r  gas (cm /sec. ) ,  
gas c o n s t a n t  (82 .06  atm. cm /mole O K ) ,  T i s  t h e  gas temperature i n  t h e  boundary 

l a y e r  (OK), and 0 i s  t h e  mechanism f a c t o r  ( d e f i n e d  as t h e  r a t i o  o f  moles o f  
carbon consumed t o  moles o f  r e a c t a n t  gas t r a n s p o r t e d  t o  t h e  s u r f a c e ) .  Values o f  

0 equal t o  2 and 1 were used f o r  cha r  combust ion and g a s i f i c a t i o n ,  r e s p e c t i v e l y .  

2 i s  t h e  mean w e i g h t  p a r t i c l e  d iamete r  (cm), R ‘  i s  t h e  
3 

SURFACE REACTION RATE COEFFICIENT 

The o v e r a l l  r e a c t i o n  r a t e  c o e f f i c i e n t  (K) i s  dependent b o t h  on t h e  r a t e  o f  t r a n s -  
p o r t  o f  oxygen o r  carbon d i o x i d e  by d i f f u s i o n  t o  t h e  p a r t i c l e  s u r f a c e  (KDIFF) and 
t h e  r a t e  o f  r e a c t i o n  o f  oxygen o r  carbon d i o x i d e  a t  t h e  p a r t i c l e  s u r f a c e  (KS).  
T h i s  i s  rep resen ted  m a t h e m a t i c a l l y  as 

1/K = l/KDIFF + l / K S  (B-9) 
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Eq. (B-9) can be rea r ranged  t o  

(8-10) 

Eq. (B-10) was used th roughou t  t h i s  work t o  c a l c u l a t e  s u r f a c e  r e a c t i o n  r a t e  
c o e f f i c i e n t s  d u r i n g  cha r  combust ion o r  g a s i f i c a t i o n .  

APPARENT ACTIVATION ENERGY AND FREQUENCY FACTOR 

The Ar rhen ius  r e l a t i o n  was used i n  c o n j u n c t i o n  w i t h  Eq. (B -10 )  t o  c a l c u l a t e  t h e  
apparent  a c t i v a t i o n  energy (E)  and f requency f a c t o r  ( A )  f o r  cha r  combust ion o r  
g a s i f i c a t i o n .  Tha t  i s  

KS = A exp (-E/RT) (B-11) 

The va lues  o f  E and A i n  Eq. (B-11) were determined f o r  each cha r  combust ion o r  
g a s i f i c a t i o n  f rom t h e  s lope  and i n t e r c e p t  o f  t h e  l e a s t  squares f i t s  o f  I n  KS vs .  
1/T p l o t .  R e s u l t s  o b t a i n e d  from t h i s  work a r e  i l l u s t r a t e d  i n  S e c t i o n  4. 
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APPENDIX C 

SUMMARY OF DROP TUBE FURNACE SYSTEM (DTFS) TEST DATA 

The computer p r i n t o u t s  p resen ted  i n  t h i s  Appendix summarize t h e  DTFS t e s t  data.  
Terms which may n o t  be obv ious a r e  e x p l a i n e d  as f o l l o w s :  

PSC = P i t t s b u r g h  No. 8 Seam Coal (hvAb) 
PSCC = P i t t s b u r g h  No. 8 Seam Coal Char 
ILC = I l l i n o i s  No. 6 Coal (hvCb) 
ILCC = I l l i n o i s  No. 6 Coal Char 
J R C  = Wyoming Jacobs Ranch Range Coal (Sub C) 
JRCC = Wyoming Jacobs Ranch Range Coal Char 
TXL = Texas L i g n i t e  ( L i g  A)  
TXLC = Texas L i g n i t e  Char 

-1  -1  K =  O v e r a l l  React ion Rate C o e f f i c i e n t ,  g cm-2sec atm 
KS = Sur face React ion Rate C o e f f i c i e n t ,  g cm-2sec-1atm-1 
KDIFF = D i f f u s i o n a l  React ion Rate C o e f f i c i e n t ,  g cm-’sec atm 

Reynolds Number = pvd/q where p ,  v, and q a r e  t h e  r e a c t a n t  gas d e n s i t y ,  

-1 -1  

v e l o c i t y ,  and v i s c o s i t y ,  r e s p e c t i v e l y ,  and d i s  t h e  
r e a c t o r  d iameter .  A Reynolds Number < 2200 i n d i c a t e s  
t h a t  t h e  gas f l o w  i s  i n  t h e  l a m i n a r  regime. T h i s  i s  t h e  
case f o r  a l l  t h e  d a t a  p resen ted  he re  (Reynolds Numbers 
a r e  i n  t h e  126-211 range).  

Notes: 1. Combustion d a t a  s t a r t  on p. C-2. 
2. G a s i f i c a t i o n  d a t a  s t a r t  on p. C-13. 
3. The va lues  o f  K /D IFF  approaching u n i t y  i n d i c a t e  a d i f f u s i o n - c o n -  

t r o l l e d  phenomenon. A l l  K/DIFF > 0.7 were d e l e t e d  when c a l c u l a t i n g  
s u r f a c e  r e a c t i o n  r a t e  c o e f f i c i e n t s  (KS).  
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M O P  TUBE FURN4CE SVSIEM 0414 R E O U C I I C N  PROGRIM 

0 4 1 E  19 /15 /81  
T E S I  Y3.1PSC- I -  1 

G4S : 3  P C l  02 + 97 P C l  N 2  
FJEL :LO) I 403 POU COIL 

F U E L  FEEO R 4 T E  IW/l l lNI- .073 
GAS F E E D  R 4 1 E  I L / M l N I  - 13.4 

t X C E S S  02 = 207.23 

M O I S T U I E  bSH I N  
I N  CH4R CH4R vox 02 c02 

I P C I l  I P C T I  IPPWI I P C l I  I P C I I  

2.2 IS .  2 55. 2.400 - 7 2 0  
1.9 16.3 23. 2.800 .+eo 
2.1 10.7 LO. 3.130 -120 
2.4 18.3 13. 2.300 -900 
2.2 lb.8 48. 2.300 -100 
1.0 21.2 85. 2.200 1.080 

CO 
IPPMI  

3600. 
2700. 
860. 
160. 
60 . 
60. 

0 IS 14MCE 
1 I YCHE S I  

1.) 
2.3 
4.3 
8.3  

12.0 
16.3 

TCMPECLlURE 
IDEG F I  

1738. 
1749 .  
1176. 
1803. 
1806. 
1804. 

CONVERSIJM P I R T I C L E  
E F F I C I E N C Y  ( F R E E - F A L L )  GLS 

T I M E  I d V  P S H  T L A C E I I  VELOCITY V E L O C I T Y  
1SEC.I I P C l I  1CM.ISEC.l 

O I S I I Y C E  
I I Y C H E S l  

1.0 
2.3 
4.0 
8 .3  
12.0 
Lb.0 

TtMPERLTURE 
I D E G  F I  

REVWOLOS 
NU(8ER 

1738. 
1769. 
1776. 
1803. 
1836. 
1801. 

TERPER4TUlE 
I O E G  F I  

.os0 41.6 4.69 65-12 

.lo1 50.6 4-68 45-96 
.zoo 21.5 4.65 66.50 
.a91 51.6 4.62 47.06 
.593 53.5 4.62 4 7 - 1 3  
.189 b4. b 4.62 47.09 

11% K K O I F F  K S  K I K O I F F  
I SEC. 1 l*O(./C*Z.SEC .ITM. *I 

160. 
160. 
159. 
lS8 .  
lS0 .  
158. 

O I S T L Y C E  
I I Y C H E S  I 

1.3 
2.0 
4.0 
0 . 0  
12.3 
16.0 

1738. 
1749. 
1716. 
1803. 
1836. 
1004. 

.050 
-101 
.zoo 
.397 
.593 
.789 

.53M I 
-21595 
.04099 
-08989 
.OS419 
-05587 

0. m o o  
0.00000 

-05162 
.1b280 
.07532 
-01739 

2.700 
1.268 

-206 
.++a 
.273 
.278 

DATE 19/14/81 
TEST MO-IPSC-1-5 
FUEL : Z O O  X 403 PJU C O 4 L  
G I s  13 PCT ot + 97 PCT N t  

FUEL FEEO R 4 1 E  I G ~ / M I N I -  .078 
G L S  F E E D  R 4 1 E  I L / M l N I  I 13.6 

EXCESS 02 = 187.66 

M O I S I U R E  494 I N  
I N  CHLR C u l l  NOX 02 COZ co 

( P C l I  I P C T I  I P P M I  l P C T l  I P C T I  I P P M I  

1.2 16.3 33.  2.850 -210 2220. 
.9 17.3 8 8 .  2.400 -720 2025. 
.e 10.2 15. 2.250 -780 160. 
.7 19. 9 53. 2.150 -900 153. 
- 6  28.3 75. 1.900 1.800 160. 
.I 39.0 33. 1.900 1.203 40. 

3 1 S I 4 Y C E  
I l Y C H E S  I 

1.0 
2.3 
4. 0 
8.0 
12.0 
16.9 

T E M P E R I T W E  
I O E G  F I  

2360. 
2110. 
2484. 
2562. 
Z b Z S .  
2648. 

CONVERSION P 4 R l  I C L E  
E F F I C I E Y C Y  ( F R E E - F I L L 1  2 4 s  

T I M E  1 8 Y  ASH T R I C E R I  , V E L O C l l Y  V E L 0 : I l V  REVNOLJS 
I SEC. I I P C T I  ICM./SEC.I W M 0 E R  

.011 51.3 4.14 58.66 161. 

.on0 54.5 4.11 59.69 160. 
-158 57.2 6 - 0 5  61.24 138. 
- 3 1 0  61.6 6.00 b2.116 136. 
.55Y 75.8 3.96 66.14 135. 
.b50 85.1 3.95 66.65 135. 

J I S T I Y C E  
I I Y L H L S I  

T t  MPERAIUYE 
I D E S  F I  

I. 3 
2.3 
4 .3  
8 . 0  

12.1 
1b.J 

23bJ. 
2410. 
2 4 8 4 .  
2562. 
2b24.  
ZbC8. 

>I 5 1 4 ~ c t  
I I . I C l t F ~ l  

1.0 
2.3 
6.J 
8 .0  

12.) 
I b . 3  

IC *FER4 1 U R E  
IUE: F I  

1 l M E  K O l F F  KS < / C O I F F  
1SEC.l l*GM.I.MZ.SEC.4TM.*l 

- 0 4 1  .bo960 .21680 0.00000 2.515 

- 1 5 8  - 2 2 9 3 2  -2445b 3.67873 ,938 
- 3 1 0  .135b7 .21941 .29748 .566 
- 6 5 9  . I4308 - 2 5 3 2 1  . ) Z I P 5  .5bS 
. M a  . I 3 6 9 3  .ZSITl .28681 .530 

.on0 .39599 . Z W L  0.00ooo 1.651 
2363. 
2619. 
2686. 
2512. 
2bZ6. 
2548. 
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URUP 1Ul)E FURsACE S V S I E l  3 4 T A  PEOUCIICN PROGYAM 

J I S I A Y C E  
I I Y L M E S I  

1.3 
2.0 
. .3 
8 .  3 

12.3 
1b.J 

0151 ANCE 
IINCnEsl 

1.0 
2.J 
C.0 
b.3 

12.0 
16.0 

J I S 1  a*CE 
I I Y C n E S  I 

I .o 
2.0 
6.0 
8 . 3  

12.3 
1b.O 

J I S I I Y C E  
I I 'IC*€ S I  

1.3 
2.0 
b.0 
a. J 

12.0 
lb.3 

-.I \ I  4NLL 
I l U t 4 l S I  

I .3 
2.J 
0.0  
.I .3 

11.0 
1b.J 

I .> .'. 3 
b. > 
0 . 3  

11.1 
16 .o 

TL*PER4TUkE 
I D E G  P I  

1 1 3 0 .  
1769. 
1176 .  
1 8 3 3 .  
1806. 
1836. 

I tMPERATULIE 
I O E G  F I  

1730. 
1 1 6 9 .  
1116. 
1803. 
1806. 
1006. 

lENPER4TURE 
I U E G  F I  

1130. 
1169.  
111b .  
1.303. 
LWb. 
1806. 

TLI4PER4TURE 
IOLG F I  

I P V O .  
202 I. 
201b. 
2119. 
1ZOb. 
2225. 

I L l P t l  A I U Y  E 
I U t b  * I  

DATE : Y / 2 9 / 8 1  
T E S T  N O . : P S L L - I - l  
FULL : z o o  a 600 PSC CHIP 
GAS 1 5  P L I  0 2  t P I  P C T  M 2  

b u t i  t i ~ v  R A T E  icninimi- .Olb 
CIS F L I D  R A I L  l L / ~ I H I  - 13. b 

E X L E S S  01 . 2 1 6 . 7 C  

. I  I 6 .b  1. 5.180 0.300 103. 

. I  15.2 0 .  3.100 0.000 6 0 .  

. I  16.5 8 .  2.900 . 3 Y )  960- 
15. 2.1150 .620 315. . I  16.1 
33. 2.600 -860 260-  0.0 20.0 

. I  21.9 62. 2.300 1.020 340. 

CONVESSI3N P A R T I C L E  
E F F I C I E N C V  I F R E E f Y L  I G4S 

I l W E  t a V  A S H  TRACLII Y E l L X l l V  V E L D C J I V  REVYDCOS 
1SEC.I I P C 1 1  i c n  . I S E L .  I N U l s E R  

3-75 1 5 - 1 2  160. 
3 - 1 4  65.96 160. 
3.12 6b.50 159. 
3.70 67.0b 158. 
3.10 4 7 - 1 3  15.3. 
3.10 61 .09  1511. 

D I T €  19/30/01 

FUEL 2200 x 603 P I C  C H I R  
G 4 S  :3 P C I  02 97 PCT N2 

F J E L  FEEO R I r E  I G W M I N I .  -015 
G 4 S  FEEO R A T E  I L l M l N I  - 13.6 

E X C E S S  02 . 218.91 

rtsr V O . I P Y C - 1 - 3  

4 O I S T U I E  I S 4  I N  
I N  CHAR CHAR YOK 0 2  C J Z  CO 

1 x 1 8  I P C I I  tppni IPCII IPCII IPPII 

CONVLR113N PAR llCLE 
E F b l C l f W V  I F R E E - t Y L  I G U  

I l N E  I d V  4 S H  l R 4 C E l l  W E L O C I I V  V E L D C l l V  REVNOLOS 
m w E n  I C * . / S E L . I  l S t C . 1  I P C I I  

.O61 . I  3.55 51.12 151. 

.393 2.1 3.5) 5 1 . 1 2  I 50. 

. I 8 3  J. 9 5-69 52 .16  119. 

. 3 w  38.0 3.45 $ 6 . 1 )  147. 

.532 53.3 3 - 6 1  5 5 . 6 C  165. 

.IO) 01.0 3 - 1 0  55.d5 165. 
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111101 l U R L  fUIN1;C S Y S I P M  J A V A  l l W C l l D l  C R O G I I l  

.. . 

0 I S 1  AYC E 
I I NCHE S I  

I .o 
2.0 
4.0 
8.0 

12.0 
16.0 

OISIINCE 
I I N C H E S )  

1.0 
2.9 *. 0 
8.0 

l2.J 
16.0 

31 S I I N C E  
I INCHES I 

1.0 
2.0 
4.3 
8.0 

12.3 
16.0 

01 S T I N C E  
I I N C M E S I  

I .o 
2.8 
4.0 
0 . 3  

12.1 
lb.0 

DISlASCf 
I I * C ) * S I  

1.J 
d .O 
4. 0 
8.0 

I2.J 
lb.5 

f l l S l 1 W . E  
1 I W I I t  $ 1  

1.3 

4.a 
0.0 

1P.3 
lb.3 

1.3  

T t M P F R I T U R t  
I O E G  F I  

23bO. 
2110. 
2101. 
2562. 
2b24. 
2646. 

TEMPERITURE 
I D E G  F l  

2360. 
2110. 
2CB4.  
2562. 
2624. 
Zb16. 

I E M P E R I T U I E  
IMG F I  

ZMO. 
2410. 
2484. 
25b2. 
2b24. 
2616. 

D I V E  11011181 
I t s1  'IO.1PYC-1-5 
FdEL I200 X 453 P I C  L H I R  
G I s  I 3  P C I  u2 97  PCI 112 

F J t L  FEEO R I l F  I G l f W I N l .  . o m  
G I S  FEEO R I T E  I L I M l N I  13.4 

EXCESS 02 199.00 

MOISTURE ASH I N  
I N  CHAR CHAR NO# 02 c02 
IPCII I P C I I  I P I l I  I P C T I  I P C O  

. 2  14.2 0. 3.300 0.000 

.2 15.3 0. 3.180 . I50 

. 3  19.9 3 0 .  2.bOO -120 

. 2  2b.4 68. 2.100 1.210 

. I  31.1 93. 1.650 1.600 

. 3  39.4 105. 1.450 l.8bO 

co 
l.**l 

45. 
500. 
940 . 
3b0. 
zw. 
1b5. 

CONVERSION P I R T l C L t  
E F f I C l E Y C Y  IFREE-F ILL I  ;AS 

TIME I d l  ASH TRACEPI V E L O C I I Y  V E L O C I l V  REYNOLDS 
1SEC.I I P C T I  lCM./SEC. i WmEP 

3.31 58-66 141. 
3.29 59.69 140. 
3-24 61-24 138. 
3.20 b2.86 13b. 
3 . l T  64-14 119. 
3-11 64-60 135. 

O I T E  : I 1 0 1 8 2  
TEST NO.:PSCC-I-IR 
FUEL :ZOOXC3O PSC C H I R  
G I S  I 3  PCl 02197 PCT N2 

FJEL FEEO R I T E  IG'41MINI .  .on2 
G A S  F E E O  RATE I L I M l N l  - 12.5 

EXCESS 02 = 172.12 

MOISIURE asn I N  
I N  C H I R  C H I R  NOX 02 c02 co 

I P C l i  I P C l l  I P P M I  I P C T I  I K T I  I P P M I  

.1 15.1 2. 3.150 . 2 l O  900. 

. 3  15.3 3. 3.150 - 2 7 0  1040. 

.I I 7  - 0  9 .  3.100 -420 7bO. 

.I 24.7 40. 1.600 -870 1080. 
0.0  28.1 bo. 2.450 1.080 b80. 
0.0 37. I bo. 2 A O O  1.1W 183. 

CONVERSION P I R T  ILL E 
E F F I L I E Y C V  ( F R E E - F I L L 1  ? I S  

T l M t  ( B Y  I S H  T h I C E R i  V E L U C I I Y  V E L 0 : I I Y  REYNOLJS 
I SEC. I I P C I I  I C I b I S E C .  I IUMBER 

. 0 * C  7 .1  

.om1 7.0 

. I T 1  19.7 
-336 49.9 
.497 57.9 
ab51 I2. l  

3 - 3 1  54.72 132. 
3.29 55.68 131. 
3 -24  57-12 129. 
3.20 5(l.b4 127. 
3 - 1 7  59.83 12b. 
l - l b  60.2b 12b. 
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1 

OAT€ :9 /21 /81  
1 t s r  *O.1Cscc-II-~ 

GAS I 1  P C I  02 . 99 P C l  M I  
FUEL 1200 I 4 M  P I C  CHAR 

F U I L  F E f O  R 4 1 E  IGMfMIHl. -073 
GAS f t t O  R A I L  I L / * I N l  13.4 

tXCE5.5 02 9.23 

* O l S I U R E  4SW I N  
IN cnim CHAR NO8 02 a 2  

I P C ~ I  I P ~ T I  (PPI) I P C T I  IP~I) 

. 4  14.1 0 .  1.000 0.000 

.5 14. 0 0.  1.000 0.300 
a b  14.9 5 .  -900 -190 
.b  lb.8 15 .  .TO0 -3bO 
.b 19.9  18. . loo  . C 2 0  
.5 20.3 30. -450 .bo0 

co 
IPml 

100. 
t o o .  
s40. 
7b0. 
bW. 
600. 

J I S I A Y C E  
I INCHES I 

1.0 
2.0 
4.3 
8 . 0  

11.3 
lb. 3 

11 MPFQAIURt  
I U E G  F I  

2360. 
2410. 
2 *84 .  
2562. 
2b24. 
2bCb. 

C O W E R S I O N  P A R T I C L E  
L F F I C I E H C V  I F R E E - C A L L I  :AS 

T I M E  I B V  LSH T Q A C E I I  V E L D C I l V  V E L O L l l V  
I SEC. I I P C l l  lCM.fSEC.1 

.O41 0.0 3.32 58.bb 
0.0 3.29 59.b9 . 082 

IbO I. 2 3.25 b1.24 
- 3 1 4  14.4 3 .21  b2 .8b 

30.4 3-10 b6.14 . ul5 
-615 32.0 3.16 b4.60 

01 5 1 A W E  
I I NCHESI  

1.3 
2.0  
4.3 
8.0 

12.0  
1b.0 

1 t NPERAlURE 
(OEG F I  

O I S l L Y C E  
I N C H f  S I  

1EMPfRAIURE 
IOEG F I  

T I M E  I S O I F F  K S  S I K O I F F  
I SEC.1 I*GM.fCM2.SECmAlM.*I 

.041 0.03000 .23b80 0.00000 0.000 
.OB2 0.000OJ . 23991  0.00000 0.100 
-160 -00753 - 2 4 4 5 b  .OO7?7 - 0 3 1  
.314 .Ob073 .2494I  .OW28 - 2 4 3  
.6b5 .09211 - 2 S 3 2 1  - 1 6 b Z S  .3bb 
.615 .LIS72 -21456 .21217 -455  

1.1 
2.0  
5.0 
8 .0  

12.0 
1b.O 

2360.  
.?*I 0. 
2484. 
2552. 
2b24. 
2646. 

O & l E  19/ZZ/l l  
T E S T  YO.:PSCC- I 11-5  
F U E L  :ZOO X 400 P I C  CHAR 
G A S  :S P C l  02 t 9 S  P C l  112 

FUEL F f E o  u i f  I U I ~ I W J .  . O l l  
GAS FEED n i i E  i L m i u i  = 13-4 

EXCESS 02 - 4bl.51 

M O I S T U R E  4 %  I N  
I N  C U M  C W R  vox  0 2  c02 

I P C l I  I P C l I  I P P M I  I P C l l  ( P C l I  
0 I I T  A*Cf 
I 1  *CUE S I  

1.0 
2.0 
4.0 
8.0 

12.0 
1b.J 

1 EMPEY A l U P  E 
I D E S  F I  

co 
I P P * l  

LOW. 
1100. 
s40. 
220. 
zoo. 

bo. 

Z3bO. 
241 0. 
240*. 
25b2. 
2624. 
2Mb. 

. I  
0.0 
0.0 
3.5 
0.0  
0.0 

Lb -2  
11.7 
25.0 
43.7 
?3. I 
8b.C 

b .  

bo. 
811. 
90. 

130. 

e. 
4. 803 
$.bo0 
4.200 
3.b53 
3 .bo3 
3.300 

.*20 
-680 

I .zoo 
l.?)O 
1.150 
2.290 

C O N V E 9 S l l N  PAR l l C L E  
L F t l t l t N C V  ( F R E E - F A L L 1  GAS 

I I M E  I ~ V  ASH IRACE~I v f i o c i i v  V f L o c i r v  
I S f C . 1  I P C l I  ICM.ISEC.1 

0 151  AVC f 
I I Y C N L  S I  

I .3 
2.3 
4.0 
q.3 

12.3 
1b.J 

13.5 
lb.5 
49.8 
IS. b 
V3.d 
97. 4 

I 
I * j * . / L  

.Ob310 

. n l l b  

.01071 

.0Llb71 
-3QS7b 
a 0 9 1 7 1  

1.31 58.bb 
3 - 2 0  59.b9 
3-26 bl.24 
3.20 b2.db 

1JS. 
135. 

r) I b 1 1 * C  t 
I I Y L H C S I  

1.3 
1 . 3  
4. u 

11.0 
1b.O 

11.0 
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D I S T A N C E  
1 l NCHE SI 

1 .o 
2.0  
4.0 
8.0 

12.0 
16.0 

0 I S T L N C E  
I I N C l i E S l  

1 .o 
2 .a 
4. 0 
8.0 

12.0 
16.0 

O I S T A N C E  
I INCHES I 

1.0 
2.0 
4.0 
8.0 

12.0 
16.0 

O I S T A N C E  
I I W C H E S I  

1.0 
2.0 
4.0 
8 .O 

12.0 
16.0 

D I 5 14NC E 
I I N C H E S  I 

1.0 
2.0 
4 .3  
8 .O 

12.3 
16.0 

J I S l b N C t  
I I ticnEs i 

1.0 
2.0 
6 .0  
8 .0  

12.J 
lb.0 

DROP 1 

1 EMPEP ATURE 
I O E G  F )  

1 1 3 8 .  
1149. 
1116. 
1803. 
1806. 
1804. 

TEMPERATURE 
IOEG F I  

1138. 
1749. 
1776. 
1803. 
1806. 
1804. 

TEMPER&TURE 
, I O E G  F I  

1738. 
1749. 
1776. 
1803- 
1806. 
1804. 

TEMPERATURE 
I O E G  F I  

23bO. 
2413. 
2484. 
2562.  
2624.  
2646. 

IENPERATURE 
I D E G  F I  

2360. 
2410.  
2484 .  
2 5 6 2 .  
Zb24. 
2666 .  

TE MPERAIURE 
I U E G  F I  

2360. 
2 4 1 0 .  
2 * 8 6 .  
2562. 
2624 .  
2646. 

UI)E FURNACE S Y S 1 M  0414 R E D U C l l O Y  PROGRAM 

0 4 T E  89/13/81 
1 E S l  Y 0 . r l L C - I - I  
F U E L  1200 X 400 ILC  COAL 
GAS 13 P C T  02 97 PCT NZ 

F U E L  FEEO R 4 1 E  I G M I M I N I -  .Ob8 
GAS FEEO R A l E  I L I M I N I  - 13.4 

EXCESS 02 - 300.18 

M O I S l ~  4W I N  
IN CHLR c n i ~  NO% 02 CO2 co 

I P C T I  I P C T I  I P P M I  I P C T l  I P C l I  I P P I O  

.I 10.8 0. 3.250 0.000 I W .  
1.1 11.5 0 .  3.200 0.000 380. 

. 6  12.9 6 .  3.080 -040 1020. 

.a I8 .e 5. 2.400 -690 90. 
-6  22.0 53. 2.350 -780 80 * 

1.1 - 30.4 58. 2.150 -960 so. 

CONVERSION P A R l l C L E  
E F F I C I E N C Y  I F R E E - F U L I  G A S  

TIME I B Y  AW TR4CERl V E L D C I T Y  V E L O C t T Y  REYNOLDS 
NUM0ER ICM. ISEC. I ISEC.1 I P C l I  

.om 22.4 

.loo 28.1 

.I99 36.5 

.39* 59. 5 

.sa9 66.7 
.784 18.7 

5.05 45.12 160- 
5.03 45-94 160. 
5 .00  4b.50 159. 
4.97 47-06 158. 
4.97 41.13 158. 
4.97 47.09 158. 

D A T E  r V I I 8 I 8 1  
TEST N O - Z l L C - 1 - 5  
FUEL 1200 X WO I L C  C O A L  
GAS 

FUEL FEEO RATE I G M I M I N I -  - 073 
C I S  FEEO R A T E  I L I I ( I N 1  - 13.4 

EXCESS 02 - 272.50 

:3 PCT 02, + 97 P C l  N Z  

rY)isrunE wi IN 
I N  CHAR C U R  NOX 02 to2 co 

I P C T I  I P C l I  I P P M I  I P C T I  In11 IPCIO 

4.0 8 .  4 53. 2.400 A 2 0  lwo. 
b 3 .  2.400 . S a  3bO. 1.5 16.8 

19.3 48. 2.150 .bo0 120. 1.5 
2.0 21.1 so. 2.2so 1.000 300. 
1.0 47.6 so. 2.21 1.020 0. 
1.0 66.1 75. 2.000 1.200 20. 

CONVERSION P A R l l C L E  
E F F I C I E N C Y  I F R E E - f A L L I  S A S  

TIME 1 8 1  A s n  TRACER1 VELOCITY v E L o c i r v  REYNOLDS 
lSEC.1 I P C O  ICM. ISEC. I mJlUER 

.MO .O 4 -46  58.bb 141. 
-080 53.4 4-42 59.69 140. 
.lS7 60.7 4.37 bl.24 138. 
- 3 0 9  14. 9 4.31 b2.86 136. 
.451 8916 4.27 b4.14 135. 
-605 95.2 4.25 64.b0 135. 

T I N E  K K U 1 1 F  I S  K / < O I F f  
I SEC.1 I*;N.ICN2.SEC.ATN.*I 

. o w  

.on0 
-157 
-309 
-457 
-605 

.ooooo 
-40172 
.27127 
. I 8 2 7 4  
- 1 1 7 2 2  
. l 8 l O P  

.22819 

.23118 

.23567 
-21034 
.24403 
-24530 

. 00000 
0.00000 

-76258 
o.ooooo . 64148 

.69176 

.ooo 
1.738 
1.1SI 

e 7 6 0  
.726  
.738 
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DROP TUBE FURNACE SYSTCM OAIA R E W C T I C N  PROGRAM 

31 S T A Y C E  
( l H C H E S l  

I. 0 
2.0 
4. 0 
8 .0  

12.0 
Ib.0 

D I S T A N C E  
I I N C H E S 1  

1.0 
2 .0  
6.0 
8.0 

12.0 
1b.0 

O I S T A Y C E  
( I NCHE S I  

I .o 
2.0 
6.0 
8.0 

12.0 
Ib.0 

OISTAMCE 
I I N C H E S 1  

1.0 
2.0 
4.0 

12.0 
1b.O 

e. 3 

0 I S 1  A W E  
I I N C H F S I  

I .3 
2.a 
6.0 
U.3 

12.3 
1b.O 

U l  S I A V L  L 
I I *CVt 5 1  

I .O 
7 . 3  
6.0 
7i.o 

1 1 . 3  
l C . 3  

TE MPtRA TURE 
( O E G  fl 

1730. 
1149.  
1776. 
1803. 
1801. 
1806. 

TEMPERATURE 
(OEG F l  

1738.  
1149. 
117b.  
1833- 
1806. 
1804. 

TEMPERATURF 
I O E G  F I  

1 1 3 8 .  
17k9. 
1776. 
1803. 
1BOb- 
1804. 

TEMPERATURE 
( D E G  F I  

1998. 
2027.  
2076. 
2149.  
ZZOb. 
2 2 2 s .  

TEMPEYA TURE 
I O E G  F I  

1 9 9 ~ .  
2327.  
207b. 
1 1 4 9 .  
22i)b.  
2 2 2 5 .  

O A T  E : 9 1 2 9 / 8  I 
T E S T  N O .  : I L C C - 1 - 1  
F d C L  :ZOO X 400 I L C  CH411 
G A S  1 3  P C I  0 2  9 7  PCT N Z  

F d E L  F E E 0  R A T E  I G M l M l N I -  . ob0 
GLS F E t O  RATE I L / * l N l  - 13.6 

EXCESS 0 2  . 327.10  

MOISTURE 4 5 1  I N  
I N  CHAR C W R  N U  02 W 2  

( P C T I  I P C I I  ( P P I 0  I P C T J  I P C r J  

. 3  15.1 I .  3.250 0.000 

. 3  IS. 9 1. 3.2so 0.000 

- 6  20.0 22. 2 .820  A80 
.B 30. I 38. 2 .250  1.000 
.7 30 .7 38 .  2.OSO 1.320 

. 3  IS.9 6 .  3 . 1 5 0  -120 

CONVERSION P Y l T l C L E  
E F F I C I E N C V  I F R E E - F A L L I  GAS 

T I M E  1 8 1  4SW T R l C E l l  V E L O C I T Y  V E L O C I T Y  
I SEC. I I PCT I lCM.1SEC. I 

-051 3.0 
. IO2 1.9 
.203 1.9  . 432 26.1 
.LOO 51.3 
.799 10.0 

4.04 65.12  
4.03 45.96 
4-01 kb .50  
3.98 4 7 - 0 6  
3.98 $1 .13  
3.90  47 .09  

T I M E  K K O l F F  K S  K I K O I F F  
I SEC. I l.GM.1 CM2 .I EC. A 1  M. * I  

.OS1 0.00000 -10929 0.00000 0.000 

.LO2 .0052S -18997 .OD560 .028 
-203 - 0 0 2 7 3  - 1 9 1 7 1  .OW71 -014 
-432 .02328 .193k* .02b41 .120 
.bo0 -0507.3 -193bb -06183  .219 
- 7 9 9  -056S5 -1V3S4  -07989  .ZPZ 

0 4 7 6  11011181 
T E S T  YO.1 ILCC- I- 3 
F U E L  : Z O O  X 400 I L C  CHAR 
G A S  :3 P C T  02 97  K T  WZ 

FUEL F E E O  R 4 T E  l W M I N l -  -065 
G 4 S  F E E O  RATE I L I M I N I  I 13.4 

EXCESS 02 - 295.23  

MOISTURE 4w I N  
IN cnm CHLR NOX 02 c02 

I P C T I  I P C I I  l P P M l  I P C T l  I P C T l  

0.0 i 5 . r  1. 3.200 0.000 
0.0 16.2 3.  3.150 .Ob0 
0.0 23.0 21. 2.100 A 5 0  

. I  3S.b so. 1.800 1.200 
. 2  41.2 5 9 .  1.800 1.300 
.4 b1.b 10. 1.b50 1.bOO 

C W V E R S I J N  PARl ICLO 
E F F I C I E N C Y  I F I E E - F A L L  I CAS 

I I M E  I a Y  A S H  I U A C E R I  VILOCIlY V E L O C I T V  
I P C I l  4C*./SEC. I 1 S E C . I  

.O4b 1- b 

.092 5 . 1  

. I 0 2  J8.8 

.357  bb. 9 

. 5 1 3  1V.b 

. 7 0 0  8 8 .  I 

3 .02  s1.12 
3.W 5 1 . 7 2  
3-16 '12.14 
3-71  54 .21  
3.b7 55 .6b  
3.-  55.6s 

LO 
I P P I I J  

100. 
20. 

2t.0. 
260. 
340. 
240. 

R E WOLD S 
NUrcBEa 

160. 
160. 
159. 
158. 
150. 
158. 

co 
I PCM I 

$0.  
LbO. 
300. 
2 a .  
1 3 0 .  
L O O .  

REVNOLOS 
NUMBER 

151. 
153. 
149. 
147. 
145. 
145. 
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J I  S l 4 N C E  
I I N C H E S I  

1.3 
2.5 
4.0 
8 .0  

12.0 
16.0 

D I S l b N C E  
i I N C H E S )  

1.0 
2.0 
4.0 
8.0 

12.3 
16.5 

D I S T A N C E  
I I N C H E S I  

1.0 
2.0 
4.0 
8.0 

12.0 
16.3 

D I S T A N C E  
I I NCHE SI 

1.0 
2.0 
4.0 
8. J 

12.0 
16.0 

O I S T L N C E  
I I N C H E S I  

I .o 
2 .0  
4.0 
8 .J 

12.0 
16.0 

O I 5 1 4 N C E  
I 1  YCHES I 

I .o 
2.0 
4.0 
R.I 

12.3 
16.0 

DROP TUBE 

TEMPkRATUIE 
I D E G  F I  

2360. 
2410. 
2484 .  
2562. 
2b24. 
2646. 

TEMPERITURE 
I D E G  F I  

2360 .  
2410. 
2484. 
2562. 
2624. 
2646- 

TEMPERATURE 
iOEG F I  

2360. 
2410. 
2484. 
2562. 
2624. 
264b. 

T E M P E R I T U R E  
I D E C  F l  

2363. 
2410. 
2481.  
2562. 
2624. 
2646. 

I LMPER ATUR E 
I D E G  F I  

2360. 
2613. 
2484 .  
2562. 
2624. 
2 6 4 6 .  

TEMPERITURE 
I O E G  F I  

FORNICE SVSTEM D I T 4  R E W C T I O N  P R O G R W  

0 4 T E  :10 /2 /B1 
TEST NU. I I L C C -  1-5 
FUEL 1200 1 403 I L C  CHIR 
G4S :3  PCT 02 97 PCT N2 

FUEL F E E D  R I T E  I G M I M I N I -  . Ob4 
G I s  FEEO RATE I L I M I N I  - 13.6 

EXCESS 0 2  - 301.43 

NOlSlURE 4 s n  I N  
I N  CH4R CHAR NOX 0 2  c02 co 

I P C T l  IPCTl i P P M l  I P C l I  I P C T I  I P P M l  

. 5  16.0 4. 3.230 .Ob0 200. 

. 3  18.9 2. 2.900 -420 4JO. 
.5 25.1 35. 2.600 -750 380. 
. 3  38.0 58. 2.200 1.200 260.  
. 3  57 -9  75. 1.900 1.510 100- 
. I  77.2 83. 1.850 1.630 40. 

C W V E R S  I ON PARTICLE 
E F F I C I E N C V  I F R E E - F A L L 1  S 4 S  

T I M E  I B V  ASH TRACER1 V E L O C I T Y  V E L O C I T Y  REVNOLOS 
WMBER lCM.ISEC.1 I SEC. I IPCTI 

.Wl 

.on1 

.163 
-313 
-463 
.613 

3.7 
11.1 
45.3 
70.0 
86.7 
94.6 

3.57 
3. H 
3.49 
3.45 
3. 41 
3 .U) 

58.66 
59.69 
61.24 
62 -86 
64-14 
64-60 

T I M E  K K O I F F  K S  K / K D I F F  
I SEC.1 i*GM./cM2.SEC.ArM.*l 

.041 .02593 -22819 .02926 .I14 
-081 -08878 a23118 .I4412 -384 

.313 .13218 .24036 -29370 -550 

.563 -15286 .24400 .4W21 -626 
-613 .I5076 -21530 .39119 .615 

.16o . izo69 -23567 .24r37 -512 

F U E L  FEEO RATE I G M / M I N I -  -070 
GAS F E E D  RATE I L I Y I N I  I 15. 1 

EXCESS 02 - 313.58 

161. 
140. 
138. 
136. 
135. 
135. 

M O l S T U I E  A 9 1  I N  
I N  C H I R  CHAR NOX 02  C02 co 
IPCTI IPCTI IPPMI I P C T I  IPCTI I P P ~ I  

.9 
1.0 
3. 4 

- 6  
.9 
.9 

15.5 
18.2 
22.1 
36.8 
50.6 
62.3 

3. 
3. 

19. 
3 8 .  
40. 
SI. 

3.330 

3.030 
2.680 
2.650 
2.630 

3 .zao 
.030 
-060 
.331 
.633 
.E13 
.937 

LOO. 
260. 
2 70. 
200. 
160. 
103. 

CONVER 5 I O N  
E F F I C I E N C V  I F R E E - F U L I  GAS 

P I R  T I  C L E  

T I M E  101 4SH T R A C E R 1  V E L O C I T Y  V E L O C I T V  REVNOLOS 
l S E C . 1  iPCTI I C M . / S E C . )  NUMBER 

-037 3. 5 
.373 20.6 
. I 43  39.1 
-279 b9.6 
.*1* 82.9 
.547 09.4 

3-57 66.10 159. 
3.54 61.2b 158. 
3.49 69.01 156. 
3.65 70.83 156- 
3 -61  12.28 132. 

152. 3.40 72.19 

TIME K K O I F F  I S  K I K D I F F  
I S E L .  I I *GM./CMZ.SEC.ATM. * I  

2163. - 0 3 1  -02664 .228l9 .03016 . I17 
.073 .a8546 .23 l18  -13553 .370 2 4 1 3 .  

z+w. -143 -0YU73 -235b I  .I6992 .$I9 
2562. e279 .I2024 .2+034 .24063 . 5 0 0  
2024. - 4 1 4  . l l I 5 l  .21600 -20537 .451 

-547 .IO079 -24530 .I7109 .+I1 2666. 
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D A T E  I9IIbIII 
T E S T  NlJ .1JRC-1-1 
fUEL 1200 X 431 JNC C O A L  
GAS I 3  PCT 02 91 PCT N2 

FUEL F € E O  R A T E  I W I M I N I .  . 0 1 3  
G & S  F E E 0  R L T E  i L I M I N l  l 3 * +  

EICESS 02 * 305.01 

MOISTURE LSH IN 
IN cnw. CHLR *ox 02 COZ CO 

IPCTI i v c i i  IPPMI IPCTI I P C T I  (PPMI 
T C M P E R I T W E  

I O E G  F I  
0 ISTANCE 
I I N C H E S I  

I .o 
2.0 
4. 0 
0.0 
12.0 
16.0 

1738. 
1749. 
1176. 
1803. 
1806. 
1804. 

0 .  3.200 0.000 IW. I. 1 7.1 
8.2 3. 3.200 0.000 360. 1.2 

10.3 10. 2.850 -300 1220. . e  
23. 2.400 -780 240. 4.3 16. I 

1.5 22.8 60 .  2 .250  -9b0 80. 
2.5 34.7 65. 2.050 1.140 I .  

CONVERS1 ON P L R T  I C L E  
E F F l C l € N C V  I F R E E - C A L L I  $ A S  

T I M E  I B I  ASH TRACER1 U E L O C l T Y  V E L C C l T V  REYNOLDS 
WMBER ISEC.1 I P C T I  lCM./SEC. I 

31 S T t N C E  
I INCHES I 

TEMPERATURE 
IDEG F I  

.050 11.7 4.81  45.72 1b0. 

.IO0 24.6 4.8s 45.94 160. 

.I99 61.1 6.82 66.50 159. 
158. .395 6b.3 

.591 77.3 4.19 47.13 158. 

.787 81.6 4 .79  47.09 158. 

4.80 67.06  

I. 0 
2.0 
4.0 
8 .  0 
12.0 
16.3 

TEMPERATURE 
I D E C  F I  

1738. 
1749. 
1716.  
1803. 
1806. 
1834. 

T I M E  K K O I F F  K S  K I < D I F F  
I SEC.1 I*GY./CMZ.SEC+LTM.*l 

D I S T A N C E  
I I N C U E S I  

1.0 
2.0 
4.0 
8.0 

12.0 
16.0 

-053 
.IO0 
-199 
.395 
-591 
.787 

.OS554 

.09438 

.39638 . LOBO9 
-09909 
.13535 

.I9279 

.I9368 

.I9526 
.19?02 
-19725 
.I9712 

. I5376 

.I8626 . 10916 

.23948 

.19911 
-22491 

.4+4 
. 688  
.692 
3 4 9  
..5 02 
.533 

D L T E  i 91 17/81 
TEST NO.:JRC-I-5 
F U E L  :ZOO X 400 >RC C O L L  
GLS 13 P C 7  02 t 91 PCT M2 

F U E L  FEED RATE l 6 M I M I N l -  .073 
GAS F E E D  R 4 T E  I L / * l N I  - 13.4 

EXCESS 02 - 304.M 

M O I S T U I E  4 %  I h  
IN cnm CWR NOX 02 COZ co 

I P C T I  I P C T I  I P P N I  I P C T I  I P C T I  I P P M I  

3.3 13.3 39. 2.580 .510 420. 
3.3  14.0 40. 2.450 -660 240. 
2.9 20.3 63. 2.400 .I80 230. 
I .  1 61.1 32. 2.630 .bo0 0 .  

. a  72.6 73. 1.750 1.390 0. 

. 3  77.8 45. 2.250 -960 0. 

O l S T l N C E  
I I Y C H E S I  

1.0 
2.0 
4.0 
U. 0 

12.0 
I b.2 

CONVRISIDN P A R T I C L E  
L F F l C l E K V  I F R E E - F U L  I G U  

TIME 1 9 1  1 S H  T R L C E l l  V E L O C I T Y  V E L O C l W  REVNDLOS 
I S t C . I  I P C l l  IC*.ISEC. I N W B E R  

i ) lSTANCE 
t lNcnEsi  

1 .O 
2.0 
6 . 0  
8 .O 

11.0 
16.0 

TEMPF4AlURE 
I D E G  F I  

2360. 
2613 .  
2486. 
2562. 
2624. 
2 M b .  

51.0 4. 30 
55 .8  4 -26  
? I .  ? c .21 
91.8 4. I 5  
'47.3 4.11 
97.9 6.10 

58.bb 141. 
59.b9 I 40. 
61.24 138. 
62.8b 13b. 
6 4 - 1 6  135. 
64.bO 135. 

U I S  I L N C  F 
1 I w n f s  t 

I .3 
2.J 
c. 1 
0.1 

1i.J 
10.0 

I K D l F F  I S  
I * C * . I C * 2 . S t C  . A I * .  . I  

. b 9 7 1 0  .23241 0.00000 
A 3 8 3 8  .23547 0. JOOOD 
. ) O M 6  . I 6 0 0 6  0.00000 
.2$421) .a6679 5.4sb87 
.1938* .24852 0.00000 
.llVO9 ./I985 .63260 

I l l 0 1  FF 

2.998 
1.73b 
I .214 
.951 

1 .183  
- 1 1 7  
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I 

DROP l U 8 E  FURNLCE S Y S I E M  0 A I L  R E W C I  lo( P R O G R U  

D I S T A N C E  
I I H c H E S I  

1.0 
2.0 
4.0 
8.0 

12.3 
16.0 

J I S T L N C E  
I 1 NCHES I 

1.0 
2 .O 
4.0 
8.0 

12.3 
16.0 

J I  STLHCE 
I lNCHES I 

1.0 
2.0 
4-0  .- - 
8.0 

12.3 
16.0 

D l  S I L Y C E  
I I N C H E S 1  

1.0 
2.0 
4.0 
8.0 

12.8 
16.5 

D I ST AYC E 
I I NCHt SI ’  

1.) 
2.0 
4.0 
8 .  3 
1Z.J 
16.3 

u I \ I  L W €  
1 I 5 C M f  \ I  

1.3 
2.  5 
b.0 

O L l  E :9/29/ 8 1  
I E S l  YO. I J R C C - 1 - 1  
FUEL :23J X 453 JPC CHAR 
G L S  :l P C I  02 + 9 1  PCT N2 

FdLL FLED R L I C  I G q I M I W l .  .a11 
G L S  F E E O  R L l E  I L I M I W I  * 13.4 

CXCESS 02 . 248.01 

MOISTURE LSM I N  
c02 co nor 02 1EMPERLlURE I N  CHAR CHAR 

I O E G  F I  I P C l I  I P C I I  I P P * l  I P C T l  I P C T l  I P P M I  

1731. .5 12.8 0. 3.230 fJ.000 C. 
1149. 3 . 0  12.8 3. 3.230 Q.000 60. 
1116. . I  12.9 0 .  3.150 .IS0 200. 
1803. .3 18.4 18. 2.600 -180 280. 
1806. .b 2b.2 33. 2.000 1.300 120. 
1804. .4 34. 1 31. 1.800 L.bb0 70. 

CONVERSION P A R T I C L E  , 
E F F I C I E N C Y  I F R E E - f A L L I  $45 

T E I P E R I l U R E  TIME 1 8 1  ASH 1 R A C E R l  V € L C C l l Y  V E L O C I T Y  REYNOLDS 
I D E G  F I  1SEC.I I P C T I  IC*. I SEC. I WUMEER 

1138. -052  6.8 
1149. -103 6.3 
1116. .235 1.2 
1803. -406 39.2 
1806. -601 61.4 
1804. .808 13.6 

3.41 45.12 160. 
160- 3.41 45-96 

3.4s 46.50 IS9. 
3.42 41-06 118. 
3.42 47.13 LS8. 
3.42 41.09 158. 

1EMPERATURE T I M E  
IOEG F I  1 S E C . l  

1138. . os2 
1149. -103 
1116. -205 
1103. -406 
1806. -607 
1001. .EO8 

K K O I F F  K S  K I ( 0 I F F  
l*GM./CMZ.SEC.ATM.*l 

-03534 .20513 .04213 -173 
.01629 .20487 .01110 .080 
.00971 .Tab74 .01019 .011 
.03691 .208b1 .OW84 . I l l  
.OS117 -20885 .01111 -214 
-06279 .20811 -08981 -301 

DATE :9/ 30 /81  
TEST NO.:JRCC-1-3 
FUEL :ZOO X 4W JRC CHAR 
GAS 13 PCT 0 2  + 97  PCT w2 

F U E L  FEEO RATE l G I / M I N ) -  - 089 
GAS FEED RLTE I L I q I W I  - 13.4 

EXCESS 02 - 200.69 

*OISTURE A S H  I N  
T t M P E R I l U R E  I N  CHAR CHAR YOX 02 t o 2  co 

IOEG F I  I P C I I  I P C T I  I P P M I  I P C T I  I P C T I  I P P M I  

1998. 0.0 13.2 3. 2.1SO -540 540. 
202 7. . 3  13.5 6- 2.700 .S40 500. 
2 3 7 6 .  3.0 I1 .e 22. 2.450 -960 640. 
214V.  0.0 24. 5 39. 2.100 1.330 300. 
2206. 0.0 35. Q 41. 1.600 1.010 180. 
222 5. .9 41.2 50. 1.400 2.110 1bO. 

1991. .041 6 .2  
202 I .  .w3 11.9 
2376 .  . I 8 4  14.6 
ZLb9. .361 5b.O 
1206.  .534 14. s 
2 2 2 3 .  . l o b  19.9 

1.29 51.12 151. 
3-27  51.12 150. 
1-26 52.14 149. 
3.19 5 4 . 2 1  141. 
3.16 55-46 145. 
3.15 SS.85 LIS. 
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J R O P  TUBE FWN4CE SYSTEM O b l b  REOUCTION PROGRAM 

U I STANCE 
I I YCHE S I  

1.0 
2 . 3  
k.0 
8.0 

12.0 
l b .0  

D I  SI I N C E  
I I NCHES I 

1.0 
2.3 
5 . 0  
8 .o 

12.0 
11.0 

U 1  STANCE 
I lhCHE5 b 

1.3 
2.3 
k. 3 
9.3 

12-J 
16.0 

TEMPERATURE 
I O E G  F I  

2 3 6 0 .  
2410. 
2484. 
2 5 b 2 .  
2624. 
2656.  

TEMPER A I U R E  
IOEG F 1  

2360. 
2410. 
2481. 
2562. 
2624. 
2 M b .  

04TE : 1 W 2 / 8 1  
TEST NO.:JRCC-I-5 
FUEL : Z O O  X 400 JRC CHAR 
GAS 13 PCT 02 9 1  PCT N2 

FUEL FEE0 R A I E  1 U 1 M 1 1 0 -  . 08b  
GAS FEED RAIE I L I M I N I  - 13.4 

EICESS 02 . Z I 2 . 1 2  

MOISTURE 4sn I N  
I N  CHAR CHbR tioa 02  coz co 
IPCTI i p c r i  IPPMI I P C T I  I P C T I  I P P W )  

0.0 13.8 k. 3.080 -240 320. 
. I  15.3 13 .  2.850 -450 380. 

0.0 20.3 33. 2.350 1.020 COJ. 
.k 34.3 5 1 .  1.150 1.600 2kJ. 
. 3  43 .1  b o .  1.380 2.910 100. 
. 3  51.3 63. 1.300 2.190 140. 

CONVERSION PARTICLE 
EFFICIENCY IFREE-FALL1 G A S  

T I M  ( B Y  b l H  I C I C E R I  VELOCITV VELOCIIY REVNOLDS 
1SEC.I  I P C T I  ( C M .  ISEC. I N U W E R  

.011 1 5 . 8  

.002 25.k 
- 1 6 1  k1.1 
- 3 1 5  I C  3 
A b 1  02 .1  
.611 81.3  

3.01 5O.bb 141. 
3 - 0 4  59.b9 160. 
3.00 61.24 130. 
2 - 9 1  6 2 - 8 6  13b. 
2.94 b + . l +  135. 
2.93 61.b0 135. 
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DROP l U B E  F U I N I C E  S V S T E M  0111 R E W C T I C N  PROGRI* 

0 I S  T4NCf  
I I NCHE S I  

1.0 
2.0  
4.0 
8.0 

12.0 
16.0 

OIST4NCE 
( 1YCHES I 

1 .o 
2.0 
4.0 
8.0 
12.0 
16.0 

D l  S l I N C E  
I INCHES I 

1.0 
2 .O 
4. 0 
8 .0  
12.0 
16.0 

O I S T I N C E  
I I N C H E S I  

1.0 
2.0 
4.0 
I. 0 

12.0 
16.0 

J I S14MCE 
( I r ( C H € S l  

1.0 
2.0 
4 . 0  
E .3 
12.0 
16.0 

I .o 
2.0  
4.0 
8 . 3  

12.3 
16.0 

1 EMPERITURE 
IOEG P I  

ZMO. 
2410. 
2404. 
2 5 6 2 .  
2621. 
2646. 

TEMPERITURE 
IOEG F I  

2360. 
2410. 
2484. 
2562. 
2621. 
2bkb. 

TEMPER4 1URE 
I O E C  F I  

2360. 
2410. 
2484. 
2562. 
2624. 
2Wb. 

1ENPERITURE 
I O E G  F I  

2360.  
2410. 
2404. 
2562. 
2624. 
2646. 

TEMPERITURE 
(OEG F I  

23bO. 
2413. 
2504. 
2 5 6 2 .  
2624- 
2616. 

T E M P E R I l U h E  
I D E G  F I  

O I l E  11/16/82 
T E S l  N O . l T I L C - 1 - 5  
FUEL :203X400 IKL CHAR 
C I S  13 P C l  0 2 / 9 ?  PCI N?. 

FUEL FEEO R I T E  I G N I N I N I -  -063 
CIS FEEO R I l E  I L f M I N I  - 20.0 

EKCESS 02 rn b55.30 

m i s r u R E  ISM I N  
I N  CHAR CHAR NOS 02 c02 co 

I P C T I  I P C l I  I P P M l  I P C T I  I P C I I  I P P N I  

- 6  39.4 1. 2.850 -030 140. 
.9  36.6 1. 2.850 -010 120. 
. 7  43.2 6. 2.150 . I38 130. 
.7 55.9 11. 2.600 - 3 3 0  120. 
.5 61.6 16. 2.500 -420 90 .  
. 4  78.4 18. 2.*50 ,480 50. 

CCmVERS ION PARTICLC 
E T F I C I E N C V  IFREE-FALL  I GAS 

~ I I E  1 8 1  IW TRICERI v E L o c I r v  v E L a i T i  REYNOLDS 
ISEC.1 I P C T I  ICN./SEC. 1 WUMnER 

.028 14 .9  
-056 4.6 
.I10 27.5 
. 2 l 5  56. 6 
- 3 1 1  73.6 
. a 0  84.9 

3 - 0 7  81-51 211. 
3 - 0 4  89 .09  209.  
3.00 91 .40  206. 
2 - 9 1  93.82 204. 
2.94 95 .73  202. 
2.93 9 6 - 4 1  201. 

T I M  K K O I F F  KS K N O I F F  
I S E C . 1  l . G ~ . / C M 2 . S E C . 4 l M . * l  

-028 . 1 6 6 8 1  .246OB -51840 .b?8 
-056 .O25lS ~ 2 4 9 3 2  . 0 2 1 9 1  . I O 1  
-110 - 0 8 5 9 4  .251lb -12985 .330 
-215 - 1 1 1 1 4  - 2 5 9 1 9  - 1 9 4 5 8  . 4 2 9  
-311 . L I S 2 9  -26313 .20518 .438 
-420 -11591 -7.6454 -20629 .13E 

F U E L  FEEO R I T E  I G M I M I N I -  .OB4 
GAS FEED RATE I L f l I N l  0 12.6 

EXCESS 02 - 230.47 

MISTWE 1% I N  
I N  C H I R  CWR nox 01 t01 co 

I P C T I  I P C T I  IPPMI  I P C T I  I P C l l  l P P * l  

2. I 31.9 1. 2 . C I O  -400 900. 

I. 8 49.0 0. 2.500 .EW 520. 
.E 6 9  .8 0 .  2.4% - 9 0 0  LOO. 
.4  83.2 0. 2.400 1.020 0. 
.2 92.5 0. 2.300 1.080 0. 

2.0 44.0 0 .  2.300 ,600 aao. 

COWER SION 
E F F l C l E N C V  ( F R E E - F U L I  C I S  

PAR 1 I C  LE 

T INE 181 ISH T R I C E R I  V E L O C I l Y  VELOCITY REVWOLDS 
ISEC.) I P t l  I 1CM.ISEC.I  W W E R  

-043 48. 6 
.385 69.5 

1 6 1  15.1 
. 3 2 7  89.5 
.*IN 95.1 
- 6 4 1  98.0 

4.M 53.16 133. 
4.42 56.12 132. 
4.31 5 7 - 5 8  130. 
4.31 59.11 128. 
4 - 2 1  60 - 3  1 127. 

121.  4-25 60.14 

I l M E  K K O I F F  I S  U K O I F F  
(SEC.1 l *CM.ICM2.SEC.ITM.* l  

- 0 4 3  .b5242 . 2 2 O l 9  0.00000 2.859 
.On5 .576bI  .23118 0.00030 2.494 
-161  .30555 .21567 0.00000 1.291 
- 3 2 7  . 2 2 6 9 2  -21034 1 . 0 6 4 7 8  . P I 4  
-404 . I 8 1 5 6  .26400 - 8 1 0 1 9  - 1 6 9  
.b+l  - 1 7 0 3 9  -24530 .)SO00 . 6 9 5  
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D I S T b Y C E  
I I Y C H E S I  

I .o 
2.0 
4.0 
8 .0  

12.0 
16.0 

J I  51 AYCE 
I INCHES I 

1.0 
2 .o 
4. 0 
8.0 

12.3 
16.0 

D I  S T  ANCE 
I I N C H E S )  

1.0 
2 .O 
4 . D  .. 
8 .0  

12.0 
16.0 

3 1 S T L H C E  
I l Y C H E S  I 

I .  3 
2 . 0  
6 .0  
8.0 

12.0 
16.0 

JI *Tf iNCE 
I I Y C H t  5 1  

I .J 
2.3 . .,l 

JI SI AVCE 
I I ~ L H I ~ I  

I .o 
7 . 5  
b .U 
8 . J  

I!.O 
1b.J 

JRUP I1  I U t  FUHhbCE S Y S T E M  U A I A  REDUCT I O N  PROGCLq 

I E M P E R A T U I E  
I O E G  F I  

LIIO. 
2136. 
2175. 
2213. 
2231. 
2219. 

TEMPERATURE 
I D E G  F I  

2110. 
2136. 
2175. 
2213. 
2237. 
2219. 

TEMPER4TURE 
IOEG F I  

2110. 
2136. 
2115. 
2213. 
2231. 
2219. 

TEMPERATURE 
I O P G  F 1  

2322. 
2373. 
2425 .  
2144. 
2+50. 
215 I 

1 tMPERATURE 
IDEG F I  

2322. 
2 3 1 3 .  
2 c 2 5 .  
Z C * b .  
2450. 
2451 .  

I CMPERATUL1E 
l O t G  F I  

2 3 2 2 .  
2 3 1 3 .  
Lb25. 
IC+*. 
2 6 5 0 .  
1 S 5 1 .  

FUEL FEED I A l t  I G I I M I U I .  .010 
GbS FEEO R A T E  I L I M I U I  = 12.1 

EXCESS L O 2  - 2b49.30 

M o i s I u n E  rsn IU 
I N  CHAR CHbR uox 02 CO2 CO 

I P C T I  I P C T I  I P P M I  I P C T I  IKTI I P P M I  

0 . 0  0 .0  0 .  0.000 30.000 0 .  
0.0 0.3  3. .075 30.300 0. 
0.0 0.3  0. -075 30.000 0 .  
0.0 0.0 0.  .015 30.000 30. 

J . 3  I .  .015 30.000 130- 0 . 3  
0.0 0.0 1. ,100 30.000 113. 

C W V E R S l  ON 
L f F I C I E N C V  I F R E E - F I L L I  i b S  

P A R T  I C 4  E 

T I M E  I0V GAS COUP.) V E L O C l l V  V E L O T I T V  R E W O L O S  
1SEC.l I P C T I  IC*./SEC.I WJM8ER 

.os0 0 .o 3.21 48.27 144, 
-098 0.0 3.20 48.15 144. 
. I 9 5  0.0 3.17 49 .40  143. 
.385 . I  3 - 1 5  50.20 141. 
.574 - 6  3.14 50.65 LII. 
.764 .8 3.15 50.31 141. 

T I M E  K KDlFF  K S  K I 4 D I F F  
I SEC.1 l*GM./CMZ.SEC.ITM.*l 

.os0 o.ooooo .on518 o.ooooo 0.000 
. O W  o.ooooo .0(15ei o.00000 0.300 
-195 0-00000 .OBbl8 0.00030 3.000 
.385 .00001 .OB171 .00001 .JOO 
,511 .OD003 .08830 .OW03 .000 
- 1 6 1  -53333 .08186 .00(103 .a00 

DATE : 1/6/82 
TEST NO.:PSCC-VI-4 
FUEL :ZOOXSOO PSC C H I R  
GAS : 3 0  PCT C 0 2 1 7 0  P C T  N Z  

FUEL FEEO R I T E  I G M I M I N I -  - 0 8 7  
GAS FEEO R L T E  I L I q I N I  - 13. 8 

EXCESS COZ - 2709.55 

MOISTURE A S H  I N  
I N  C H l R  CHAR uon 0 2  C J  2 c o  

I P C T I  I P C T l  I P P M I  I P C T I  I P C l l  IPPMI 

0.3 0 .o 0 .  0.000 30.000 0. 
0.0 0.0 0. -100 30.000 20.  
3.3 0.3 0 .  .LOO 30.000 53. 
0.0 0.0 0 .  -070 30.000 IbO. 
0.0 0.0 0. -010 30.000 240. 
3 . 0  3.3 0 .  -050 30.000 400. 

CONVERS IOU P U I  1 I L L €  
E F P I C I E N C V  ( F R E E - F U L I  GAS 

T I M E  I B V  GAS CDMP.1 V E L O C I T Y  V E L O C I T V  RETNOLDS 
I SEC. I I P C I I  lCM./SEC. I WuMsEn 

.os1 0.0 
. o m  . I  
.I59 .2 
.314 .a 
. 4 6 Y  1.2 
.624 1. 9 

3.09 59.71  159. 
3 . 0 6  60.81 151. 
3.03 61.94 LSb. 
3.02 62.34 155. 
3.02 62.47 155. 
3.U 6 2 . + 8  155. 

I I R E  K S O I F F  I S  U I K O I F F  
lSEC.1 f.;M./C*Z.SEC.IIM.*l 

.041 0.03000 .W031 0.00000 0.JJO 

.J8O e55334 .09162 .00004 .300 

. I 5 9  .00004 .W2W .OW01 .300 
- 3 1 1  .OJWl . W 3 3 5  .OW01 .OOl 
.4b9 .03001 .09350 .OW01 .a01 
.b21 sOJW9 .09351 .00009 .001 
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O I S T A Y C E  
I I N C N E S  I 

1.0 
2 .O 
4.0 
E -0 

12.0 
16.0 

O I S I A N C E  
I I N C H E S 1  

1.0 
2 .o 

-0 
8.0 

12.0 
l b - 0  

O I S T A Y C E  
IlNCHESl 

1.0 
2.0 
4-0 .- 
6.0 

12.0 
16.0 

O I S T 4 V C E  
I I N C H E S  I 

1.0 
2.0 
4.0 
8.0 

12.0 
16.5 

D I STLYC E 
I I N C H E S I  

1 .o 
2.3 
k- 0 
8.3  

12.) 
16.0 

U I S T I Y C E  
I I NCtlES I 

I .o 
2.J 
4.0 
8.3 

12.0 
l b . 0  

DROP TUEE 

TEMPER). TURE 
I O E G  F I  

2161. 
2528. 
2596. 
2630. 
2643. 
2631. 

TEMPERATURE 
IDES F I  

2461. 
2528. 
25961 
2630. 
2643. 
2b31 .  

TEMPHIATURE 
I O E G  F I  

2467 .  
Z U E .  
2596 .  
2638- 
2643. 
2631. 

TEMPERATURE 
IOEG F I  

2461. 
2520. 
2596. 
2638. 
2643. 
2631.  

TENPERATURE 
I O E G  F I  

246 1 .  
2 5 2 8 .  
2596. 
2 6 3 8 .  
2643. 
2631. 

1 t M P E R I T U I E  
I O E G  F l  

2 4 b l .  
2520. 
2596 .  
2b38 .  
ZbI3. 
2637. 

FURNACE SVSTEl4 D A T A  R E W C T I C W  PROULAq 

OAT E I I /  19/E2 
TEST NO.1PSCC-V-54R 
FUEL 1200X400 PSC CHAR 
GAS :I5 PCT WZI85 PCT N 2  

FUEL F E E D  RATE I G I / I I I M I -  .OBI 
GAS FEEO RATE I L I V I N I  0 11.k 

EXCESS CO2 I 1515.15 

MOISTURE ASH I N  
I N  CHAR CHAR NOX 02 t02 co 

IPCTI i s c r i  IPPMI IPCTI I K T I  IPPMI 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 

0 .  
IO. 
SO. 
8 0 .  

280. 
480. 

-031  
. o n  
-145 
~ 2 8 5  
-426 
.5bb 

0.0 
.1 
.3  
.4 

I .  5 
2.6 

3.13 
3.10 
3.06 
3.01  
3 . 0 1  
3 . 0 4  

65 .43  
66.19 
68.30 
69.25 
69.36 
6 9 - 2 2  

T I M E  K K O I F F  K S  K / < O I F F  
I YC.1 lrGIC/CMZ.SEC.ArM..l 

.031 o.ooooo .09391 0 . 0 ~ 0 0  0.000 

.014 .00004 .09531 .00004 .DO0 
-145 .DO011 -09698 .OW11 -001 
-285 .00009 -09199 -00009 -001 
.426 .00022 . 0 9 B l l  -00022 -002 
.56b .0002a -09796 .OW20 -003 

DATE 11/19/82 
TEST NO.1PSCC-V-XR 
FUEL i Z O O X 4 0 0  PSC CHAR 
GAS 160 k T  COZ/+O P C 7  NZ 

F U E L  FEEO RATE I G W M I N I -  -002 
GAS F E E D  R A T E  l L / M I N l  - . 13.5 

EXCESS COZ - 5805.11 

155. 
153- 
152. 
151. 
150. 
151. 

MOISTURE A S H  I N  
I N  CHAR C U R  NOX 02  co 2 co 

IKTI (PCTI ~ P P M I  w c r I  ( P c i i  ( P P M I  

0.3 0 .o 0. 0.000 60.000 0. 
0.0 0.0 0 .  0.000 60.000 0 .  
0.0 0.0 0. ~ 1 0 0  60.000 0. 
0.0 0.0 2.  -100 60.000 240. 
0.0 0.0 8 .  -100 60.000 160. 
0.J 3 .O 1. -100 60.000 1923. 

C O N V E R S I J N  P A R T I C L E  
E F F I C l t N C Y  I F R E E - f A L L I  GLS 

T I N E  I E V  C I S  C0MP.I V E L O C I l V  V E L O C I l V  REYNOLDS 
I S E C . 1  I P C T I  (CM./SEC.I N W E R  

2.81 61.34 162- 
2.18 62.62 160. 
2 - 1 3  64.03 138. 
2.14 64.92 151. 
2.?3 65-03 151. 
2.14 64.89 151. 

T I M E  K K O I F F  K S  K I K O I F F  
ISEC.1 l*GN./C*Z.SEC.ATN.*l 

.040 
-019 
.155 
-305 
.455 
LO5 

0.00000 
0.00030 
0.00000 

-00006 
.03012 . 00024 

-09391 
-09S31 
.OPb98 
.09199 
-09ElI 
-09196 

0.00000 
0.00000 
0.00000 

.00006 

.ow12 

.00024 

0.000 
0.000 
0.000 

.OOl  

.OOl 
. D O 2  
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DROP TUBE F U I N l C t  SYSTEM V4TA R E W C T I C N  PROCP4'I 

FJEL F E E D  R A T E  I G 1 I M l N I .  .086 
G 4 S  F E E D  RATE I L I M I N I  = 13.6 

EXCESS COZ . 2862.97 

MOISTURE ASH I N  
D l S I l N C E  TEMPERATURE I N  CHAR CHAR NOX 02 c u 2  co 
I I N L H P S I  I O E G  F I  I P C T l  I P C T I  I P P * I  I P C T I  I P C T I  I P P * l  

1.0 2667. 0.0 0.0 0.  0.000 30.000 3 .  
2.0 2528. 0.3 0.5 3. -370 35.000 20. 
4.0 2596. 0.0 0.0 0 .  -070 30.000 ao .  
8 -0 2638. 0.0  0.0 1. .LOO 30.000 360. 

12.0 2M3. 0.0 0 . )  2. -070 30.000 750. 
16.0 2637. 0.0 0.0 5. -070 30.000 1200. 

CCUVERSION P A R T I C L E  
E F F I C l E l C V  I F R t E - F A L L I  ;AS 

O I S I L N C E  IEMPERLTURE T I M E  I B V  G4S C0MP.I V E L O C I T Y  V E L O C I I V  REYNOLDS 
I I N C H L S I  I O E G  F I  1 S E C . I  I P C T I  ICM. ISEC. I NUMBER 

1.0 2661. -039 0.0 
2.3 2S28. -078 . l  +. J 2596. -153 .6 
0 .O 2638. -302 1.1 

12.0 26+3. .*so 3.7 
16.0 2631. .s99 5.9 

3.01 61.79 152. 
2.98 63.08  150. 
2.93 66.51 169. 
2.93 65.60 168. 
2.93 6 5 - 5 1  168. 
2.93 65.37 161. 

> I S I A N C E  TEMPERATURE T I M E  K K O I F F  KS K I C O I F F  
IINCHESI I O E G  F l  1 S E C . I  l.GN./CMZ.SEC.AIM.*I 

1.0 2661. . m 9  o.ooooo .0939i o.ooooo 0.000 
2.0 2520. so78 .OOOOk ,09537 .OWM -000 
+.O 2596. .1S3 .00008 .09698 .OW58 .a01 
8.0 2638. -902 .00016 -09799 .OW16 -002 

12.5 26+3. .*SO .OOOZk .W811 .00024 .002 
16.3 2631. - 5 9 9  .00030 -09796 .OW30 -003 
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J I S I L Y C E  
I I N C H E S I  

1.0 
2.0 
4. 0 
8.0 

12.0 
16.3 

31STANCE 
I I N C H E S 1  

1.3 
2.0 
4.0 
8.0 

12.0 
16.0 

0 I 5 T ANC E 
I I NCHE SI 

1 r O  
2.0 
4.0 
8.3 

12.0 
16.0 

D I S T A N C E  
I I NCHE S I 

1.0 
2.0 
4.0 
8.3 

12.0 
16.0 

D I S I l N C E  
IINCHESI 

I .o 
2.3 
4.0 
d.0 

12.2 
16.0 

0 I S l 4 N C  E 
I I Y L H E S I  

I .o 
2 . 5  
6.0 
d . J  

12.0 
lb.3 

DROP TUM WRNACE S V S l E M  O A I A  R E O U C I I L W  PROGRAq 

IEMPERATURE 
IOEG F I  

IEMPERATURE 
IDEG F I  

2 5 6 1 .  
2528. 
2 5 9 6 .  
2638. 
2643. 
2631. 

TEMPERATURE 
IDEG FI 

2267. 
2528. 
2596 .  
2638. 
2643. 
2637. 

TEMPERATURE 
IDEG F I  

2467 .  
2528. 
2576.  
2636. 
2643. 
2631.  

TEMPERIIURE 
I O E G  F I  

2461.  
2 5 2 8 .  
2596. 
2638 .  
2 6 4 3 .  
l b 3 1 .  

T t  M P t U 4  IUM E 
I D E C  F I  

25D I .  
25211. 
2596. 
2636. 
2b43. 
1031. 

0L1E : I l l f e z  
I E  S T  NO.:PSCC-VI 1-5 
FUEL : -k00 CHAR FROM 2 0 0 X 1 0 0  PSC CHAR 
GLS 1 3 3  P C I  COZllO P C l  N Z  

f U E L  FEEO R A I E  I G q / N I N I -  .ob0 
GAS FEEO R A T E  I L / W I N I  * 13.8 

EXCESS CO2 . 3548.90 

MOISIURE ASH I N  
I N  CHAR CIMR NOX 02 a32 CO 

I P C I I  I P C I I  I P P M I  I P C I I  IPCII I P P M I  

0.0 0 .o 0 .  0.000 30.000 0 .  
0.0 0.0 2. -150 30.000 60 
0.0 0.3 2 .  - 1 5 0  30.300 250. 
0.0 0.0 4. .IO0 30.000 800.  
0.0 0.0 4. . O S 0  30.300 1680. 
0.0 0.0 10. -050  30.000 2640. 

CLUiVERS I O N  
E F F I C I E N C Y  I F R E E - F A L L I  GAS 

P A R I  IC1 E 

T I M E  ( B Y  GAS C0MP.I V E L O C I T Y  V E L O C I T Y  REYNOLDS 
I SEC. I I P C T I  ICM./SEC. I WuMaER 

. O I L  0.0 

.on0 .4 

.158 1 .5  
~313 k.9 
- 4 6 3  10.2 
-616 16.1 

-18 62-10 154. 
018 64-01 153. 
-18 65 .45  151. 
-18 66-36 150. 
-18 66-47 150.  
-18 66.33 150. 

T I M E  K K O I F F  US U / K O I F F  
I SEC. I l*GMJCMZ.SEC.AlM,*) 

-011  0.00000 -38205 0.00000 0.000 
-080 .00003 .38882 .OW03 -000 
- 1 5 8  .00001 -39539 -00007 .OW 
-313 .03012 -39951  -00012 .OW 
,k63  .00011 -39999 . O W L 1  -000 
-616 .00020 -39936 .00020 .OW 

DATE l116/8Z 
TEST " I 0 . 8 P S C C - V I I I - 5  
FUEL 8-400 CHAR FROU Y I U E  CHAR 
GAS 130 P C T  C O Z / l O  P C T  N2 

FUEL FEEO R A l E  I U I I N I N I -  -069 
GAS FEEO RATE I L I M I N I  I 13.0 

EXCESS CO2 - 3531.01 

M O I S I U R E  4% I N  
I N  CHAR C W R  YOX 02  t o  2 co 

I P C I l  I P C I I  I P P N I  I P C I I  I P C T I  I P P M I  

3.3 
0.0  
0.0 
0.J 
0.0 
0 .0  

0 .o 
0.0 
0.0 
0 .3  
0.0 
0.0 

3. 
0. 
0. 
4. 
5 .  

25. 

0.000 
0.000 
0.000 
0 .DO0 
O.OW 
0.000 

33.300 
30 -000 
30.000 
30 .OOO 
30.000 
33.000 

0. 
0 .  

15 .  
530. 
800 e 

1000. 

CONVERSIJN P A R T I C L E  
E F F I C I E N C Y  (FREE-FALL I GAS 

T I M E  O Y  G A S  CUMP.1 V E L O C I I V  V E L a C l T V  REVNOLDS 
ISEC.1 I P C l I  I C N . I S E C . 1  NUMBER 

.O41 0.0 

.on] 0.0 

.15r . 5  

.309 3 . 3  

.461 4 . 8  

.614 6.1 

.39 

.38  

.M 

.38  

.38 
.38 

T I ME U K D I F F  K S  
l S E L . 1  I*GN./C12.StC.AIM.*I 

62.10 154. 
64.01 153.  
6 5 . 4 5  151. 
b6.36  150. 
66.41 I SO. 
06-33 150. 

a 

K f  KO1 F F  

C-  16 



DROP TUBE F U l N A C E  S V S I E M  0 4 1 L  R E W C T I C N  P R O G I U  

0 1 s  l .(NCE 
I I Y C H E S I  

I .o 
2 .0  
4.0 
8 .O 
12.3 
1b.O 

0 I 5 1 A N C  E 
I I NCYES I 

1.0 
2.0 
+. 3 
8 .O 

12.3 
16.3 

O I S T A Y C E  
I I N C H E S 1  

1.0 
2.0 
4.0 
8 . 0  

12.0 
16.0 

3 1  S T A N C E  
I I N C W S I  

'1.0 
2.3 
4.0 .. 
8.0 

12.0 
16. 0 

U I S T  6NC E 
I I rcnc S I  

I .J 
2 . 0  + .O 
e. 3 

12.0 
1b.O 

O L I E  110/21181 
T E S l  110. I I L C C - 1 1 - 3  
FUEL 12001+00 I L C  CHAP 
G 4 S  :3O P C I  C 0 2 / 1 0  PCT W 

FUEL F L t O  R L T t  I G ~ l M I M I -  .ob5 
G a S  FEEO RATE I L 1 M I N I  - 12.1 

EKCESS CO2 - 3512.56 

MOISTURE LSH I N  
TCMPERLIURE I N  CHAR CnAR NOI 02 COZ CO 

IOEG F l  I P C T I  I P C I I  I P P M I  I P C I I  I P C T I  I P P M I  

2110. 0.0 0.0 0. 0.000 30.000 0 .  
211.5. 0 .0  0 . 0  0 .  .I00 30.300 0. 
2175. 0.0 0.0 0. . L O O  30.000 0 .  
2213 .  0.0 0.0 I .  . I O 0  30.300 120. 

2. .I10 30.000 260. 2237. 0.0 0 . 3  
2. .I00 30.000 320- 2219. 0.0 0 .0  

CONVERSION P A R I I C L E  
E F F I C I E N C Y  I F R E E - f A L L I  54s 

TEMPERATURE T I M E  I B V  G L S  C0MP.I V E L D C I I Y  V E L O C I T Y  R E V Y M O S  
I O E G  F I  1SEC.I I P C T l  ICM. ISEC. I WWER 

2110. 
2136. 
> I T S -  

. Q9 0.0 3 . u  48.21 144. 

.098 0.0 3.44 4 e . v  164. 

.I94 0.0 3.62 49.48 163. 
2213. .384 .7 3.39 50 .20  141. 
2237. .512 1.6 3 - 3 8  50.65 141. 
2219. .761 1.9 3.39 50.11 141. 

TEMPERATURE TIME I( K O I F F  I S  K / < O I F F  
I D E G  F I  1 S E C . I  l*GM./CM2.SEC.L1M.*l 

2110. .ow 0.00000 .08208 o.oO0oo 0.000 
2136. .OPB 0.00000 -08269 0.00000 0.000 
2175. .I94 0.00000 -08362 0.00000 0.300 
2213. .384 .00006 .00452 .OW06 -001 
2237. .572 ,00008 .08509 .OW08 -001 
2219. .761 .00008 .00467 .OW08 -001 

F U E L  FEEO RATE I G l l l M l N I -  . W k  
GLS FEEO R L T E  I L I I I I N I  - 13.8 

EXCESS COZ - 4084.49 

q O I S T U R E  LSH I N  
TEMPERATURE I N  C H A R  CHAR NOX 02 co2 co 

IDEG F I  I P C I I  I P C T I  I P P M I  I P C T I  I P C T I  I P P n l  

2322. 
2373. 
2425 .  
2444. 
24SJ. 
2451. 

0.0 
0 .0  
0.3 ... 
0.0 
0.0 
0 . 0  

0 .o 
0.0 
3 -0 . .. 
0.0 
0.0 
0 . 3  

0 .  0.000 30.000 
0. -050 30.000 
0. 0.000 30.000 
0 .  0.000 30.000 
1. 0.000 30.000 
2. 0.000 30.000 

0 .  
20. 
63- 

380.  
600. 
900. 

COHVERSION P M T I C L E  
E F F I C I E N C Y  I F R L E - f L L L I  GLS 

1EMPERLTURE I I M E  (BY G 1 S  C0MP.I Y E L o C l T V  E L O C I l V  REVMOLDS 
I D E G  F I  1SEC.I I P C T l  I C M J S E C .  I NU(BEP 

2322 .  .OIL 0.0 
L 3 1 3 .  .on0 . I  
2C25. -158 .4  
l + + + .  .31+ 2.7 
2450. .un 6.2 
2+5 I .  -623  6.3 

IEMPERATIIRE T I M E  
IOEG F I  1SEC.I 

2322 .  .OII 

2625. . I50 
2 + + 6 .  .316 
2450. .469 
2651 .  .b23 

1 3 1 3 .  . o m  

3.33  
3 .30  
3.27 
3.26 
3.25 
3.25 

59. 58 
60.68 
hl.80 
62.21 
b2 -34 
62.35 

N N O I F F  U S  R l X D l f F  
I*GM./CM2 .SEC.ATM. * I 

0.00000 .01710 0.00000 0.000 
. * O O O ~  .O8829 .ow05 .a01 
.00008 .0@952 .00008 .a01 
~ ~ 0 0 0 2 6  .0899b -00026 -003 
.OJO2U . O P O l O  .OW28 .a03 
.00031 .09011 .OW32 - 0 0 3  

158. 
151. 
155. 
155. 
155. 
155. 
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DROP TUBE F I R N I C E  S Y S l € M  0414 REOUCTICN PRoGR4M 

04 TE :IO/ I9I8 l  
1 E S T  Y O . : l L C C - I I - 5  
FUEL 12JOXIOO I L C  CHAR 
6 4 5  130 P C T  C 0 2 1 7 0  PCI U 

FUEL FEEO R I T E  I W I M I N I .  .Ob6 
G A S  FEEO R 4 l E  I L I M I N I  - 14.7 

Emccss coz I 4222.32 

M D I S l W E  4 %  I N  
J I S T 4 N C E  1EMPERAlURE I N  CHUI cwn NOX 02 c02 co 
I I N C H E S I  IOEG F I  I P C T I  I P C T I  I P P M I  I K T I  I P C T I  I P C * l  

I .o 2467. 0.0 0.0 0. 0.000 30.000 3. 
2.0 2528. 0.0 0 . 3  0 .  .IO0 30.000 30 s 
4.0 2 5 9 1 .  0.0 0.0 0. .I00 30.000 170. 
8.0 2638.  0.0 3.0 3 .  .LOO 30.000 1000. 

12.0 2643. 0.0  0.0 3.  .IO0 30.000 1920. 
16.0 2637. 0.0 0.0 9. .I00 30.000 2340. 

CONVERSIDN P I R T I C L E  
E F F I C I E N C Y  IFREE-FALL I G4S 

O I S l 4 N C E  TEMPER4lURE T I M E  I B Y  G 4 S  C0NP.I V E L O C I T Y  V E L O C I T Y  REYIIOLOS 
I I N C H E S I  I D E G  F I  1SEC.I I P C l I  ICM./SEC.l NUII8ER 

I .O 2467. e037 0.0 
2.3 2528. .072 .2 
4. 0 2596. .I42 1.2 
8 .O 2638. .279 7.2 

12.0 2643. -517 13.8 
16.0 2637. .554 lL .9 

3-26 bb.79 164. 
3.21 68.18 163. 
3-18 69-12 161. 
3-15 70.69 160. 
3 -15 70.8 I 110. 
3.15 70.66 160. 

DIST~NCE 
I I N C H E S 1  

I .o 
2.3 
4.0 
8.0 

12.0 
16.0 

TEMPERLTLRE 
I D E G  T I  

24b7. 
2528. 
2596. 
2638. 
2653. 
2137. 

T I R E  
lSEC.1 

.037 
-072 
. I 4 2  
.279 
.*I7 
.554 

X K O I F F  KS K I K D I F F  
I * G * . I C M 2 S E C . l l I .  *I 

0.00000 -09049 0.00000 0.000 
-03009 -09190 .OW09 .OOL 
.00026 -09346 .OW27 .003 
.00081 .09443 .00081 .009 
-53106 .09454 .001(M .OIL 
-00099 -09539 -00100 .010 

04TE rl/8/8z 
I E S T  NO- 11 L C C - I  11-5 
FUEL 1-400 FROM 2 O O X 4 0 0  I L C  CHAR 
G I s  :30 P C I  C D Z I 7 0  P C l  NZ 

FUEL FEED R I T E  I G M I M I N I -  -075 
G I s  F E E D  R 4 1 E  I L I M I N I  - 13.7 

EXCESS COZ * 3486.87 

M o i s i u n E  4 s ~  IN 
O I S l 4 M C E  l t M P E R 4 l U R E  I N  CH4R CH4R NOX U c02 co 
I I N C H E S I  I O E G  F I  I P C T I  I P C I I  I P P M I  I P C l I  l P C l 8  I P P M I  

1 .o 2-7. 0.0 0.0 0 .  0.000 30.000 0. 
2.0 2528. 0.0 0 .o 1. .IO0 30.000 363. 
4. 0 2591. 0.0 0 .o 2. -050 30.000 700.  
8.0 2631. 0.0 0.0 10. SOSO 30.000 2100. 

12.0 2643.  0.0  3.3 11. -350 30.000 3000. 
16.0 2617. 0.0 0 .0  14. 0.000 30.000 5100. 

CONVERSION PIRTICLE 
E F F I C I E N C Y  l F R E E - F 4 L L l  54s 

J I S T I Y C E  TtNPERLTURE T I M E  1 8 V  GAS C0MP.I V E L O C l l Y  VELD:ITY LEYNOLOS 
I l N C H E S l  IOEG F I  1 S E C . l  I P C l I  ICM./S€C. l  WMOEU 

1.0 
2 .o 
4.3 
8 .  0 

12.3 
16.3 

2467. 
2528. 
2596.  
2638. 
2b43. 
2b31. 

1 I 5 I 4 Y L t  
I I V C H C S I  I U E G  F l  

1 t M P E R I  l U Y t  

1.3 2467. 
2.3 ZS20. 
5.1 2596.  
8.0 2630. 

12 .0  ?t43. 
1b.O 2b3I. 

. W l  

. I 5 9  

. ) I 3  
-467  
-621 

.on1 
0.0 
2.2 
4.2 

1 4 . 3  
17.9 
30.5 

.09 
.09 
-09 . 00 
.08 
.08 

6 2 - 1 5  
b3.54 
64 .91  
b5 .a8 
65.99 
65.05 

I I M E  1. K O I F F  X S  X / % D I F F  
I SCC.1 I*GM.ICM2.SEC.4TM.*I 

-041 0.00000 .55301 0.00000 0.000 
.0UI .00013 -56163 .OW13 . I O 0  
-159 .33013 S 7 1 1 2  .00013 .OOO 
- 3 1 3  .0002C .51706 .00024 .OOO 
-267 .00020 .1777b .0002O .OOO 
.b21 .03528 .57685 .30028 .a00 

193. 
152. 
190. 
149. 
149. 
149. 
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2 I S l L Y C E  
I INCHES I 

1.0 
2 .o 
6. 3 
8 .O 

11.0 
l b - 0  

DISTbNCE 
I I Y L H E S I  

1.0 
2 . 0  
6.3 
8.0 

12.0 
1b.O 

J I S T A N C E  
I I N t H E S l  

1.0 
2.0 
6.0 
8.3 

12.0 
16.0 

1 . J  
2.0 
6.0 
8 .  3 

12.0 
Ib.0 

DROP l U 8 E  FURNbCf S Y I T E M  O A l b  R E D J C l I D I  P R O U b l l  

Ob1 E I1012b181 
1 E S l  ND.:JRCC-II-2 
F J E L  1200 X 600 JRC C H A R  
GbS : 3 J  PCT C 0 2 / 1 0  P C I  112 

F J E I  FEEO R b l E  I G * / * l N l -  . - 9  
G4S F E E O  R A T E  I L / l l I M I  - 11.5 

E X C E S S  COZ * 3b82.59 

T t M P t R b  T U R E  
I D L G  F I  

1868. 
1 8 1 3 .  
1818. 
1070. 
1939. 
19V8. 

TEMPERATURE 
( L E G  F I  

1868. 
1813 .  
1 8 1 8 .  
1870. 
1939. 
1998. 

TEMPERATURE 
I D E G  F I  

1818. 
1873. 
11178. 
1010.  
1939. 
1998. 

1110. 
2136. 
2175 .  
2213. 
2 2 3 1 .  
2219. 

1 EMPER b 1UR E 
I O f G  F I  

. M O l S l U R E  I S H  I N  
IN CnbR CHIP. N(n 02 032 

t P C l I  I P C T I  I P Q l l I  I P C l l  I P C T I  

J. 0 0.0 0 .  0.000 30.000 
0.0  0.0 0 .  .080 30.000 
0.0 0 .o 0 .  A00 30.000 
0.0 0.0 I. .OS0 30.000 
0.3 0.0 0 .  .080 33.300 

0 .  .on0 30.000 0.0 0.3 

C O l V E R S l O M  PbRT I C L E  
E F F I C I E M C V  I F R E E - F A L L I  G A S  

T I M E  ( B Y  GbS COI(P.1  Y E L O C I T Y  V E L O C I T Y  
I SEC. I I P C T I  ICM./SEC.I 

.a57 0.0 . 116 0.0 
- 2 2 1  0.0 
.455 .b 
.bTb 6- 1 
.e93 5.0 

3-16 61.20 
3-12  4 1 - 6 5  
3-12 41.13 
3-13 61.59 
3.08 +.?.a3 
3 . 0 1  63.88 

O l l E  : l O / Z 1 / 8 l  
1 E S T  ND.IJRCC-11-3 
FUEL 1200 X 600 JRC CHbR 
G I S  130 P C T  C D 2 f 1 0  Q C T  N2 

FUEL F E E D  R I T E  I G I V M I N I -  .on7 
C L S  F E E D  RATE 1LfMINl  - 12.1 

EXCESS COZ * ZSV9.0I  

M O I S l U ( E  4 %  I N  
IN C H U I  C I U R  MOX 0 2  t02 

I P C l I  I P C I I  lP .*#  I P C l l  I P C l I  

J.0 3.3 0 .  0.000 30.OJO 
0 .  .OS0 30.000 0 .0  0.0 

0.0 0.0 0 .  - 0 5 0  30.000 
3 .0  0 .O I. -050 30.000 

,o. 0 0.0 3. .OS0 30.000 
0.3 3.3 3. .a50 30.300 

c o M m E a s 1 3 w  P I R l l C L E  
E F f I C I E N C I  I f R L E - F I L L  b G4S 

1 l M E  1 8 1  C I S  COI Ip .1  V E L D c l T V  V E L O C I T Y  
1 S E C . l  I P C I I  I C M . / S E C .  I 

.050 L O  

.099 0.0 
2 - 9 8  *8 .27  
2.96 6 8 - 1 5  
2.01  
2.92 50.20 
2 .V l  h l . b 5  
2-91 S J . ~ I  

CO 
I Q P M I  

0 .  
0. 
0. 

LOO. 
750. 
800.  

nEymLDs 
IUM0ER 

145. 
144. 
164. 
166- 
142. 
160. 

C O  
1PP.I) 

0. 
0 .  

80. 
1350. 
3030.  
6803. 

a c v n a o s  
m u M E n  

161. 
1*6. 
163. 
161. 
161. 
I*I.  
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U I S T L Y C E  
I I N C H E S )  

I .o 
2.2 
6 . 0  

12.0 
16.0 

n .o 

O I S T I N C E  
i IrtcnEsi 

1.0 
2 .o +. 3 
8.0 

12.0 
16.0 

D I S T A Y C  E 
I I N C H E S 1  

1.3 
2.0 
l . a  
8.0 
12.0 
16.0 

D I S T A N C E  
I I N C H E S )  

I .o 
2.5 
4.0 .- 
8 .O 

12.3 
16.0 

91 I I A Y C E  
I I Y C H E S I  

1.0 
2.3 +. 3 
8 .0  

12.2 
16.3 

D l  S I I Y C  E 
I 14cuf s I 

1.3 
2 .O 
C.2 

12.1 
10 .3  

e. J 

DROP TUBE FUYNICE S V S I E M  041A R E D J C T I D I  PR0014'1 

OATE :1 /6 /82  
l E S 1  NG.:JRCC-I I -+ 

GAS I 3 0  PCT C32/10 PCT N 2  
FUEL :zoox+oo J R C  c n 4 a  

FUEL FEEO RATE l G 1 / M l r O -  * 081 
GAS FEEO R I T E  I L / M I N )  - 13.8 

E X C E S I  COZ = 2918.25 

l t M P E R 4 T W t E  
I D E G  F I  

2322. 
2313.  
2k25. 
2+1+. 
2150. 
2451. 

TE MPERATURE 
I O E G  F )  

2322,  
2373. 
2125. 
2*+*. 
2450. 
2551. 

TEMPERATURE 
I U E G  F )  

2322. 
2313. 
2125. 
2w*. 
2450. 
ZIS1. 

TEMPER4TURE 
I D E G  F I  

2161. 
2528. 
2596. 
2638. 
2663. 
2631 .  

TEMPERATURE 
IUE; F I  

2 C 6 1 .  
2 5 2 0 .  
2596. 
2638. 
2 b 6 3 .  
2631. 

I L M P L R 4 I U R E  
I J t S  f I  

*oIsrunt Asn IN 
IN CHLR CHAR NOX 02 cu2 co 

I P C T I  I P C T )  l P P * )  I P C T I  I P C T I  I P P M I  

0.0  0 .0  0 .  0.000 30.500 0 .  
0.0 3.0 0. - 0 5 0  30.000 10. 
0.0 0 . 0  1. 0.000 30.000 150. 
0.0 0.0 4. 0.000 30.000 3009. 
3.3 0.0 5 .  0.300 30.000 5600. 
0. 0 0.0 9. 0.000 30.000 7851.  

CONVERSION P A R I  I C L E  
E F F I C I E N C V  I F R E E - F I L L I  C I S  

T I M E  18V GAS COUP.) V E L O C I T Y  V E L O C I T Y  REVNOLJS 
lSEC.1 I P C T I  1CM.ISEC. I NUMBER 

.MI 0.0 

.081 .z 
-163 .e 
'-316 15.4 
.+12 28.7 
-628 $0.3  

2-86 59.58 158. 
2.W 60.68 151. 
2 - 0 1  61.80 155. 
2.80 62.21 155. 
2-00 62.34 155. 
2.00 6 2 . 3 5  155- 

T I M E  
I SEC. 1 

.0+1 
,081 
.I63 
-316 
.+72 
-628 

K K O I F F  K S  K I K O I F F  
l*Cfl. I CMZ. SEC. ATM.  I 

0.00000 .ow393 0.00000 0.000 
.00001 .09522 .00007 .a01 
.OOOLI -09654 .0001+ .001 
.00146 .09701 .00148 -015 
-33192 -09716 .OO196 -020 
.0021+ .09718 .00219 .022 

OLTE i l O l Z Z l 8 1  
T E S T  NO. ZJRCC-11-5 
W E L  :ZOO X kO3 JRC C H I R  
C I S  :30 PCT C O Z f l O  PCT N 2  

FUEL FEEO R I V E  ( 6 N / M I N l -  - 0 8 6  
G 4 S  FEEO R4TE I L I M I N )  I 14.7 

EXCESS COZ - 3117.13 

MOISTURE ASH I N  
I N  CH4R CHAR NOX 02 COZ CO 

I P C T I  I P C T I  I P P M I  I P C T )  I P C T l  I P P M I  

0.0  
0.0 
0 .0  
0.0 
3 . 3  
0.0 

0 .0  
0.0 
0.0 
0.0 
0 .0  
0 . 0  

0 .  
0 .  
1. 
8. 
8 .  
IO. 

0.000 
-090 
.IO0 
.I00 
. L O O  
.090 

30.000 
30.000 
30.000 
30.000 

30 .OOO 
30 .a00 

0 .  
50. 

1200. 
0160. 

1 LOW. 
1 1600. 

CONVERSION P A R T I C L E  
E F F I C I E N C Y  I F R E E - F I L L I  G I S  

T I M E  I B V  6 4 5  COMP.1 V E L O C l T V  V E L O C I T Y  REVNOLJS 
1 StC. I I P C T I  lCM./SEC. I r w u m  

- 0 3 1  0.0 2.19 66.19 164. 
- 0 1 3  . 3  2 - 1 6  68-10 163. 
- 1 1 3  6.6 2.73 69 .12  161. 
.281 15.1 2.71 13.69 160. 
.+I9 61.0 2 .11  10.81 I LO. 
. $ 5 6  64.1 2.11 10.66 1 60. 

F.01000 
.JJOII 
-3J135 
.OY5CU 
.OJS41 
.OJ+II  

. 0 3 1 S 9  
. J 9 9 l I  
. I3019 

. 10196 

.lJI OJ 

. l a 1 1 1 3  

0 . 0 0 0 ~ 0  
.00011 
.00131 
. 00519  
.00511 
. J o I b I  

0 .ooo 
. I 3 1  
. a 1 3  
.35c 
- 0 5 6  
. 343  
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JYUP TURE F U B Y 4 L E  SVSTEV 0 4 1 A  R E O U C T I W  P R O G Y 4 V  

041E : 1/1/82 
1 E S l  N O . : J R C C - I l I - 5  
F U E L  i - 600  C H 4 R  FROM 2 0 0 X 6 0 0  JRC CHIR 
G a s  : 3 0  P C l  C 3 2 / 1 0  P C T  N 2  

FUEL FEEO RATE 1 6 M / M I N l -  .058 
G A S  F E E O  R A l E  I L / I I I N I  - 13.8 

EXCESS COZ = k 3 6 0 . 1 5  

HOISlURE ASH I N  
S I S I L Y C C  TEMPERATUNE I N  CHAR CHAR NOX 0 2  cu 2 co 
I I h C H E S l  I U E C  F I  I P C l I  I P C T I  I P P M I  ( P C l I  I P C T )  I P P U I  

1.3 2407. 0.3 0 . 3  0. 0.000 30.000 0 .  
2.3 2 5 2 8 .  0 . 0  0.0 0 .  .OS0 30.000 900. 
4.9 2596. 3.0 3 . 3  2 .  - 0 5 0  30.000 3033. 
8.0  2636. 0.0 0.0 8. 0.000 30.000 9600. 

12.3 2b63. 0.0 0.0 IO. 0.000 30.000 12800. 
16.0 2b31. 0.0  0 .o 9.  0.000 30.000 13000- 

C W E R S  I O N  P A R l l C L  E 
E F F I C I E N C Y  IFREE-FALL1 GAS 

D I S T A N C E  T t M P E R A l U R E  T I M E  1 8 Y  WS C 0 M P . I  V E L O C I T Y  V E L O C I T Y  REYNOLDS 
I I Y C H E S I  ( O E G  F I  I S E C . )  I P C T I  ICM./SEC. I NUMBER 

I .o 24bl. .Okl 0.0 
2.0 2528- .on0 6.7 
4 .O 259b. . I 5 8  22.3 
8.0 2 6 3 8 .  -311 1 I . k  

12.0 2 M 3 .  .463 95.2 
16.0 2 6 3 7 .  .616 96.6 

.09 6 2 - 7 0  1%. .# 64.01 153.  

.09 65.65  151. 
.08 6 6 - 3 6  150. 
.00 66.61 150. 
.08 66.33  150. 

D l S T l N C E  TEMPERATURE T I M E  K K O I F F  K S  K I K O I F F  
I I N C H E S I  I O E G  F I  1SEC.I  l*GM.ICH2.SEC.IlM.*l 

1.3 2t67. .OkI 0.00000 -55301 0.00000 0.000 
2.3 2528-  .OB3 -00013 .5blb3 .OW43 -001  
4.0 2596. . I 5 8  .00017 -51112 .OW17 -DOL 
8 .0  2638. -311 A0165 .57706 .00165 -003  

12.0 2 b 4 3 .  .M3 .00206 .51176 ,00206 -006 
1b.O 2631.  -616 -001b5 - 5 7 6 8 5  .00165 -003 
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DROP T UBE F I I I N I C E  S V S T E M  O l l l  R E M K T I O I  PROGR4M 

O I T E  :2/2/02 
TEST YO. I JRCC- 1 V-3 
FUEL : Z O O 1 6 0 0  J R C  C U M  
G A S  I 3 0  PCT U20170 PCT U 

LUEL FEEO R I T E  I U I M l N I ~  -019 
C I S  FEEO R I T E  I L I M I N I  . 13.6 

E a c E s s  coz . 100.00 

M O I S T U I E  4SU I N  
I N  CHAR CHAR N O I  0 2  c02 LO 

I P C T I  I K T I  I P P M I  I P C T I  I P C T l  I P P M I  
O l S T U l C E  
I I N C I E  S I  

I .o 
2.3 
6 .O 
8.0 

12.0 
16.0 

1 CMPLR4TUR E 
I O E G  F l  

2110. 
2136. 
2115 .  
2213- 
2 2 3 1 .  
2219. 

0.0 0.0 0. 0.000 30.000 60.  
0.0 0.3 0 .  .OS0 30.000 H). 
0.0 0 .0  0 .  -050 30.000 a. 
0.0 0.0 2. .OlO 30.000 60. 

0.0 6. .OlO 30.000 120. 0.0 
0.0 0.0 6. . IO0  30.000 200. 

C ( H V E R S I 0 N  
E F F l C l E N C V  

T l n E  1 8 Y  C I S  C0MP.l 
1SEC.I I P C T I  

- 0 3 3  . 3  
-066 .3 
. I 3 1  .3 - 258 . 3  
-305 .9 
.SI2 1.5 

P A R I I C L E  

V E L O C l T V  vElLoclrv 
IC#. ISEC. I 

3.+1 1 3 - 6 1  
3.39 T6.13 
3.31 15 .25  
3.34 76.33 
3.33 11.02 
3.36 76.50 

I F R E E - F A L L I  $ A S  
REVNOLOS 
wmEn 

150. 
169. 
148. 
141. 
147. 
141. 

0 I S T  I N C  E 
I INCHES I 

I. 0 
2.0 
4. 3 
8.0 
L2.J 
1 b . O  

T E M P E R I T U I E  
I O E G  F I  

2110. 
2136. 
2115. 
2213. 
2231 .  
2219. 

D I S T A N C E  
I INCHES I 

TEMPERITURE 
I O E G  FI 

T I M E  K K O I F F  K S  K l l O l f f  
I SEC.1 l.GM./tM2.SEC.ATM.*l 

.033 .00026 .00052 .OW26 -003 

.Obb .00013 .08918 .00013 -001 
. I 3 1  -00031 .Wold .OW01 -001 
.25d .00003 .09115 .OW03 -000 
.385 .00001 . W I T 1  .OW01 .001 
-512 .00008 -09131 .OW01 -001 

1.0 
2.0 
6-a 

2110. 
2136. 
2 1 1 5 .  
2213. 
2231. 
2219. 

8.0 
12.0 
16.0 

O I T E  8 1 / 2 9 / 8 2  
T E U  NO.:JRCC-IV-S 
FUEL : Z O O X I 0 0  JRC CUAR 
GAS 1 3 0  PCT UZOI10 P C T  N2 

F U E L  F E E D  RATE IGM1M1Nl- a019 
G4S FEEO R I T E  I L I M I N I  I 18.6 

EXCESS C 0 2  = -100.00 

M o i s T u n E  4sn  IN 
IN CIIR CUIR NO# 02 032 

I P C T I  I P C T I  I P P M I  I P C T I  I P C T I  

0 . 0  0.0 0 .  0.000 0.000 
0.0 0.0 0. 0.000 0.000 
0 .0  0.0 1. .LOO 0.000 
0.0 0.0 8 -  -050 30.000 
0.0 3 . 5  9 .  -050 30.000 
0.0 0.0 13. -100 30.000 

co 
I P W I  

0 .  
0 .  
0. 

5 6 0 .  
600. 
2100. 

O I S I I Y C E  
I I N C H E S  I 

1.0 
2.0 
4 .0  
8 .o 

12.3 
16.0 

{EMPERI 'UIE 
I D E G  F I  

2467 .  
2528. 
2596. 
2138. 
2663-  
2 6 3 1 .  

CONVERSION P L R T  ICLE 
E F F I C I E N C Y  I F R E E - f I L L l  G A S  

T I M E  I B Y  GAS C 0 U P . l  V E L O C I T Y  V E L O C I T Y  
I SEC. I I P C T I  1CM.ISEC. 1 

.a29 3.0 3.20 8 3 . 6 0  

.058  0.0 3-16 85.36 . 114 a. 3 3 - 1 3  81.21  

. 2 2 5  6.1 3 - 1 1  88.69 

. 3 3 *  6. 5 3.10 (18.63 

.bSl  i5 .e  3.11 88 .S6  

3 1 s I I I I C E  
I I N C U L S I  

1.3 
2.3 
+..I 
B. 0 

11.0 
l b . 0  

I t M P t l A l U h l  
I D I G  t l  

T I M E  K K U l f F  K S  K l < O I F F  
I s c c . 1  I . i M . I C M 2 . I L C . I T M . . I  

-329 0 . J J O J J  .Je159 0.00000 0.000 
- 0 5 8  0.OJOOO -0I911 0.00000 0.300 
.I16 3.00000 . l o o n  0.00000 0.000 
-225 .33352 . I 0 1 8 3  . 0 0 0 S Z  .005 
.33b  -00039 .1019b .OW39 .OOb 
-661 .JJIOb .IO135 .00101 .OlO 

1.0 
2 . 0  
6 . J  

11.3 
16.0 

n. .I 
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DROP luff FURNACE S Y S T E M  DATA R P W C I I O I  WOGRA* 

041 € : I /  19/82  
TEST NO. : l l L C - I  1-2 

GAS :30  PCT C 0 2 l 7 3  P C I  N2 
fUEL r2w1100 T I L  CHAR 

fllEL FEEO R A T E  l G 1 l M I N l ~  . m1 
GAS F E € O  R A l €  I L I . l l N l  12.6 

E l C E S S  c 0 2  = 4616.4b 

M O I S I U R E  A S H  I N  
3 1 S T A Y C t  I t M P E R A T l R E  I N  CHAR CHAR M o x a 2  a2 co 
I I N C H E S I  I O f G  F I  I P C T )  I P C I J  I P C M I  I P C T I  IK l l  l P P * l  

1 .o 1018. 0.0 0 .0  0 .  0.000 30.000 0 .  
2 .o 1 8 7 ) .  0.0 0.0 0. 0.000 30.000 0. 
4.3 1 8 1 8 .  0.0 0.0 0 .  0.000 30.000 0. 
8 .O m o .  0.0  0.0 0. 0.000 30.000 5 0 .  

12.0 1939. 0.0 0 .o 0 .  0.000 35.300 80. 
0. 0.000 30.000 b I 0 .  16.0 1998. 0.0 0.0 

D l  STANCE TEMPERATURE 
I INCHES I IOEG F I  

1.3 1818. 
2 .o 1813 .  
1.3 1878. 
8 . 0  1870. 

12.0 1939. 
16.0 I W 8 .  

D I S T A N C E  TEMPERATURE 
( I N C H E S )  ( O E G  F I  

1.0 1848. 
2.0 1873. 

8. 3 1875. 
12.0 1939. 
16.0 1998. 

4 -0  i e r a .  

O I S T L r ( C E  TEMPERATURE 
I I Y C H E S I  I D E G  F I  

1.3 2113. 
2.3 2136. 
6.3 2 1 1 5 .  
8 .O 2213. 

12.0 1 2 3  1 .  
16.0 2219. 

U I S I A N C E  I C M P E R A I U R E  
I I H C M t S I  ( O E S  F I  

i ) l S I l H C E  lfMPER41URt 
I I I C H E S I  I J E t  F I  

1.3 2113 .  
2 .  .I 2136 .  

9.3 1 2 1  1. 

l b . 3  1119.  

4.J 2 1 r 5 .  

1 1 . 3  1 1 1 ) .  

1 lME 
I SEC. I 

-053  . IO5 
.m9 
. + I 8  . b21 
.E19 

T IME 
( SEC. I 

.053 . I05 
-209 
. * I8  . b21 
-819 

c o m E i s i o u  P i n r i c ~ t  
E F F I C I E N C Y  I F R E € - F A L L I  G A S  

I B Y  GLS C0MP.I V E L O C I T Y  V E L O C I T Y  R E Y N O L J S  
I P C I I  I C M . / S E C . l  W M B E R  

0.0 
0.0 
0.0 . ~ .  

.4 
- 6  

5.4 

3 -14  4 5 - 1 4  159- 
3.12 45.63 158. 
3.12 4 5 - 1 2  158. 
3.13 45.S7 158. 
3.08 $6.92 156. 
3.w 18.38 154- 

K K O l F F  K S  K l C O I F F  
I*GM./CNZ-SEC.ATM.*l 

0.05000 .081M 0.00000 0.000 
0.00000 -08232 0.00000 0.000 
0.00000 .0024* 0.00000 0.000 

.00003 -08224 -00003 .OOO 

.00003 .WbW .OW03 - 0 0 0  
.03019 .085b1 .00019 .002 

DATE 11/16/82 
TEST YO.:TXLC-I I -3  
FUEL :zw11400 T X L  C H A R  
GAS 130 P C T  C 0 2 / 7 0  P C T  N2 

F U E L  FEEO RATE I G W M 1 N l -  .Ob0 
G A S  FEEO RATE I L f I I N l  - 13.2 

EXCESS C [ U  - 5203.98 

M O I S T U I E  AW I N  
I N  CHAR C U R  *ox 02  co 2 c o  

I P C T I  IKTI I P P M J  I P C T l  I P C f l  I P P V I  

0 . 3  0.J 0 .  0.000 30.300 0. 
0.0 0.0 0. 0.000 30.000 LO. 
0.0 0.0 0 .  0.000 30.000 192. 
0.0 0.0 0. 0.000 30.000 1320. 
0 . 3  0 . 3  0 -  0.000 30.300 2880. 
0 .0  0.0 1. 0.000 30.000 1140. 

CONVERSION P A R T I C L E  
E F F I C I E N C Y  I F L E E - F A L L I  G A S  

T I M E  I B Y  GAS C0NP.I V H O C I I Y  V E L O C I T Y  
1 S L C . I  I P C T I  lCM./S€C.l 

2 r98 SZ.b6 
2.w 53.10 
2 . 9 1  5.3.90 
2.92 54.1b 
2 . w  S5.?5 
2.92 w.00 

RE Y W L O S  
W M B E R  

151. 
157. 
155. 
154. 
1%. 
151. 

1 1 * f  
I SIC. I 

.a16 

. W l  . IBJ 

.35b 

. 5 1 1  
. l o 1  

K K O l F F  R S  K / < O I F F  
1 . G M . f  CM2.S EC. a1 *. I 

3.33055 .DOLI52 3.00030 0 . 3 0 3  
.ouoir . M V I ~  . O O O I I  . i o 2  
.0,3027 .mota  .ooozr .OOI 
.OJO97 . O + l I S  .00098 . O I L  
. 0 3 1 4 V  .59111 - 0 0 1 5 2  .01b 
. O J I 8 1  .39111 .OOlB8 .320 

C-23 



DROP l U 8 E  FURNACE SYSTEM D A T A  R E O U C T I W  PROGRAM 

1.3 
2 . 0  
2.0 
8.3 

12.0 
Ib.0 

31 ST4YCE 
I I N C H E S I  

01 S l  &NC E 
I I U H E S I  

1 .O 
2.3 
4.0  
8.0 
12.0 
16.0 

O I S l  ANCE 
I I N C H E S I  

1.0 
2 .0  
2 .0 
8.0 

12.3 
16.0 

T E MPER ATU R E  
I O E G  F I  

2667. 
2528. 
2596. 
26 38. 
2643. 
2b37. 

TEMPERATURE 
IDEG F l  

26bl. 
2528.  
2596. 
2638. 
2643. 
2637. 

TEMPERATURE 
I O E G  F I  

2467. 
2528. 
259b. 
2638. 
2653. 
2637. 

DATE : 2 / 3 0 / 8 2  
T E S T  NO.1TXLC-11-5 
FUEL :20OXkOO T X L  CHAR 
GAS 130 P C l  C32110 P C T  N 2  

F U E L  F E E D  RATE I G M / M I N I -  -057 
GAS F E E D  R A T E  I L I I 4 I N I  I 14. I 

EXCESS COZ - 5863.80 

MOISTURE A S H  L N  
I N  CHAR CUAR NOX 02 co 2 co 

I K T I  I P C T I  IPPMI I P C T I  I P C T I  I P P q I  

0.0 0.3 0 .  O t O M )  30.300 0. 
0.0 0.0 0 .  0.000 30.000 120. 
0.0 0.0 1- 0.000 30-000 €140. 
0.0 0 .o +. 0.000 30.000 4610. 
0.0 0.0 9- 0.000 30-000 blOO. 
0.0 0.0 9. 0.000 30.300 7620. 

C O N V H l  S I O N  P A R T I C L E  
E F F I C I E N C Y  (FREE-FALL I GAS 

T I M E  ( B Y  GAS C 0 W . I  V E L O t I T V  V E L O C I T Y  REYNOLDS 
1SEC.l I P C T I  I C * - I S E C . 1  N W B E R  

-038 0.0 2-19 64.06 158. 
-076 1.2 2.76 65-40 156. 
.149 8.3 2.73 6 6 - 8 0  154. 
.293 46.5 2.71 61-81 153. 
-436 60.6 2.71 67.92 153. 
.sa1 75.7 2-11 67.77 153. 

T I M E  K K O I F F  K S  K I K O I F F  
I S E C - I  I*GM.ICMZ.SEC.ATM.*I 

-038 0.00000 -09759 0.00000 0.000 
-076 .0304S A 9 9 1 1  .00045 .005 
-149 -00164 -10079 -00167 .016 
.F)3 .00541 .I0183 .On578 .OS4 
-436 .00520 -10196 .OM48 . O S 1  
-581 .DO551 .IO180 .00582 -054 
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APPENDIX D 

CHAR COMBUSTION/GASIFICATION MODEL 

The computer model formulated by Combustion Engineering, Inc., to simulate plug- 
flow char combustion or gasification in the DTFS, was based on kinetic expressions 
derived by Field and co-workers at BCURA (2). 
because the laminar-flow DTFS satisfies the plug-flow requirements whereby the 
reaction products are time-resolved along the furnace distance. 

This particular model was chosen 

This model is versatile enough to take into account certain parameter changes, 
such as the percentage of excess O2 (for combustion) o r  C02 (for gasification), 
anisothermal temperature profile in the reaction zone, particle size distributions, 
and reaction mechanism factor. Reaction rates are governed by diffusional and 
surface reaction rate coefficients, depending on particle size and temperature. 

The program is written in general terms for predicting pulverized coal combustion 
or gasification in the DTFS. It is discussed as such, although the special 
precautions taken for char combustion or gasification will be explained in the 
course of this discussion. 

The basic model formulation is as follows. First, a definition of symbols is 
given. 

= initial diameter of coal particles 
'j 

j 

j 

x = diameter of char particles after devolatization 
c1 = 

w = 
tw = 1.0 
u = weight of residual char at any particular time per unit initial 

U tu. where U is unburned or ungasified char in whole suspension. 

swelling factor = 1.0 (for char combustion or gasification) 
fraction of unburned or ungasified char at any particular time 

j 

j weight of char 

J 
= 

D- 1 



The r a t e  o f  change o f  w e i g h t  f r a c t i o n  u i s  g i v e n  by: 
j 

where S = geometr ic  s u r f a c e  a rea  o f  each p a r t i c u l a r  f r a c t i o n  p e r  u n i t  w e i g h t  

= r a t e  o f  carbon removal p e r  u n i t  s u r f a c e  area,  (g/cm2-sec) 

j 2 

'j 

o f  i n i t i a l  cha r ,  (cm /g),  and 

Assuming s p h e r i c a l  p a r t i c l e s  

where C f  i s  a f r a c t i o n  o f  m o i s t u r e  and ash - f ree  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  
( C f  = 1 f o r  cha r  combust ion o r  g a s i f i c a t i o n )  
p f  i s  apparent  d e n s i t y  o f  m o i s t u r e  and a s h - f r e e  f u e l ,  (g/cm ) 3 

i s  d i f f u s i o n a l  r e a c t i o n  r a t e  c o e f f i c i e n t ,  (g/cmL-sec-atm), and K~~~~ 

K~~~~ = (24 0 D)/(R'TXj) (0-4) 

where 0 i s  mechanism f a c t o r ,  d e f i n e d  as t h e  r a t i o  o f  moles o f  carbon consumed t o  
moles o f  r e a c t a n t  gas t r a n s p o r t e d  t o  t h e  s u r f a c e .  

3 R '  i s  gas cons tan t ,  (82.06 atm-cm-/mole-°K) 
T i s  gas temperature,  ( O K )  

D i s  b i n a r y  d i f f u s i o n  c o e f f i c i e n t  a t  1 atm. f o r  02-N2 medium (Combustion) 
2 o r  C02-N2 medium ( g a s i f i c a t i o n ) ,  (cm /sec) 

2 KS i s  s u r f a c e  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) 

KS = A exp (-E/RT) (D-5) 

where E i s  a c t i v a t i o n  energy,  (ca l /mole)  
R i s  gas cons tan t ,  (1.986 ca l /mole O K )  

2 A i s  f requency f a c t o r ,  (g/cm sec. atm.)  

P (U) i s  a f u n c t i o n  o f  oxygen c o n c e n t r a t i o n  (combust ion) o r  carbon d i o x i d e  
9 

c o n c e n t r a t i o n  ( g a s i f i c a t i o n )  

D- 2 



P (U) = [ ( c  U + e ) / ( l  + e ) ]  ( P o )  
g 

O2 ( o r  C02) r e q u i r e d  t o  b u r n  ( o r  g a s i f y )  cha r  f rom raw f u e l  

O2 ( o r  CO,) r e q u i r e d  t o  bu rn  ( o r  g a s i f y )  raw f u e l  

where c = 

(c  = 1.0 f o r  cha r  combust ion or g a s i f i c a t i o n )  

e i s  excess oxygen (combust ion) or carbon d i o x i d e  ( g a s i f i c a t i o n )  
P 
c a t i o n  medi um. 

i s  i n i t i a l  p a r t i a l  p ressu re  o f  O2 i n  combust ion medium o r  C02 i n  g a s i f i -  
0 

Assuming c o n s t a n t  p a r t i c l e  d e n s i t y  and b u r n i n g  o r  g a s i f y i n g  f rom t h e  o u t s i d e ,  
t h i s  l eads  t o  t h e  f i n a l  equa t ion  form: 

Equa t ion  ( D - 7 )  r ep resen ts  a s e r i e s  o f  d i f f e r e n t i a l  equa t ions  f o r  a l l  p a r t i c l e  

s i z e s  f o r  each f r a c t i o n .  The o n l y  v a r i a b l e s  a r e  t ime ,  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  each f r a c t i o n ,  oxygen o r  carbon d i o x i d e  c o n c e n t r a t i o n ,  and t h e  p h y s i c a l  p r o -  

p e r t i e s  o f  t h e  f u e l .  

A sample o f  a t y p i c a l  r u n  i s  g i v e n  f o r  PSC cha r  g a s f i c a t i o n  i n  0 . 3  carbon d i o x i d e  

atmosphere ( i n  n i t r o g e n  balance)  a t  2650OF. 

INPUT 

1. 

2. 

3 .  

4. 

5. 

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  200 x 400 mesh feed  cha r  hav ing a Rosin-Rammler 

d i s p e r s i o n  i ndex  o f  7.1.  
monosize f r a c t i o n s  i s  shown i n  t h e  combuter o u t p u t .  

The r e p r e s e n t a t i o n  o f  such a d i s t r i b u t i o n  by 10 

S w e l l i n g  f a c t o r  (CY): 1.0 ( f o r  cha r  cornbustion o r  g a s i f i c a t i o n ) .  

3 Apparent d e n s i t y  (p,): 1 .0 g/cm (d ry -ash - f ree  b a s i s ) .  

F r a c t i o n  o f  m o i s t u r e  and a s h - f r e e  cha r  rema in ing  a f t e r  d e v o l a t i l  i z a t i o n  

(C,): 1 .0  ( f o r  c h a r  combust ion o r  g a s i f i c a t i o n ) .  

C02 r e q u i r e d  t o  g a s i f y  char/C02 r e q u i r e d  t o  g a s i f y  c o a l  (c) :  
combust ion o r  g a s i f i c a t i o n ) .  

1 .0  ( f o r  cha r  
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6. Temperature P r o f i l e  (see o u t p u t ) .  

7. Excess C02: 28.4  

8. C02 P a r t i a l  Pressure (Po) :  0.30 atm 

9. Mechanism F a c t o r  (0): 1.0 

10. A c t i v a t i o n  Energy (E) :  53700 ca l /mole 

2 11. Frequency F a c t o r  ( A ) :  1390 g/cm -sec-atm 

12. G a s i f i c a t i o n  Mode: S h r i n k i n g  c o r e  

OUTPUT 

The terms used i n  t h e  o u t p u t  a r e  e x p l a i n e d  as f o l l o w s :  

PSAD: P a r t i c l e  s i z e  d iamete r ,  (cm) 
KDIFF: D i f f u s i o n a l  r e a c t i o n  r a t e  c o e f f i c i e n t ,  (g/crn -sec-atrn) 
S I  : P a r t i c l e  geometr ic  s u r f a c e  area,  (cm2/g) 
WF : F r a c t i o n a l  w e i g h t  i n  each s i z e  c u t  
PARTICLES: Number o f  p a r t i c l e s  

2 

Values o f  t h e  above terms a r e  t h e  average va lues p e r  s i z e  f r a c t i o n  

KS : 
cc : Percent  carbon i n  t h e  cha r  

Sur face r e a c t i o n  r a t e  c o e f f i c i e n t ,  (g/cm2 sec. atm. 1. 

S I Z E  FRACTION OF CHAR G A S I F I E D  OFF: An "0" i n d i c a t e s  incompleteness o f  g a s i f i -  
c a t i o n  o f  a g i v e n  s i z e  f r a c t i o n .  A "numer i ca l  va lue "  i n d i c a t e s  completeness o f  
g a s i f i c a t i o n  o f  a g i v e n  s i z e  f r a c t i o n .  
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PSAD 

.0040 

.0044 

.0051 

.0055 

.0058 

.0062 

.0066 

.0069 

.0073 

. PO47 

KS 

.000083 

KDIFF 

.1249 

.1143 

. lo53 

.0977 
-091 1 
.OS53 
.OS02 
.0757 
.0717 
.0680 

ut: 
84.68 

MATHEMATICAL MODELS 
OF PULVERIZED COAL GASIFICATIUN I N  UTFS 

TEST NO.: PSCC-11-5 
FUEL: LUOX40OM PSC CHAR 
GAS:3OPCT C02 + 70PCT N2 

SI 

78.34 
114.55 
154.01 
186.95 
199.18 
179.04 
128.76 
69.19 
25.48 

5.78 

PARTIAL 
FRACTION OF PRESSURE 

TIHE(SEC) CHAR UNGASIFIED OF C02 

.OS90 -9986 .3000 . 1drV .9965 .3000 

.1890 .9938 .2999 

.2390 .9908 .2999 

..?Et90 .9876 .2999 

.33YO .9841 .2998 

.3890 .9805 .2998 

.4390 .9770 .2998 

.4890 .9734 .2997 

.5390 .9698 .2997 

.5890 .9663 .2997 

.6390 .9628 .2996 
ENU OF PROBLEM 

UF 

.OS12 

.OS18 

.1193 

.1562 

.1785 

.1713 

.1310 

.0746 

.0290 

.0069 

TEWERATURE 
(DEG K )  

1626.0 
1665.4 
1690.1 
1702.8 
1710.9 
1718.9 
1721.8 
1722.8 
1723.8 
1723.0 
1721.6 
1720.3 

UNGASIFXED S I Z E  FRACTION 

.0487 .0781 .1143 .1501 .1720 

CARBON I N  EACH SIZE FRAClION 

84.01 84.07 84.12 84.16 84.20 

ALPHA PPCO21 EXC02 C A E 

1.00 .3000 28.4000 1.0000 1390. 53700. 

GASIFILATION MODE : SHRINKING CORE 

PARTICLES 

.1545E+07 

.1892E+07 

.2161E+07 

.2256E+07 

.2089E+07 

.1647E+07 

.1048E+07 

.5013E+06 

.1654E+06 

.3383E+05 

TOTAL 
GASIFICATION 
EFFICIENCY 

1.54 
1.75 
2.01 
2.31 
2.63 
2.97 
3.32 
3.67 
4.03 
4.38 
4.72 
5.06 

.1655 .I268 

84.23 84.25 

TEMP PHI 

1720. 1. 

SIZE FRACTION OF 
CHAR GASIFIED 

0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0  0 0 0 0 0' 
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  

PCT. c 
I N  ASH 

84.66 
84.64 
84.60 
84.56 
84.52 
84.47 
84.43 
84.38 
84.33 
84.28 
84.23 
84.18 

.0723 .0282 .0067 

84.28 84.30 84.32 

CF i I m I  T x n m  

.9840 .04 .60 
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