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The mineral mat te r  present  i n  coal plays a de l e t e r ious  r o l e  during the  com- 
b u s t i o n  of pulverized coal fuel i n  power genera t ing  bo i l e r s .  Recent papers (1-3) 
on such problems a s  heat exchanger fou l ing  and the  emission of p a r t i c u l a t e  
po l lu tan ts  from bo i l e r s  have ind ica t ed  t h a t  a fundamental understanding o f  these 
problems (and hence c lues  as  t o  how they may be mi t iga t ed )  may not  depend so le ly  
on analyzing the f r ac t ion  of mineral  mat te r  i n  the  coal and i t s  gross chemical 
composition. 
d i s t r i b u t i o n  of t he  o r ig ina l  mineral  p a r t i c l e s  and inc lus ions ,  and the  d i s t r ibu -  
t i o n  o f  these  minerals among the p a r t i c l e s  o f  t h e  pulverized fue l .  

minerals a n a l y s i s ,  However, r e c e n t  advances i n  e l e c t r o n  op t i ca l  instrumentation 
and techniques,  such as  t h e  use o f  a scanning transmission e l e c t r o n  microscope 
(STEM) f o r  h i g h  s p a t i a l  r e s o l u t i o n  chemical microanalys is ,  show g rea t  promise f o r  
this type of cha rac t e r i za t ion  and have a l r eady  been appl ied  t o  coal research (4-7) -  
The present work involves the  use o f  a STEM both t o  ob ta in  q u a n t i t a t i v e  information 
about the u l t r a - f i n e  (d00nm diameter )  mineral i nc lus ions  present  i n  several  coals,  
and t o  examine the  inorganic elements ( h e r e a f t e r  r e fe r r ed  t o  a s  inherent  mineral 
ma t t e r )  a tomica l ly  bound i n t o  the organic  mat r ices  o f  t hese  coa ls .  I t  i s  a n t i -  
c ipa t ed  t h a t  t h i s  type o f  information wi l l  be useful i n  modeling the  combustion 
of pulverized fue l  p a r t i c l e s ,  

I t  may a l s o  prove necessary t o  obta in  da t a  on the  ac tua l  s i z e  

Such d e t a i l e d  information cannot be obtained by t h e  t r a d i t i o n a l  means of coal 

Sample Preparation 

Samples of t h ree  d i f f e r e n t  c o a l s  were examined i n  t h e  present study: A 
l i g n i t e  from the  Hagel Seam in North Dakota, a semianthrac i te  from the #2 Seam i n  
Pennsylvania, and a sample of pulverized bituminous coal obtained courtesy of the 
Tennessee Valley Authority.  
temperature ash ( H T A )  of t hese  t h r e e  coa ls  i s  shown i n  Table I ,  

Preparation o f  specimens f o r  STEM examination was s t ra ight forward .  Samples 
of each coal were ground t o  a f i n e  powder using a mortar and p e s t l e  (except f o r  
the  fuel coal which was a l ready  i n  pulverized form), A s tandard  3mm diameter 200 
mesh copper transmission e l e c t r o n  microscope g r id  coated w i t h  a t h i n  carbon sup-  
por t  f i lm was then dipped i n t o  the  powdered coa l .  
tapped severa l  times t o  shake o f f  excess and overs ize  p a r t i c l e s .  
r e s u l t  was a sample cons i s t ing  of a t h i n  d i spe r s ion  of f i n e  coal p a r t i c l e s  c l ing-  
i n g  t o  the carbon support  f i lm.  

s eve ra l  advantages compared t o  specimens thinned from the  bulk by microtoming 
o r  ion  mill ing.  
Along w i t h  t h i s ,  s ince  near ly  a l l  t h e  p a r t i c l e s  c l ing ing  t o  the  gr id  have a t  l e a s t  
some a rea  t r anspa ren t  t o  t h e  e l e c t r o n  beam, a much g r e a t e r  amount o f  t h i n  a rea  
more randomly d ispersed  i n  o r i g i n  from wi th in  the coal i s  p o t e n t i a l l y  ava i l ab le  
fo r  STEM examination than would be found i n  specimens thinned from b u l k  samples, 
Resul t s  obtained from powdered coal specimens should the re fo re  be more repre- 
s e n t a t i v e  of t he  overa l l  mineral con ten t  o f  t he  i n i t i a l  coal saniDle. 
*This  work supported by U,S. Department o f  Energy, DOE,  under con t r ac t  number 

The g ross  inorganic  chemical ana lyses  of t he  high 

Upon removal t h e  gr id  was 
The f ina l  

Specimens prepared i n  t h i s  manner a r e  well s u i t e d  f o r  STEM viewing and have 

Their most no tab le  advantage i s  o f  course the  ease  of prepara t ion .  

DE-AC04-76DP00798. 
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Table I :  Compositions of High Temperature Ash ( H T A )  
Pennsylvania 

Coal Name Hagel Seam* Cumber1 and Fuel ** #2 Seam* 

Coal Rank Ligni te  Bituminous Semianthrac i te  
%H TA 9.66 18.8 30.74 
Si02(%a)*** 28,20 51 .3 80 .OO 

T i  023%a) 0.58 0 0 2  3.09 

MgO (%a)  5,91 1.2 0.05 
CaO( %a) 24 50 4.9 0.30 
Na20( %a) 2.81 o o 9  0.05 
K20(%a) 0.33 2.8 0-35 
P205(%a) 0.10 0.2 0,05 
s03( %a) 17.40 1.6 0,30 
Trace Elements Ba-6700 Not None 
>1000ppm of HTA Sr-3150 Available Reported 

High Vo la t i l e  

A120 (%a)  9.35 19.8 12,lO 

Fe 20 3( %a ) 8.20 17.0 1.47 

( i n  ppm of HTA) 

**Information taken from reference  (8) .  

Experimental Procedure 

Northern T!42000 energy d i spe r s ive  spectrometry (EDS) system f o r  x-ray ana lys i s  
The fea tures  o f  STEM opera t ion  pe r t inen t  t o  t h i s  work a r e  i l l u s t r a t e d  in  Figure 1 ,  
The sample was i l lumina ted  by a narrow probe of 200kV e l e c t r o n s  which was scanned 
across  i t s  sur face .  
volume being scanned, 
o f  i n t e r e s t  i n  the  sample, a t  which point the  c h a r a c t e r i s t i c  x-rays emitted by the 
atoms under the  probe could be analyzed t o  ob ta in  chemical information from a 
sample region w i t h  a diameter approaching t h a t  o f  the probe diameter.  
cha rac t e r i za t ion  could be accomplished i n  t h i s  manner f o r  a l l  elements w i t h  atomic 
number 2211 

tage was taken of t he  d i f f e rence  i n  image c o n t r a s t  between the  c r y s t a l l i n e  
mineral p a r t i c l e s  and t h e  surrounding amorphous organic  mat r ix .  The c r y s t a l l i n e  
p a r t i c l e s  a r e  capable of d i f f r a c t i n g  e l ec t rons ,  and so appeared i n  s t rong  con t r a s t  
when held a t  s p e c i f i c  angles t o  t h e  inc iden t  e l ec t ron  beam. 
needed o n l y  t o  be t i l t e d  through some moderate range o f  angles  (gene ra l ly  + 45" 
from the  ho r i zon ta l )  t o  qu ick ly  e s t a b l i s h  the  loca t ions  o f  t he  minerals w i T h i n  
a given coal p a r t i c l e .  D u r i n g  the  t i l t i n g  such p a r t i c l e s  ab rup t ly  "winked" i n  and 
out  o f  s t rong  d i f f rac t iDn c o n t r a s t ,  while t he  amorphous mat r ix  changed c o n t r a s t  
only gradual ly  as a func t ion  of t h e  change i n  sample th ickness  in te rcepted  by 
the  e lec t ron  beam. An example of an image of a mineral p a r t i c l e  v i s i b l e  by strong 
d i f f r a c t i o n  c o n t r a s t  amidst an amorphous coal mat r ix  i s  shown i n  Figure 2 ,  
estimated t h a t  t he  imaging procedure could de t ec t  mineral p a r t i c l e s  w i t h  d ia -  
meters >-2nm. P a r t i c l e s  smal le r  than this would most l i k e l y  remain ind is t inguish-  
ab le  from the amorphous mat r ix ,  

l l i th t he  loca t ion  o f  an embedded mineral p a r t i c l e  thus determined, the  probe 
was fixed on the  mineral and an x-ray spectrum was acqui red ,  
s tance  where the  mineral extended t h r o u g h  t he  f u l l  th ickness  o f  the  coal p a r t i c l e  
in te rcepted  by the  probe, th i s  spectrum cons i s t ed  o f  a superpos i t ion  of a p a r t i c l e  
spectrum and a matrix spectrum. 
inc lus ion ,  t h e  probe was subsequently moved 1-2 p a r t i c l e  diameters away t o  a region 
of t he  matrix known t o  be f r e e  o f  o the r  minerals ( w i t h i n  t he  reso lu t ion  l imi t a t ion  

"Information cour tesy  of the  Penn S t a t e  Coal Data Base 

***%a - oxide % of HTA of dry coal 

The STEM used i n  the present s tudy  was a JOEL 200CX equipped w i t h  a Tracor- 

Transmitted e l ec t rons  were used t o  form an image of t he  sample 
The probe could a l s o  be stopped and f ixed  on some f e a t u r e  

Chemical 

For s tud ie s  of mineral mat te r  embedded i n  p a r t i c l e s  of powdered c o a l ,  advan- 

The sample thus 

I t  i s  

Except i n  the  i n -  

To determine the s igna l  assoc ia ted  w i t h  the  
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discussed i n  the preceeding paragraph),  where a second spectrum was co l l ec t ed .  
Comparison o f  the two x-ray spec t r a  genera l ly  quick ly  revealed the  primary e l e -  
mental cons t i t uen t s  of the mineral  ( aga in ,  f o r  elements o f  atomic number Z ~ l l ) ~  
Two examples of th i s  type o f  a n a l y s i s  are shown f o r  a Ti - r ich  p a r t i c l e  i n  the 
Cumberland fue l  coal i n  Figure 3,  and a p a r t i c l e  r i ch  i n  Ba and S i n  the Hagel 
Seam coal i n  Figure 4. 

Results and Discussion 

The r e s u l t s  of t he  STEM examination o f  the t h r e e  coa ls  a r e  summarized in 
Table 11. The f i r s t  ha l f  o f  the t a b l e  dea l s  with the  da ta  obtained in a random 
sampling of mineral i nc lus ions  w i t h  mean diameters <100nrn which were found embedded 
i n  the coal p a r t i c l e s .  Quan t i t a t ive  r e s u l t s  a r e  presented f o r  t h e  two most f r e -  
quently observed mineral types  i n  th i s  s i z e  range f o r  each of the th ree  s t a r t i n g  
coa ls .  

which were undertaken concurren t ly  w i t h  the p a r t i c l e  ana lyses ,  Aside from being 
necessary to  c o r r e c t l y  i d e n t i f y  the cons t i t uen t s  assoc ia ted  w i t h  the  d i s c r e t e  
mineral p a r t i c l e s ,  t h e  mat r ix  s p e c t r a  themselves provided addi t iona l  information 
on the inhe ren t  mineral elements a tomica l ly  bound i n t o  the  organic coal matrix,  
w i t h o u t  the  danger o f  confusion from elements i n  d i s c r e t e  mineral p a r t i c l e s  ( a t  
l e a s t  f o r  p a r t i c l e s  l a r g e r  than  -2nm i n  s i z e ) .  Recent work has suggested t h a t  
such inherent  mineral mat te r  may comprise >15% of t h e  t o t a l  mineral mat te r  in 
pulverized f u e l s  ( 8 ) .  

Coal Name Hagel Seam Cumber1 and Fuel Penn.#2 Seam 
Total  # of  P a r t i c l e s  

The second ha l f  of t he  t a b l e  desc r ibes  the  r e s u l t s  o f  t he  matrix measurements 

Table 11: Resul t s  o f  STEEl Analysis 

Analyzed (d i a .  (100nm): 29 30 27 

Major Elements Fe T i  Ca 

Average Diameter (nn)  43217 45+22 45+27 
Possible species** - Ti n2  ( R u t  i 1 e ) C a Q ( ~ a 1 c i t e )  

Major Elements Ba ,S Ca T i  

Average Diameter(nm) 60228 50+17 36+13 
Possible species** BaSOq(Barite) CarO’~~(Calci  t e )  Tin2( Ru t i l e )  

Pre domi na n t Pa r t  i c 1 e -Types * 
#1 Number Observed 15  14 11 

_ _ - - - _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

#2 Number Observed 7 5 10 

# o f  Differen t  Matrix 
Areas Analyzed : 25 

Most Common Signal 
From Organic I4atrix: Ca 

Frequency o f  Observation 
of Most Common Signal 
(% o f  Total # of Areas 
Analyzed): 96% 

Frequency of Observation 
of S Signal from Matrix 
( X  o f  Total # of Areas 
Analyzed) : 28% 

21 24 

S i ,  A1 S 

90% 4 2% 

43% 42% 
*The two most f requent ly  observed p a r t i c l e  types f o r  p a r t i c l e s  with mean dia- 
meters 51OOnm. 
observed in  x-ray spec t r a  a t t r i b u t a b l e  t o  p a r t i c l e s .  

Spec ies  l i s t e d  a r e  t h e  most common minera ls  found in coal which could produce 
the observed spec t r a .  
1 i g n i t e ,  

Categor iza t ion  i n t o  types  i s  based on major elements ( Z ~ l l )  

**Tentative i d e n t i f i c a t i o n  based on major elements ( Z ~ l l )  found i n  spec t r a .  

No c l e a r  cho ice  e x i s t s  f o r  t he  Fe-rich p a r t i c l e s  i n  t h e  
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I For a l l  t h r e e  c o a l s ,  the predominant mineral spec ie s  observed i n  t h e  (100nm 
s i z e  range would not be pred ic ted  from the  r e s u l t s  of t h e  chemical analyses of 
the high temperature ash of the  coa l s .  
(with the  exception of sulfur i n  t h e  Ba,S-rich p a r t i c l e s )  c o n s t i t u t e s  more than 10% 
Of the HTA f o r  the r e spec t ive  coa l s ;  indeed, Ba i n  t h e  l i g n i t e ,  T i  i n  t he  b i t u -  
minous c o a l ,  and Ca i n  t he  semianthrac i te  a l l  make u p  l e s s  than 1% of  the respec- 
t i v e  ashes.  
dominant mineral spec ies  observed i n  a random sampling o f  p a r t i c l e s  <100nm i n  d i a -  
meter i nd ica t e s  t h a t  t he  d i s t r i b u t i o n  o f  inorganic  elements m u s t  not be uniform 
over a l l  s i z e  ranges of  inineral i nc lus ions .  In p a r t i c u l a r ,  f o r  a l l  t h ree  coa l s ,  
the predoniinant mineral spec ies  observed i n  the  <100nm s i z e  range must the re fo re  
d i f f e r  from those spec ies  predominating a t  l a r g e r  s i z e  ranges.  

In avalyzing the  background spec t r a  obtained i n  th i s  work, i t  was found t h a t  
f o r  two of the coa ls  a p a r t i c u l a r  element or combination o f  elements was observed 
i n  g r e a t e r  than 90% of a l l  matrix measurements: Ca f o r  the Hagel Seam l i g n i t e  
and a combination of S i  and A1 f o r  t h e  Cumberland bituminous. Examples o f  these 
two c h a r a c t e r i s t i c  elemental s igna tu res  may be found i n  the two matrix spec t r a  
i n  Figures 3 and 4 ,  

The semianthrac i te  had no elements of Z ~ l l  which were near ly  a s  cons i s t en t ly  
observed in  a s soc ia t ion  w i t h  t h e  matrix.  In t h i s  c o a l ,  t h e  most f r equen t ly  ob- 
served matrix s igna l  was from S ,  which only appeared in  42% of the observations,  
Indeed, i n  a l l  t h r e e  coa ls  a S s igna l  was de tec ted  i n  a s soc ia t ion  w i t h  organic 
matrix,  bu t  only on an i r r e g u l a r  bas i s  ( i . e . ,  i n  l e s s  than 50% of t h e  a reas  
examined). Other elements, such as Fe, were a l s o  occas iona l ly  observed in  the  
coal mat r ices .  Such a point-to-point va r i a t ion  i n  inherent  (a tomica l ly  bound) 
mineral conten t  may be expected t o  f u r t h e r  complicate a t tempts  t o  model t he  
evolu t ion  o f  pulverized fuel p a r t i c l e s  i n t o  f l y  ash dur ing  combustion processes.  

Concl us i ons 

1 .  

None o f  the major elements ( Z > l l )  observed 

t Encountering these  elements as  the major cons t i t uen t s  i n  the pre- 

\ 

" 

The STEM i s  an instrument well su i t ed  f o r  t h e  cha rac t e r i za t ion  of t he  
sub-micron s i zed  mineral mat te r  i n  coal and can a l s o  be used t o  i d e n t i f y  inorganic  
elements a tomica l ly  bound i n  the  organic coal mat r ix ,  

2.  For t h e  th ree  coa ls  s tud ied ,  a random survey was taken of mineral 
inc lus ions  clOOnm in mean diameter observed wi th in  coal p a r t i c l e s  i n  powdered 
coal samples, The r e s u l t s  i nd ica t e  t h a t  t he  predominant mineral spec ies  making 
u p  these  inc lus ions  d i f f e r  from those  spec ies  predominating i n  mineral p a r t i c l e s  
a t  l a r g e r  s i z e  ranges,  

3. Two o f  t h e  coa ls  examined showed c h a r a c t e r i s t i c  matrix " s igna tu res"  of 
inorganic elements which were observed in  >90% of the  mat r ix  a reas  examined. 
t h i r d  coal d id  not ,  All t h r e e  coa ls  exhibTted various elements with Z l l ,  most 
notably S ,  which were only i r r e g u l a r l y  assoc ia ted  w i t h  t h e  m a t r i x  s igna l  ( i . e . ,  
found <50% of t h e  t ime) .  

The 
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Transmitted 
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F i g u r e  1 :  Schematic d iagram o f  STEM o p e r a t i o n  d u r i n g  chemical  m i c r o a n a l y s i s .  

2 

F i g u r e  2:  
b i tum inous  sample, 
a t  A. 

A t r a n s m i t t e d  e l e c t r o n  image o f  a p o r t i o n  o f  a c o a l  p a r t i c l e  f rom t h e  
A m i n e r a l  i n c l u s i o n  i s  v i s i b l e  i n  s t r o n g  d i f f r a c t i o n  c o n t r a s t  
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Mineral Particle in 
Bituminous Coal 

4 ,  
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Cu (grid)*- 3b J 

4 3 

Bituminous Coal 
Background 
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Figure 3: Examples o f  x-ray spec t r a  from the  bituminous sample, 
a. Spectrum from p a r t i c l e  shown i n  Figure 2, 
b o  Accompanying background spectrum. 
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Mineral Particle 
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4 
Cu (grid)+ 4a 

a 5 
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4 ,  
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Cu (grid)+ 4b 
a 

256 x-ray counts I 

Figure 4 :  Examples o f  x-ray spec t r a  from the  l i g n i t e  sample. 
a ,  
b. Accompanying background spectrum, 

Spectrum from 40nm diameter p a r t i c l e ,  
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The De te rm ina t ion  o f  M i n e r a l  D i s t r i b u t i o n ?  i n  B i tum inous  Coals 

L. A. H a r r i s  

Oak Ridge N a t i o n a l  L a b o r a t o r y  
P. 0. Box X 

Oak Ridge, Tennessee 37830 

INTRODUCTION 

by E l e c t r o n  Microscopy 

The chemis t r y  and c o n c e n t r a t i o n  o f  m i n e r a l  m a t t e r  i n  c o a l s  a re  f a c t o r s  t h a t  p l a y  
i m p o r t a n t  r o l e s  i n  coal  combustion. Fo r  example, f o u l i n g ,  s l a g g i n g ,  c o r r o s i o n ,  and 
e r o s i o n  a re  a l l  m ine ra l  dependent processes t h a t  occur  i n  c o a l - f i r e d  steam p l a n t s .  
Of  t hese  processes, f o u l i n g  and s l a g g i n g  a re  p r o b a b l y  t h e  m s t  d e t r i m e n t a l  t o  steam 
p l a n t  e f f i c i e n c y .  
g i v e n  coal  have l e d  t o  t h e  development o f  equa t ions  based upon t h e  r a t i o s  o f  base t o  
a c i d  m ine ra l s  m u l t i p l i e d  by e i t h e r  t h e  s u l f u r  o r  sodium c o n t e n t .  (1,Z) E s s e n t i a l l y ,  
t h e s e  r a t i o s  take  i n t o  account t h e  l o w e r i n g  o f  t h e  ash f u s i o n  tempera tu re  as a 
f u n c t i o n  o f  i nc reased  a l k a l i  b e a r i n g  m i n e r a l s .  

I n  a d d i t i o n  t o  t h e  impact o f  m ine ra l  m a t t e r  on steam p l a n t  ope ra t i ons ,  m i n e r a l  
m a t t e r  a l s o  c o n t r i b u t e s  t o  atmospher ic  p a r t i c u l a t e s  v i a  steam p l a n t  s tack  emiss ions.  
Methods f o r  reduc ing  and/or  a l t e r i n g  t h e  e f f e c t s  o f  m i n e r a l s  i n  coa l  are l i m i t e d  by 
t h e  s i z e  and d i s t r i b u t i o n  o f  t h e  m i n e r a l s  which i s  i n  t u r n  r e l a t e d  t o  the  o r i g i n  o f  
t h e  m ine ra l s ,  namely, whether syngene t i c  o r  e p i g e n e t i c .  As r e p o r t e d  by Mackowsky ( 3 )  
e p i g e n e t i c  m i n e r a l s  can be mure r e a d i l y  removed f rom t h e  coa l  because they a r e  no t  as 
i n t i m a t e l y  mixed w i t h  t h e  o rgan ic  c o n s t i t u e n t s  (macera l s )  as syngene t i c  m i n e r a l s .  
Fur thermore,  t h e  e p i g e n e t i c  m i n e r a l s  may be c o n s i d e r a b l y  d i f f e r e n t  f rom t h e  
syngene t i c  m ine ra l s  due t o  d i f f e r e n c e s  i n  env i ronments a t  t h e  t i m e  o f  d e p o s i t i o n  
and/or  growth. 

C u r r e n t l y ,  a common procedure f o r  i d e n t i f y i n g  m i n e r a l s  i n  c o a l s  c o n s i s t s  o f  
f i r s t l y  low temperature ash ing  (L.T.A.) t h e  c o a l  and secondly  a n a l y z i n g  t h e  i n o r g a n i c  
r e s i d u e  by means o f  x - r a y  d i f f r a c t o m e t r y .  Added i n f o r m a t i o n  about t h e  m i n r a l  res idue  
may be a t t a i n e d  by u t i l i z i n g  a scanning e l e c t r o n  microscope (SEM) w i t h  energy 
d i s p e r s i v e  x - ray  a n a l y s i s  (EDX) t h i s  procedure he lps  i d e n t i f y  t h e  minor  m i n e r a l s  as 
w e l l  as l o c a t e  t r a c e  elements. An advancement over  t h e  a fo remen t ioned  SEM techn ique  
i s  one u t i l i z e d  by Finkelman ( 4 )  i n  which p o l i s h e d  b l o c k s  were used so t h a t  n o t  o n l y  
t h e  i d e n t i t y  o f  m i n e r a l s  were o b t a i n e d  but  a l s o  t h e i r  r e l a t i o n s h i p  t o  t h e  o r g a n i c  
c o n s t i t u e n t s  c o u l d  be determined.  

At tempts t o  p r e d i c t  t h e  f o u l i n g  and/or  s l a g g i n g  p o t e n t i a l  o f  a 

I n  r e c e n t  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p i c a l  s t u d i e s  o f  coa ls ,  (5,6) u l t r a f i n e  
m i n e r a l s  were observed ((1 um). The o b s e r v a t i o n  and i d e n t i t y  o f  t hese  submicron 
m i n e r a l s  would have been d i f f i c u l t  t o  achieve by use o f  t h e  scann ing  e l e c t r o n  
microscope (SEM). However, t h e  scanning t r a n s m i s s i o n  e l e c t r o n  microscope (STEM) w i t h  
energy d i s p e r s i v e  x - ray  a n a l y s i s  i s  an i d e a l  a n a l y t i c a l  t o o l  s i n c e  i t  i s  capab le  o f  
s u p p l y i n g  e lementa l  and d i f f r a c t i o n  da ta  f o r  p a r t i c l e s  as smal l  as 30 nm i n  d iameter .  
I n  t h i s  paper, we p resen t  o b s e r v a t i o n s  and ana lyses  o f  m i n e r a l  m a t t e r  i n  c o a l s  
o b t a i n e d  th rough  use o f  e l e c t r o n  microscopes.  
knowledge o f  t h e  m ine ra l  m a t t e r  i n  c o a l s  as r e l a t e d  t o  t h e i r  a f f e c t s  on c o a l  
combustion. 

These da ta  s i g n i f i c a n t l y  i n c r e a s e  our 

*Research sponsored by t h e  D i v i s i o n  o f  Bas ic  Energy Sciences,  U.S. Department 
o f  E n e r g  under c o n t r a c t  W-7405-eng-26 with t h e  Union Carb ide  Corpo ra t i on .  
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EXPERIMENTAL 

Sample S e l e c t i o n  and P r e p a r a t i o n  

The samples used i n  t h i s  s tudy  were o b t a i n e d  f r o m  seve ra l  h i g h  v o l a t i l e  
b i t um inous  c o a l s  o f  Eas te rn  U n i t e d  S t a t e s  - I l l i n o i s  NO. 6, Kentucky NO. 9 ,  Elkhorn 
No. 3, and Hazard No. 4. Specimens were p repared  f o r  t h e  t r a n s m i s s i o n  e l e c t r o  
microscope s t u d i e s  f rom t h e  above c o a l s  u s i n g  a techn ique  p r e v i o u s l y  r e p 0 r t e d . 7 ~ )  
O p t i c a l  t h i n  s e c t i o n s  a p p r o x i m a t e l y  10-15 um t h i c k  were prepared.  
were removed f rom t h e  g l a s s  s l i d e s  u s i n g  acetone and subsequent ly  m u n t e d  i n  an i o n  
m i l l i n g  machine. Specimens were t h i n n e d  ( i o n  m i l l e d )  u s i n g  Argon gas and a l i q u i d  
n i t r o g e n  coo led  s tage  t o  i n s u r e  a g a i n s t  t he rma l  damage t o  t h e  specimen. A d d i t i o n a l  
specimens c o n s i s t i n g  o f  p o l i s h e d  b l o c k s  o f  c o a l  were prepared f o r  o b s e r v a t i o n  w i t h  
t h e  scanning e l e c t r o n  microscope.  

The t h i n  sec t i ons  

A h i g h - v o l t a g e  TEM ( M e V ) ,  a STEM (120Kv), and a SEM (JEM-U3) were used i n  t h i s  
s tudy .  The STEM and SEM were f i t t e d  w i t h  energy d i s p e r s i v e  x - ray  a n a l y s i s  systems 
u t i 1  i z i n g  S i  ( L i )  s o l i d  s t a t e  d e t e c t o r s .  M ic rochemica l  analyses o f  m i n e r a l s  f o r  
e lements o f  a tomic number 11 o r  g r e a t e r  c o u l d  be a t t a i n e d  f o r  p a r t i c l e s  as smal l  as 
20 nm by u s i n g  STEM w i t h  EOX. 

RESULTS AND DISCUSSION 

Submicron s i z e  m i n e r a l s  have been observed i n  a l l  t h e  h i g h  v o l a t i l e  b i tuminous 
c o a l s  t h a t  have been s t u d i e d  a t  t h i s  l a b o r a t o r y .  A r e p r e s e n t a t i v e  TEM micrograph o f  
t h e s e  c o a l s  (F ig .  1) r e v e a l s  t h a t  t hese  u l t r a - f i n e  m i n e r a l s  a r e  t y p i c a l l y  enc losed i n  
a m a t r i x  c o n s i s t i n g  o f  v i t r i n i t e .  These m i n e r a l s  are cons ide red  as syngene t i c  i n  r 
o r g i n ;  ( i .e.,  contemporaneously d e p o s i t e d  i n  t h e  peat b a s i n  w i t h  t h e  o r g a n i c  
c o n s t i t u e n t s ) .  L i m i t e d  s e l e c t e d  area d i f f r a c t i o n  (SAD) and energy d i s p e r s i v e  x- ray 
ana lyses  (EDX) o f  seve ra l  o f  t h e s e  m i n e r a l s ,  u s i n g  t h e  STEM, showed t h a t  k a o l i n i t e  
( c l a y )  i s  t h e  dominant m i n e r a l  spec ies .  However i t  must be n o t e d  t h a t  t h i s  a n a l y s i s  
i s  s t r i c t l y  q u a l i t a t i v e .  

systems, suggested t h a t  m i n e r a l  f ragmen ts  l e s s  t h a n  8 microns would n o t  be expected 
t o  g a i n  enough momentum t o  c o l l i d e  w i th  hea t  t r a n s f e r  t ubes  and these m i n e r a l s  would 
escape i n  t h e  gas stream. However, f r o m  ou r  p resen t  s t u d y  o f  submicron m i c e r a l s  one 
can conce ive  o f  t h e s e  p a r t i c l e s  f u s i n g  t o g e t h e r  t o  become s u b s t a n t i a l l y  l a r g e r  
f ragments.  F o r  example, a c u b i c  vm o f  v i t r i n i t e  may c o n t a i n  as much as 300 minera ls ,  
many o f  which a c t u a l l y  touch.  

A d d i t i o n a l  u l t r a f i n e  s y n g e n e t i c  m i n e r a l s  have been observed t o  be i n t i m a t e l y  
m ixed  w i t h  e x i n i t e  ( u s u a l l y  s p o r i n i t e )  and f ragments o f  i n e r t i n i t e  and v i t r i n i t e .  
These d u r a i n - l i k e  bands were p r o b a b l y  d e r i v e d  f r o m  sediments c o n s i s t i n g  o f  degraded 
o r g a n i c  m a t e r i a l s  and m i n e r a l  d e t r i t u s  d e p o s i t e d  t o g e t h e r  i n  t h e  peat swamp. The 
m i n e r a l  spec ies compr i s ing  these  d e p o s i t s  a r e  much more v a r i e d  t h a n  t h o s e  found i n  
t h e  v i t r i n i t e .  I n  f a c t ,  t h e s e  m i n e r a l s  u s u a l l y  c o n t a i n  many o f  t h e  m ino r  and t r a c e  
e lements assoc ia ted  w i t h  t h e  m i n e r a l  m a t t e r  i n  c o a l  (5)  such as t i n ,  n i c k e l ,  z i r con ium 
t i t a n i u m ,  and chromium. T y p i c a l l y ,  t h e s e  m i n e r a l s  have a w ide r  range o f  s i z e s  
v a r y i n g  from submicron p a r t i c l e s  t o  g r a i n s  s e v e r a l  m ic rons  long.  

by r e g i o n s  c o n s i s t i n g  of g r a n u l a r  macera l  f ragments and m i n e r a l s  (des igna ted  M-M). 
An aggregate o f  euhedra l  p y r i t e  ( P v )  c r y s t a l s  l o c a t e d  a t  one o f  t h e  s p o r i n i t e  (SP) 
boundar ies  i s  no t  an uncommon f e a t u r e  i n  many o f  t h e  c o a l s  examined a t  t h i s  
l a b o r a t o r y .  The s i z e  of t h e s e  p y r i t e  c r y s t a l s  (-1 urn) appears t o  be i d e n t i c a l  t o  the 

Moza e t  a l .  (a) ,  i n  a s tudy  o f  m i n e r a l s  i n  coa l  as r e l a t e d  t o  coa l  combustion 

The TEM m i c r o s t r u c t u r e  p resen ted  i n  F i g .  2 shows s p o r i n i t e  (Sp) segments bounded 
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p y r i t e  c r y s t a l s  i n  f ramboids l o c a t e d  i n  v i t r i n i t e  bands. 
t hese  m i n e r a l s  should p rove  more e a s i l y  removed f rom t h e  coa l  t h a n  those  w i t h i n  
macera l  s. 

It i s  wor th  n o t i n g  t h a t  

I n  F ig .  3, another  view o f  m i n e r a l  m a t t e r  i n  d u r a i n - l i k e  bands i s  shown. A 
s e c t i o n  o f  s p o r i n i t e  (Sp) i n t e r f a c e s  w i t h  t h e  i n e r t i n i t e  maceral s e m i f u s i n i t e  ( S F ) .  
The r e g i o n  between these  two macera ls  c o n t a i n s  f i n e  g r a n u l a r  m a t e r i a l  i n c l u d i n g  
m i n e r a l s .  A d d i t i o n a l  m i n e r a l s  and o r g a n i c  d e b r i s  a r e  l o c a t e d  w i t h i n  t h e  c o l l a p s e d  
s p o r i n i t e  w a l l s  (CE). A l a r g e  q u a r t z  g r a i n  (-6 pm) i s  l o c a t e d  i n  a crushed c e l l  i n  
t h e  s e m i f u s i n i t e  (SF). U s u a l l y  m i n e r a l  i n c l u s i o n s  w i t h i n  t h e  vacant  c e l l  c a v i t i e s  o f  
i n e r t i n i t e  a re  cons ide red  as e p i g e n e t i c .  T h i s  p o i n t  can be r a r e  c l e a r l y  demonstrated 
by v i e w i n g  an o p t i c a l  m ic rog raph  ( F i g .  4 )  t h a t  shows e p i g e n e t i c  p y r i t e  ( P y )  f i l l i n g  
t h e  crushed c e l l  c a v i t i e s  i n  s e m i f u s i n i t e  (SF). 

Common s t r u c t u r e s  found i n  b i tum inous  c o a l s  a r e  i n i c r o f r a c t u r e s  and/or  j o i n t s  
t h a t  formed p e r p i n d i c u l a r  t o  t h e  bedding p lane  o f  t h e  c o a l .  These f r a c t u r e s  ( j o i n t s )  
a r e  c a l l e d  c l e a t  and o r i g i n a t e d  i n  t h e  coa l  a f t e r  c o n s o l i d a t i o n  due t o  t e c t o n i c  
f o r c e s  a c t i n g  upon t h e  e a r t h ' s  c r u s t .  I n  F i g .  5, a SEM m ic rog raph  o f  a p o l i s h e d  
b l o c k  o f  c o a l ,  one can observe t h e  appearance o f  c l e a t  (CL). 
f i l l i n g  t h e  c l e a t  (CL) was i d e n t i f i e d  as c a l c i t e  based upon EDX and x - ray  d i f f r a c t i o n  
analyses,  t h e  l a t t e r  d e t e r m i n a t i o n  b e i n g  per formed on segments detached f rom t h e  
c o a l .  The c a l c i t e  forms a u n i f o r m  m i n e r a l  d e p o s i t  app rox ima te l y  10 pm t h i c k  and 
entends over  seve ra l  m i l l i m e t e r s .  A segment o f  t h e  c a l c i t e  sheet  removed f o r  
ana lyses  exposes one o f  t h e  c l e a t  w a l l s  (CLW). T y p i c a l l y ,  m i n e r a l s  i n  c l e a t  can be 
r e a d i l y  separated f rom t h e  o r g a n i c  c o n s t i t u e n t s  i n  c o a l ,  t h i s  i s  i n  c o n t r a s t  t o  t h e  
p y r i t e  ( P y )  framboids (F ig .  5) enc losed  i n  t h e  v i t r i n i t e  ( V )  band which would be 
ex t reme ly  d i f f i c u l t  t o  remove f rom t h e  coa l .  

The e p i g e n e t i c  m i n e r a l  

In a d d i t i o n  t o  t h e  presence of c a l c i t e  i n  c l e a t ,  p y r i t e  and k a o l i n i t e  a r e  a l s o  
commonly found i n  c l e a t  ( 9 ) .  The massiveness o f  t h e  e p i g e n e t i c  m ine ra l  d e p o s i t s  i n  
c o n t r a s t  t o  t h e  syngene t i c  m i n e r a l  d i s t r i b u t i o n  makes it apparent  t h a t  t h e  fo rmer  
m i n e r a l  t y p e  c o n s t i t u t e  t h e  ma jo r  f r a c t i o n  o f  m i n e r a l s  i n  c o a l .  The r e l a t i v e  absence 
o f  c a l c i t e  as a syngene t i c  m i n e r a l  and i t s  presence as a dominant c l e a t  m i n e r a l  i n  
these  c o a l s  suggests t h a t  c a l c i t e  c o u l d  r e a d i l y  be removed f rom t h e  coa l  by c u r r e n t  
b e n e f i c i a t i o n  w t h o d s .  Indeed such c l e a n i n g  o f  c o a l s  would a l s o  r e s u l t  i n  
c o n s i d e r a b l e  r e d u c t i o n  o f  p y r i t e  and k a o l i n i t e .  I n  genera l ,  t h e  removal o f  c a l c i t e  
and p y r i t e  should t e n d  t o  i nc rease  t h e  ash f u s i o n  tempera tu re  and consequen t l y  l e a d  
t o  a r e d u c t i o n  i n  f o u l i n g  and s l a g g i n g .  

1. 

2. 

3 .  

4. 

5. 

CONCLUSIONS 

Syngenet ic  and e p i g e n e t i c  m i n e r a l s  can be observed and i d e n t i f i e d  by e l e c t r o n  
microscopy i n  c o n j u n c t i o n  w i t h  energy d i s p e r s i v e  x - ray  a n a l y s i s .  

Submicron m i c e r a l s  t h a t  a r e  n o t  r e a d i l y  i d e n t i f i e d  o r  observed by scanning 
e l e c t r o n  microscopy a r e  e a s i l y  viewed by use o f  t r a n s m i s s i o n  e l e c t r o n  
microscopy . 
C a l c i t e  appears t o  be r e l a t i v e l y  sca rce  as a syngene t i c  m i n e r a l  whereas c a l c i t e  
i s  an i m p o r t a n t  e p i g e n e t i c  m i n e r a l  u s u a l l y  o c c u r r i n g  as c l e a t  d e p o s i t s .  

Impor tan t  minor  syngene t i c  m i n e r a l  assemblages appear t o  be assoc ia ted  wi th 
d e t r i t u s .  
e lements i n  c o a l .  

Most o f  the e p i g e n e t i c  m i n e r a l s  shou ld  be r e a d i l y  removed f rom t h e  coal  
r e s u l t i n g  i n  a p robab le  r e d u c t i o n  i n  f o u l i n g  and s lagg ing .  

These m i n e r a l s  p r o b a b l y  c o n t a i n  t h e  ma jo r  p o r t i o n  o f  m ino r  and t r a c e  
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F I G .  1. TEM MICROGRAPH OF A HIGH V O L A T I L E  B ITUMINOUS COAL SHOWIN THE D I S T R I B U T I O N  
OF SUBMICRON MINERALS (See A r r o w s )  I N  V I T R I N I T E  ( V ) .  

t 

F I G .  2. TEM MICROGRAPH SHOWING THE R E L A T I O N S H I P  OF S P O R I N I T E  ( S p )  WITH MINERAL 
BEARING BANDS (M-M). NOTE EUHEORAL P Y R I T E  ( P y )  CRYSTALS AT S P O R I N I T E  (Sp)  
BOUNDARY. 

I 
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F I G .  3. TEM MICROGRAPH OF MICROSTRUCTURE C O N T A I N I N G  S P O R I N I T E  ( S p )  AND S E M I F U S I N I T E  
(SF) .  A QUARTZ G R A I N  (See Arrow) I S  LODGED I N  A CELL C A V I T Y  I N  THE 
S E M I F U S I N I T E  (SF) .  

F I G .  4. O P T I C A L  MICROGRAPH SHOWING E P I G E N E T I C  P Y R I T E  ( P y )  F I L L I N G  THE CRUSHED CELL 
C A V I T I E S  I N  THE S E M I F U S I N I T E  (SF) .  
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\ 

\ 

F I G .  5. SEM MICROGRAPH SHOWING C A L C I T E  DEPOSIT  (See A r r o w s )  I N  CLEAT.  
FRAMBOIDS ENCLOSED I N  V I T R I N I T E  ( V )  ALSO CAN BE SEEN. 

P Y R I T E  ( P y )  
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THE FATE OF ALKALIS I N  COAL COMBUSTION 

G.W. S t e w a r t  and C.D. S t i n e s p r i n g  
Aerodyne Research ,  I n c . ,  Bedford,  MA 01730 

and 

P. D a v i d o v i t s  
Aerodyne Research ,  I n c .  and Department of  Chemis t ry ,  Boston Col lege  

Ches tnut  H i l l ,  MA 02167 

INTRODUCTION 

I n  t h e  p r o c e s s  of c o a l  combust ion,  t h e  a s h  p a r t i c l e s  d e p o s i t e d  on v a r i o u s  
combustor components can  cause  s e r i o u s  m a t e r i a l s  damage. It has  been shown 
t h a t  the a l k a l i  compounds c o n t a i n e d  i n  t h e s e  p a r t i c l e s  are among t h e  main 
c a u s e s  of c o r r o s i o n .  Such c o r r o s i o n  may be e s p e c i a l l y  damaging i n  proposed 
combined c y c l e  power p l a n t s  where t h e  g a s  t u r b i n e  b l a d e s  a r e  exposed t o  t h e  
combustor and t h e r e f o r e ,  a r e  i n  d i r e c t  c o n t a c t  wi th  p a r t i c l e s  t h a t  escape  
f i l t e r i n g .  To c o n t r o l  t h e  c o r r o s i v e  e f f e c t s  of  t h e  a l k a l i s ,  i t  would be 
c e r t a i n l y  u s e f u l  t o  unders tand  t h e  mechanism govern ing  t h e  a l k a l i  c o n t e n t s  of 
t h e  p a r t i c u l a t e s .  

Over t h e  p a s t  few y e a r s ,  a number of measurements  have been made t o  
o b t a i n  t h e  c o n c e n t r a t i o n  of t r a c e  e lements  i n  a s h  p a r t i c l e s .  S e v e r a l  of  t h e s e  
s t u d i e s  measured t h e  c o n c e n t r a t i o n s  as a f u n c t i o n  of  p a r t i c l e  I n  
some of t h e  exper iments ,  t h e  s u r f a c e  composi t ion  of t h e  l a r g e r  p a r t i c u l a t e s  
h a s  a l s o  been determined.’-12 
c a l c u l a t e d  f o r  a l a r g e  number of e lements .13  
d a t a  i s  d i s p l a y e d  i n  F i g u r e s  1 and 2 and Table  I. 

From t h e s e  d a t a ,  enr ichment  f a c t o r s  have been 
A s e l e c t i o n  from t h e  a v a i l a b l e  

The composi t ion  of  t h e  smaller p a r t i c l e s  (a few microns  o r  l e s s )  is of 
s p e c i a l  i n t e r e s t  s i n c e  p a r t i c l e s  i n  t h i s  s i z e  range  a r e  more l i k e l y  t o  e s c a p e  
f i l t e r i n g .  It i s  commonly a c c e p t e d  t h a t  enr ichment  i n  t h e  submicron 
p a r t i c l e s ,  a s  w e l l  as on t h e  s u r f a c e s  of t h e  l a r g e r  p a r t i c u l a t e s ,  is due t o  
c o n d e n s a t i o n  of v o l a t i l e  s p e c i e s  from t h e  vapor  phase.  T h i s  would l e a d  one t o  
e x p e c t  s i g n i f i c a n t  enr ichment  by e l e m e n t s  t h a t  are themselves  v o l a t i l e  o r  a r e  
found i n  c o a l  a s  r e l a t i v e l y  v o l a t i l e  compounds. By and l a r g e ,  t h e  
measurements a r e  c o n s i s t e n t  wi th  t h e s e  e x p e c t a t i o n s .  Thus, f o r  example, 
e lements  such as Pb, Zn, T i ,  Se ,  and As which a r e  expec ted  t o  be v o l a t i l e ,  do 
indeed  show s i g n i f i c a n t  enr ichment  i n  t h e  s m a l l e r  p a r t i c l e s  and,  where d a t a  
e x i s t ,  a l s o  on t h e  s u r f a c e s  of  t h e  l a r g e r  p a r t i c l e s .  However, an examinat ion  
of  t h e  d a t a  shows t h a t  t h e  a l k a l i s  e x h i b i t  a s u r p r i s i n g  d e p a r t u r e  from t h i s  
t r e n d .  One would c e r t a i n l y  e x p e c t  t h e  a l k a l i s  t o  be among t h e  more v o l a t i l e  
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species. In fact, combustion experiments done under laboratory conditions 
show significant vaporization of the alkalis.14 
actual coal combustion plants show that the smaller particles are not enriched 
by the alkalis. On the other hand, the surfaces of the larger particles do 
show significant enrichment by them. 

Yet, the data gathered from 

The observation that the small ash particles are not enriched by the 
alkalis suggests that, contrary to expectations, the alkalis are not 
volatilized under actual case combustion conditions. If this is the case, 
the observed surface enrichment of the larger particles is not due to 
condensation, but must be produced by some other process, possibly diffusion 
from the interior to the surface. 

Experiment Results 

Evidence for these suggestions is found in the recent work of Stinespring 
and Stewart15 and Stewart et a1.16 
the alkalis in model components under various coal combustion conditions. 
Since the alkalis are found in the organic as well as the inorganic components 
of coal, it is important to understand their behavior in both types of sites. 
Illite, which is a potassium containing aluminosilicate mineral, was chosen as 
a typical inorganic coal component. Sodium and potassium benzoate were chosen 
to represent the alkali containing organic fraction. These experiments 
examined the behavior of several elements; however, we will focus here only on 
the results relevant to the alkalis. Auger Electron Spectroscopy (AES) was 
used to determine the surface composition of aluminum silicate minerals which 
are heated in a well controlled environment. Differential thermal analysis 
(DTA) and thermogravimetric analysis (TGA) were performed on the model organic 
compounds to determine the extent of alkali release from the organic 
constituent. 

These experiments studied the behavior of 

The depth profiles for potassium indicate that the surface concentration 
of potassium begins to increase at temperatures as low as 200°C and it reaches 
an enrichment of about 13 at 1100°C. The depth of enrichment is about 100A. 
Order-of-magnitude calculations indicate that diffusion may occur on a time 
scale compatible with the residence time of ash particles in the combustor. 
From these results we conclude that alkali enrichment on the larger ash 
particles may indeed result from segregation rather than adsorption or 
condensation. 
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The DTA/TGA s t u d i e s  o so i m  and potass ium benzoate  decompo . i t i o n  show 
t h a t  t h e s e  model molecules  i n i t i a l l y  decompose t o  form condensed r i n g  o r g a n i c  
molecules ,  a l k a l i  c a r b o n a t e ,  and carbon d i o x i d e .  T h i s  i n i t i a l  decomposi t ion  
process  o c c u r s  over  t h e  t e m p e r a t u r e  range  of 400 t o  600'C and i s  independent  
of  the  g a s  s t r e a m  composi t ion .  Over t h i s  t e m p e r a t u r e  range ,  t h e r e  is no l o s s  
of  a l k a l i  i n t o  t h e  gas  phase.  R a t h e r ,  a l l  of  t h e  a l k a l i  is c o n v e r t e d  i n t o  t h e  
c o r r e s p o n d i n g  a l k a l i  c a r b o n a t e .  A t  h i g h e r  t e m p e r a t u r e ,  t h e  a l k a l i  c a r b o n a t e  
decomposes and t h e  c o u r s e  of  t h i s  decomposi t ion  i s  de termined  p r i m a r i l y  by t h e  
composi t ion  of t h e  ambient gas .  I n  an i n e r t  gas  s t r e a m ,  t h e  a l k a l i  c a r b o n a t e  
decomposes o v e r  t h e  t e m p e r a t u r e  r a n g e  of 700 t o  900°C wi th  release of carbon 
monoxide and atomic a l k a l i .  T h i s  decomposi t ion  has  been conf i rmed by 
t r a n s p o r a t i o n  mass s p e c t r o m e t e r  s t u d i e s .  l 7  However, i n  a stream c o n t a i n i n g  
20% C o p  between 700 and 9OO"C, o n l y  carbon monoxide is r e l e a s e d  and t h e  a l k a l i  
i s  conver ted  t o  a l k a l i  c a r b o n a t e .  This  r e c t i o n  sequence  o c c u r s  as long  a s  
r e s i d u a l  carbon and carbon d i o x i d e  a r e  p r e s e n t .  Once t h e  e x c e s s  carbon has  
been c o n v e r t e d  t o  carbon monoxide, t h e  a l k a l i  c a r b o n a t e  w i l l  decompose a t  
t e m p e r a t u r e s  i n  excess  of  1200°C. Experiments  were a l s o  performed w i t h  a 
combinat ion of  S O p ,  C o p ,  and O 2  i n  t h e  g a s  s t ream.  Here,  i t  was found t h a t  
t h e  a l k a l i  c a r b o n a t e  i s  c o n v e r t e d  t o  t h e  a l k a l i  s u l f a t e  w i t h  no i n d i c a t i o n  of 
a l k a l i  l o s s  over  t h e  t e m p e r a t u r e  range  s t u d i e d  (<  1300°K). 

CONCLUSIONS 

Thus, t h e  r e s u l t s  of t h e  measurements  and exper iments  d i s c u s s e d  above do 
provide  a p l a u s i b l e  way t o  b e g i n  a n  e x p l a n a t i o n  f o r  t h e  d i s t r i b u t i o n  of a l k a l i  
in che ash p a r t i c u l a t e s .  To summarize: 

1. Under t y p i c a l  c o a l  combust ion c o n d i t i o n s  i n  a n  atmosphere r i c h  i n  
C o p  a n d / o r  S O p ,  t h e  a l k a l i s  i n  t h e  o r g a n i c  f r a c t i o n  do n o t  v a p o r i z e  
b u t  remain bound i n  t h e  a s h  as s t a b l e  c a r b o n a t e s  o r  s u l f a t e s .  

2 .  The a l k a l i s  i n  t h e  i n o r g a n i c  f r a c t i o n  d i f f u s e  t o  t h e  s u r f a c e  
producing  enr ichment  by a f a c t o r  o f  about  13  t o  a d e p t h  of about  
100A. 

The r e s u l t s ,  however, do not  p r o v i d e  c o n c l u s i v e  e v i d e n c e  about  t h e  f a t e  
of t h e  a l k a l i s .  The e f f e c t  of water vapor  i n  t h e  combust ion stream has  n o t  
y e t  been s t u d i e d .  C l e a r l y ,  w a t e r  c o u l d  have an impor tan t  e f f e c t  on t h e  
v a p o r i z a t i o n  p r o c e s s .  Fur thermore ,  t h e  r e a s o n i n g  we have fol lowed t o  e x p l a i n  
t h e  absence  of a l k a l i  enr ichment  i n  t h e  submicron p a r t i c l e s  r e q u i r e s  t h a t  t h e  
v o l a t i l i z a t i o n  of  t h e  a l k a l i s  i n  b o t h  t h e  o r g a n i c  and i n o r g a n i c  f r a c t i o n  n o t  
be s i g n i f i c a n t  ( s a y  l e s s  than  20%).  
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It is  p o s s i b l e  t o  make a reasonably  c l e a r  s t a t e m e n t  about  t h e  a l k a l i s  i n  
t h e  o r g a n i c  f r a c t i o n  under  v a r i o u s  combust ion c o n d i t i o n s .  Here, t h e  
v o l a t i l i z a t i o n  of t h e  a l k a l i s  is  p r i m a r i l y  de te rmined  by t h e  he te rogeneous  
chemical  r e a c t i o n  of t h e  a l k a l i s  wi th  t h e  g a s  s t r e a m .  Such d e t a i l e d  
i n f o r m a t i o n ,  however, i s  not  a v a i l a b l e  f o r  the  a l k a l i s  i n  t h e  i n o r g a n i c  
f r a c t i o n .  Here, e x p e r i m e n t a l  d a t a  were n o t  o b t a i n e d  under  a p p r o p r i a t e  
c o n d i t i o n s .  Thus, t h e  combust ion exper iments  of  H i m s  e t  a l . ,  which do show 
s i g n i f i c a n t  a l k a l i  v a p o r i z a t i o n ,  were performed i n  an O 2  a tmosphere  w i t h o u t  
CO2 o r  SO2 enr ichment .  The exper iments  of S t i n e s p r i n g  and S t e w a r t ,  w i t h  t h e  
i n o r g a n i c a l l y  bound a l k a l i s ,  measured only  enr ichment  and d i d  not  s t u d y  
v a p o r i z a t i o n .  The r e s u l t s  of  r e c e n t  v a p o r i z a t i o n  s t u d i e s  of Hastie e t  a1.18 
were a l s o  not  performed under  c o n d i t i o n s  d i r e c t l y  a p p l i c a b l e  t o  c o a l  
combust ion.  C l e a r l y ,  a wider  range of e x p e r i m e n t a l  d a t a  w i l l  have t o  be 
o b t a i n e d .  S p e c i f i c a l l y ,  t h e  e f f e c t s  of s u r f a c e  c h e m i s t r y  on t h e  a l k a l i  i n  t h e  
i n o r g a n i c  f r a c t i o n  w i l l  have to  be s t u d i e d  b e f o r e  a more c o n c l u s i v e  s t a t e m e n t  
can be made about  t h e  f a t e  of t h e  a l k a l i  i n  c o a l  combust ion.  
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Coal Ash Sintering Model a n d  the Rate Measurements 

E. Raask 

Central E lec t r ic i ty  Research Laboratories 
Kelvin Avenue 

Leatherhead, Surrey, U K  

INTRODUCTION 

I n  sp i t e  of innumerable laboratory investigations and  the wealth of practical 
experience, there remains some enigmatic facets in the formation of sintered ash a n d  
slag deposit on heat exchange surfaces in coal-fired boilers.  
of massive build-up of ash deposits can take boiler design and operation engineers 
by surprise.  
incorrect information on the deposit-forming propensity of ash in d i f fe ren t  coals.  

high temperature boiler plants a r e  based on ash fusion t e s t s  as described in d i f fe ren t  
national standards f o r  coal analysis and tes t ing ,  e . g . ,  ASTM (1968), Brit ish Standard 
(1970), D I N  (1976) and Norme Francaise (1945). 
developed from refractory material technology, a n d  a re  based on observations o f  the 
change in shape a n d  s i ze  of an a s h  sample on heating. 
resu l t s  of ash fusion t e s t s  a re  frequently imprecise, a n d  can lead t o  a mistaken 
assessment of the l ikely severity of boiler fouling and  slagging. 

to  predict more accurately the r a t e  o f  deposit build-up with d i f fe ren t  coals as 
reviewed by Winegartner (1974). 
to  acidic oxide r a t i o ,  and sodium and sulphur contents o f  coal,  are based on the 
chemical analysis and have a l imitation t h a t  they apply to  par t icu lar  coals.  That i s ,  
there i s  no universal formula of predicting the severity of bo i le r  fouling based on 
a s h  fusion t e s t s  and chemical analysis with a l l  types of coal.  

I t  i s  therefore evident t h a t  further research i s  necessary on the mechanism of 
ash par t ic le - to-par t ic le  bonding a t  high temperatures. This work s e t s  o u t  t o  redefine 
a n  ash sintering model in terms of measurable parameters, surface tension, v i scos i ty ,  
e lec t r ica l  conductance, temperature, par t ic le  s ize  and time. 
novel methods of measuring the rates of ash s in te r ing  were applied,  in order t o  t e s t  
the va l id i ty  of the sintering model. 

T h a t  i s ,  occurrences 

This would suggest tha t  the engineers are receiving incomplete or 

Traditional methods of assessing the behavior of deposit-forming impurities in 

These ash  fusion t e s t s  have been 

I t  has been realized t h a t  the 

There has been a number of suggestions made for  ash fouling and slagging indices 

The empirical formulae, e . g . ,  s i l i c a  r a t i o ,  basic 

I n  the experimental work, 

SINTERING MODEL 

Frenkel (1945) has derived a n  equation relating the growth of the interface between 
two spherical par t ic les :  

where x i s  the radius of  the in te r face ,  r i s  the original radius of the spheres, Y i s  
the surface tension a n d  t i s  the time. 
i t  becomes: 

Rearranging the equation in terms of x/r and  t ,  

and i t  i s  applicable when < 0.3. 

1 4 5  
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S i n t e r i n g  by v iscous f l o w  i s  t h e  p r i n c i p a l  mechanism f o r  t h e  fo rmat ion  o f  deposi ts 
i n  coal  f i r e d  b o i l e  s and t e r a t e  o f  s i n t e r i n g  o f  d i f f e r e n t  s i z e  p a r t i c l e s  f o r  a 

a g a i n s t  t ime on a l o g a r i t h m i c  s c a l e .  
be 0 .32  N rn-l as measured p r e v i o u s l y  by Raask (1966).  
r a t i o  o f  x / r  represents  t h e  degree o f  s i n t e r i n g  o f  5 vm r a d i u s  p a r t i c l e s  having d i f f e r e n t  
v i s c o s i t i e s .  Table 1 l i s t s  f o u r  a r b i t r a r y  stages o f  s i n t e r i n g  o f  ash d e p o s i t  on b o i l e r  
tubes from the  i n i t i a l  c o n t a c t  between t h e  ash p a r t i c l e s  t o  t h e  f o r m a t i o n  o f  fused s l a g  
where the shapes o f  i n i t i a l  c o n s t i t u e n t  p a r t i c l e s  a r e  no longer  d i s t i n g u i s h a b l e .  

g iven  v i s c o s i t y  (10  6 9  N s m- ) can be seen i n  F i g .  1 where t h e  r a t i o  o f  x / r  i s  p l o t t e d  
The s u r f a c e  t e n s i o n  o f  fused ash was taken t o  

F i g .  2 shows p l o t s  where the 

Tab le  1. Degree o f  S i n t e r i n g  Based on t h e  R a t i o  o f  Neck Bond 

Radius t o  P a r t i c l e  Radius (+) 

R a t i o  o f  x / r  Degress o f  S i n t e r i n g  Comment 

0.001 Onset o f  s i n t e r i n g  Depos i t  o f  t h i s  degree o f  s i n t e r i n g  on  
b o i l e r  tubes would n o t  have s i g n i f i c a n t  
cohesive s t r e n g t h  and would probably f a l l  
o f f  under the  a c t i o n  o f  g r a v i t y  and b o i l e r  
v i  b r a t i o n .  

0.0 

0.1 

A l . 3  

S l i g h t l y  s i n t e r e d  The d e p o s i t  on b o i l e r  tubes would probably 
m a t r i x  be removed by soot  b lowing .  

S t r o n g l y  s i n t e r e d  The d e p o s i t  on b o i l e r  tubes would be 
d e p o s i t  d i f f i c u l t  t o  remove by s o o t  b lowing .  

S lagg ing  The ash p a r t i c l e s  l o s e  t h e i r  o r i g i n a l  
i d e n t i t y  and t h e  d e p o s i t  on b o i l e r  tubes 
cannot be removed by s o o t  blowing. 

Rapid f o r m a t i o n  o f  s i n t e r e d  b o i l e r  depos i ts  and s l a g s  i s  u s u a l l y  exp la ined by the 

f u r n a c e  s l a g ) ,  a l i q u i d  phase i s  considered t o  have a 
presence o f  a l i q u i d  phase o r  m o l t e n  s u r f a c e  l a y e r  on ash p a r t i c l e s .  
g lass  and s l a g  techno logy  ( b l a s  

i t  i s  n o t  necessary t o  evoke t h e  presence o f  a l i q u i d  phase f o r  a r a p i d  s i n t e r i n g .  
example, p a r t i c l e s  0.1 m i n  d iameter  would r e q u i r e  about 10 m i l l i  econds o form a 

same v i s c o s i t y  10 pm p a r t i c l e s  would r e q u i r e  about 10 seconds t o  achieve the  same degree 
o f  bonding. 

The two parameters which govern t h e  r a t e  o f  s i n t e r i n g ,  namely the  s u r f a c e  tens ion  
and t h e  v i s c o s i t y ,  b o t h  decrease w i t h  temperature as shown i n  F i g .  3. The temperature 
c o e f f i c i e n t  o f  s u r f a c e  t e n s i o n  i s  smal l  (Curve A) and i t  i s  approx imate ly  p r o p o r t i o n a l  
t o  t h e  i n v e r s e  o f  square r o o t  o f  temperature as discussed by Boni and Derge (1956) 
whereas t h e  v i s c o s i t y  changes e x p o n e n t i a l l y  w i t h  temperature as shown by Curve B .  
i s  t h e r e f o r e  e v i d e n t  t h a t  t h e  r a t e  o f  s i n t e r i n g  w i l l  show an i n v e r s e  r e l a t i o n s h i p  w i t h  
t h e  v i s c o s i t y  and w i l l  i nc rease e x p o n e n t i a l l y  w i t h  temperature.  

I n  h i g h  temperature 

v i s c o s i t y  va lue  below 10 N s m- 5 . The p l o t s  i n  F i g .  1 and 2 show t h a t  w i t h  smal l  p a r t i c l e s  

s u b s t a n t i a l  s i n t e r  bond, when t h e  v i s c o s i t y  has a h i g h  va lue  o f  10 3 N s m-'. With the  

For 

I t  

PARTICLE-TO-PARTICLE NECK GROWTH MEASUREMENTS 

The model f o r  coa l  ash s i n t e r i n g  discussed i n  t h e  prev ious  s e c t i o n  i s  based on the 
v iscous  de format ion  and f l o w  a t  the  c o n t a c t  p o i n t s  between s p h e r i c a l  p a r t i c l e s .  
would, t h e r e f o r e ,  be l o g i c a l  t o  c o n s i d e r  de termin ing  t h e  r a t e  o f  s i n t e r i n g  by a technique 
where the  measurements a r e  based d i r e c t l y  on Frenkel  ' s  equat ion .  

It 

Kuczynski (1949) has 
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c a r r i e d  o u t  such s i n t e r i n g  measurements by p l a c i n g  s p h e r i c a l  p a r t i c l e s  on t h e  sur face 
O f  a g lass  s l a b  o f  t h e  same composi t ion.  Raask (1973) has r e p o r t e d  some r e s u l t s  o f  
s i n t e r i n g  r a t e  measurements w i t h  coa l  ash s l a g  p a r t i c l e s  based on a s i m i l a r  technique.  
The method requ i res  s p h e r i c a l  p a r t i c l e s  o f  ash and these can he prepared by  pass ing 
ground coal  minera ls  o r  s l a g  through a v e r t i c a l  f u rnace  as desc r ibed  by Raask (1969). 
Subsequently the  p a r t i c l e s  were p laced i n  a narrow groove on a p la t i num f o i l  as shown 
i n  F i g .  4a. 
a cons tan t  temperature i n  a i r ,  o r  i n  a gas m i x t u r e  f o r  a p e r i o d  o f  f i v e  minutes t o  
severa l  hours.  The r a d i u s  o f  t he  s i n t e r  neck between the  p a r t i c l e s  ( F i g .  4b)  was 
measured m i c r o s c o p i c a l l y  a t  t h e  ambient temperature.  

5 
’ The p a r t i c l e s  were then  in t roduced  i n t o  a preheated fu rnace  and kept  a t  

; 

F ig .  5 shows t h e  r a t e  o f  neck growth between s p h e r i c a l  p a r t i c l e s  o f  s lag ,  60 urn 
i n  rad ius ,  when heated i n  a i r .  The s p h e r i c a l  p a r t i c l e s  were prepared f rom b o i l e r  s l a g  
of a t y p i c a l  B r i t i s h  b i tuminous coa l  ash which has caused some b o i l e r  f o u l i n g .  The t ime  
f o r  a f i r m  degree o f  s i n t e r i n g ,  ( x / r  = 0.1, Table 1 )  was 135 seconds and 70 seconds a t  
1375 K and 1425 K, r e s p e c t i v e l y .  
degree of s i n t e r i n g  can be c a l c u l a t e d  f o r  t h e  ash p a r t i c l e s  o f  d i f f e r e n t  s i z e s .  For 
example, t he  ash deposi ted on b o i l e r  tubes i n  p u l v e r i z e d  coa l  f i r e d  b o i l e r s  con ta ins  
a l a r g e r  number o f  p a r t i c l e s  o f  0.5 t o  1 .0  ,,m i n  d iameter ,  and these p a r t i c l e s  r e q u i r e  
on l y  a few seconds t o  form a s t r o n g l y  s i n t e r e d  d e p o s i t  i n  t h e  same temperature range. 

MEASUREMENTS OF ASH SINTERING RATES BY SIMULTANEOUS DILATOMETRIC 

~ 

From these measurements t h e  t ime r e q u i r e d  f o r  a g i ven  

AND ELECTRICAL CONDUCTANCE TECHNIQUES 

P a r t i c l e - t o - p a r t i c l e  s i n t e r  bonding u s u a l l y  r e s u l t s  i n  a shr inkage o f  t he  e x t e r n a l  
dimensions o f  a powder compact, and the  d i l a t o m e t r i c  shr inkage measurements have been 
e x t e n s i v e l y  used t o  determine t h e  r a t e  o f  s i n t e r i n g  o f  g lass  and r e f r a c t o r y  m a t e r i a l s .  
Smith (1956) has used a d i l a t o m e t r i c  shr inkage technique t o  s tudy  t h e  s i n t e r i n g  
c h a r a c t e r i s t i c s  o f  p u l v e r i z e d  f u e l  ash and an i n t e r c e p t  o f  t h e  shr inkage curve on t h e  
temperature a x i s  was taken t o  d e f i n e  t h e  s i n t e r  p o i n t .  The measurements can g i v e  u s e f u l  
i n f o r m a t i o n  and the r e s u l t s  can he r e l a t e d  t o  d i f f e r e n t  degrees o f  s i n t e r i n g  as o u t l i n e d  
i n  Table 1. With some coa l  ashes, however, anomalous r e s u l t s  can be ob ta ined  where t h e  
shr inkage measurements show no change a l though  a s i g n i f i c a n t  degree o f  s i n t e r i n g  has 
taken p lace.  This  d e v i a t i o n  i n  the  s i n t e r i n g  behaviour  f rom the  Frenkel  model makes i t  
necessary t o  mon i to r  another  parameter which r e l a t e s  t o  t h e  process o f  p a r t i c u l a t e  ash 
coalescence. 

V i s c o s i t y  measurement by the  r o d  p e n e t r a t i o n  method has been a p p l i e d  by  Boow (1972), 
Raask (1973) and Gibb (1981) t o  assess t h e  s i n t e r i n g  c h a r a c t e r i s t i c s  o f  d i f f e r e n t  coa l  
ashes. However, the r a t e  o f  i n i t i a l  s i n t e r i n g  cannot be measured by  t h i s  technique,  and 
Raask (1979) the re fo re  considered t h e  use o f  a method o f  e l e c t r i c a l  conductance measure- 
ments f o r  mon i to r i ng  the  r a t e  o f  s i n t e r i n g  o f  coal  ashes. 
Chaklader (1975) had used t h e  same technique t o  s tudy  s i n t e r i n g  o f  g lass  sphere and 
n i c k e l  powder compacts. 

The essen t ia l  premise o f  t h i s  method i s  t h a t  t h e  p a r t i c u l a t e s  a r e  o f  an e l e c t r i c a l l y  
conduc t i ve  m a t e r i a l ,  e.g., n i c k e l ,  o r  t h a t  t he  g lassy  and ceramic m a t e r i a l s  c o n t a i n  some 
ca t i ons ,  e.g., a l k a l i - m e t a l s  which c o n s t i t u t e  an i o n i c  conductance pa th  when an 
e l e c t r i c a l  p o t e n t i a l  i s  app l i ed .  The method i s ,  t he re fo re ,  n o t  a p p l i c a b l e  t o  measure 
the  r a t e  o f  s i n t e r i n g  o f  nonconductive powders, e .g. ,  alumina. Th is  i s  n o t  a l i m i t a t i o n  
w i t h  coa l  ashes as a l l  ashes c o n t a i n  s u f f i c i e n t  amounts o f  c a t i o n i c  species; 0.1 p e r  cen t  
by we igh t  q u a n t i t y  of sodium, potassium o r  ca l c ium i s  l i k e l y  t o  be adequate f o r  t h e  
purpose of  p r o v i d i n g  a conductance path. 

t o - p a r t i c l e  con tac ts .  
conductance i s  increased accord ing t o  t h e  equat ion:  

P r e v i o u s l y  Ramanan and 

A powder compact before s i n t e r i n g  has a low conductance because o f  l a c k  of p a r t i c l e -  
As t h e  c ross -sec t i ona l  area o f  s i n t e r  bonds grows on h e a t i n g  t h e  
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where A i s  t he  conductance, D and D a re  the  d e n s i t i e s  o f  sample be fo re  and a f t e r  
s i n t e r i n g ,  E i s  t h e  energy o f O a c t i v a t i o n  o f  s i n t e r i n g ,  R i s  t h e  thermodynamic (gas)  
constant ,  T i s  t he  temperature and A i s  a cons tan t .  When the  degree o f  s i n t e r i n g  does 
n o t  change, e.g., o n  c o o l i n g  a f t e r  t h e  process o f  p a r t i c l e  coalescence has reached the  
s tage  o f  d e n s i t y  D, t he  equa t ion  ( 3 )  reduces t o :  

E 
1 RT A = A exp (l) ( 4 )  

Rask (1975) has desc r ibed  a fu rnace  assembly sketched i n  F ig .  6 f o r  simultaneous 
measurements o f  t h e  e l e c t r i c a l  conductance and t h e  d i l a t o m e t r i c  shr inkage measurements. 
F ig .  7a shows t h e  fu rnace  i n  i t s  down p o s i t i o n  f o r  exposure o f  t he  saniple w e l l ;  sample 
c r u c i b l e  and th ree  p e l l e t s  o f  s i n t e r e d  ash  from p rev ious  runs a re  shown a t  t h e  w e l l .  
F i g .  7b s ows the  fu rnace  i n  the  o p e r a t i o n  p o s i t i o n .  The hea t ing  r a t e  o f  0 .1  K s 
( 6  K min-?) was t h e  same as t h a t  used i n  t h e  ASTM (1968) ash f u s i o n  t e s t s  and t h e  s i n t e r  
t e s t s  can be c a r r i e d  i n  a i r  o r  i n  s imu la ted  f l u e  gas. 
when t h e  ash sample has decreased 30 p e r  c e n t  i n  h e i g h t  t o  avo id  s lagg ing ;  once s l a g  
i s  formed i t  i s  d i f f i c u l t  t o  remove t h e  f r o z e n  m a t e r i a l  f rom the  c r u c i b l e .  

, 

Care i s  needed t o  s t o p  hea t ing  

I n i t i a l  experiments were made w i t h  a soda g lass ,  ground below 100 pm i n  p a r t i c l e  

This  was done t o  e s t a b l i s h  t h e  v a l i d i t y  o f  t h e  simultaneous d i l a t o m e t r i c  and 
s i z e ,  o f  known v i s c o s i t y / t e m p e r a t u r e  c h a r a c t e r i s t i c s  pub l i shed  by Napol i tano and Hawkins 
(1974) .  
conductance measurements f o r  de te rm in ing  t h e  r a t e  o f  s i n t e r i n g  o f  powder compacts. 
r e s u l t s  are shown i n  F ig .  8 where L i n e  A dep ic t s  thermal expansion o f  t h e  alumina 
suppor t  tubes and t h e  sample, and Curve A shows t h e  l i n e a r  shr inkage o f  10  mm h i g h  
sample o f  powdered g lass .  The i n t e r c e p t  o f  Curve A on t h e  temperature a x i s ,  875 K can 
be de f i ned  as t h e  s i n t e r p o i n t  temperature.  

The 

The conductance p l o t  (Curve B g i ves  t h e  same s i n t e r p o i n t  temperature and t h e  
r e s u l t s  i nc rease  e x p o n e n t i a l l y  w i t h  temperature.  On c o o l i n g  Curve C shows a l a r g e  
h y s t e r e s i s  e f f e c t ,  t h a t  i s ,  these a r e  s i g n i f i c a n t l y  h i g h e r  than t h e  corresponding r e s u l t s  
on hea t ing .  On rehea t ing ,  however, t h e  conductance measurements f i t  c l o s e l y  t o  Curve C .  
T h i s  behavior  i s  i n  accord w i t h  t h e  s i n t e r i n g  model and t h e  measurements on f i r s t  heat ing 
when s i n t e r  bonds a r e  formed, f i t  e q u a t i o n  ( 3 ) .  S ince on subsequent c o o l i n g  and reheat ing,  
t h e  process o f  p a r t i c l e  coalescence i s  " f rozen,"  t h e  conductance change i s  governed by 
t h e  exponent ia l  temperature as d e f i n e d  by  equa t ion  ( 4 ) .  

F ig .  9 shows t h a t  t h e r e  was i n  i n v e r s e  r e l a t i o n s h i p  between t h e  v i s c o s i t y  and the 
e l e c t r i c a l  conductance w i t h  respec t  t o  teniperature. The conductance i s  dependent on the 
m o b i l i t y ,  i .e . ,  on the  r a t e  o f  d i f f u s i o n  o f  sodium and ca l c ium ions  i n  t h e  g lass  ma t r i x ,  
and thus an i nve rse  r e l a t i o n s h i p  between v i s c o s i t y  and s e l f - d i f f u s i o n  i s  e s t a b l i s h e d  
as s t i p u l a t e d  by F r e n k e l ' s  s i n t e r i n g  model. The e s u l t s  f condu tance measurements 

suggested p r e v i o u s l y  by Raask (1973) t h a t  t h i s  i s  a r e l e v a n t  v i s c o s i t y  range f o r  t h e  
f o r m a t i o n  o f  s i n t e r e d  d e p o s i t s  i n  coa l  f i r e d  b o i l e r s .  
can form i n  t h i s  v i s c o s i t y  range w i t h i n  a few minutes o r  seve ra l  days depending on the 
p a r t i c l e  s i z e  ( F i g s .  1 and 2 ) .  

A number o f  B r i t i s h  and US b i tum inous  coa l  ashes have a l s o  been i n v e s t i g a t e d  f o r  
t h e i r  s i n t e r i n g  c h a r a c t e r i s t i c s  by t h e  s in iu l  taneous sh r inkage  and conductance measure- 
ments. F ig .  10 shows t y p i c a l  sh r inkage  cu rve  and t h e  conductance p l o t s  on hea t ing  and 
on c o o l i n g  which were ob ta ined  w i t h  an I l l i n o i s  coa l  ash. It was ev iden t  t h a t  w i t h  

p l o t t e d  i n  F ig .  9 cove r  t h e  v i s c o s i t y  range o f  10 6 t o  10 l8  N s m-5, and i t  has been 

That  i s ,  s t rong  s i n t e r  bonds 



t h i s  ash and o t h e r  bi tuminous coal  ashes tes ted ,  s i n t e r i n g  proceeded accord ing  t o  
equat ion  ( 3 ) .  The conductance data can be examined i n  more d e t a i l  on t h e  l o g  n a g a i n s t  
1/T p l o t  as dep ic ted  on F i g .  11. The conductance p l o t  on h e a t i n g  i s  n o n l i n e a r  as 
expected from equat ion  ( 3 ) ,  whereas on c o o l i n g  t h e  p l o t  was l i n e a r  i n  accord w i t h  
equat ion  ( 4 ) .  

The conductance p l o t  on h e a t i n g  can be d i v i d e d  i n t o  t h r e e  s e c t i o n s  where t h e  
l o g a r i t h m i c  conductance values i n  S (micro-Siemen) a r e  as f o l l o w s :  1 t o  10, 10 t o  100 
and 100 t o  1000 u n i t s .  F i g .  12 shows schemat ica l l y  t h e  conductance pa th  and shr inkage 
i n  t h r e e  d i f f e r e n t  degrees of s i n t e r i n g .  The s t r e n g t h  o f  t h e  s i n t e r e d  p e l l e t  t o  
c rush ing  was determined a t  room temperature a t  t h e  end o f  t h e  s i n t e r  r u n .  
p r e s e n t a t i o n  shows t h a t  an inc rease o f  155 K f rom t h e  i n i t i a l  s i n t e r  p o i n t  temperature 
Of 1125 K t o  1180 K r e s u l t e d  i n  a h i g h  degree o f  s i n t e r i n g  where t h e  conductance 
read ings  were above 100 pS.  

degree o f  d ivergence from the  p a r t i c l e  coalescence model as d e f i n e d  by equat ion  ( 3 ) .  
F i g .  13 shows t h a t  t h e  nonbituminous c o a l  ash, Le igh  Creek, A u s t r a l i a ,  commenced t o  
s i n t e r  a t  1100 K accord ing  t o  t h e  conductance measurements (Curve B). 
however, no shr inkage o f  t h e  ash p e l l e t  be fore  temperature reached 1350 K (Curve A) .  
That i s ,  t h e r e  was a gap o f  250 K between t h e  ash s i n t e r p o i n t  temperature i n d i c a t e d  
by the  conductance measurements and t h a t  deduced from t h e  shr inkage measurements. 
reason f o r  t h i s  nonconformis t  behav io r  must be t h a t  t h e r e  was a s i g n i f i c a n t  degree o f  
p a r t i c l e - t o - p a r t i c l e  bonding o f  t h e  i n f u s i b l e  m a t e r i a l ,  e.g., q u a r t z  by a low v i s c o s i t y  
phase a t  temperatures o f  1100 t o  1350 K .  This  may be a n  e x p l a n a t i o n  f o r  severe b o i l e r  
f o u l i n g  w i t h  h i g h  sodium coa l  ashes as discussed by Boow (1972) which i s  i n c o n s i s t e n t  
w i t h  t h e  r e s u l t s  o f  convent iona l  ash f u s i o n  t e s t s .  Le igh  Creek ash had another unusual 
s i n t e r i n g  f e a t u r e ;  a f t e r  an i n i t i a l  r i s e  i n  conductance w i t h  temperature t h e r e  was a 
decrease w i t h  an i n f l e c t i o n  p o i n t  a t  1325 K ( F i g .  12) .  
h i g h  amount o f  sodium i n  ash, 6.3 per c e n t  o f  Na 0 by we igh t ,  r e s u l t e d  i n  c r y s t a l l i z a t i o n  
o f  sodium a l u m i n o - s i l i c a t e  o r  a luminate  i n  t h e  tgmperature range o f  1275 and 1325 K 
thus reduc ing  the  c o n c e n t r a t i o n  o f  sodium i o n  i n  t h e  g lassy  m a t r i x .  

s imultaneous measurements o f  shr inkage and the  e l e c t r i c a l  conductance on s i n t e r i n g  
o f  an ash compact. 
model as d e f i n e d  by equat ion  ( 3 )  and p a r t i c l e - t o - p a r t i c l e  bonding i s  accompanied by 
the  e x t e r n a l  shr inkage and a change i n  shape o f  an ash sample i n  e a r l y  stages o f  
s i n t e r i n g .  
u s u a l l y  g i v e  meaningful  r e s u l t s .  There are,  however, some c o a l  ashes r i c h  i n  sodium 
which can g i v e  anomalous r e s u l t s  when s i n t e r  t e s t e d  as e x e m p l i f i e d  by t h e  conductance 
and shr inkage curves i n  F i g .  12. That i s ,  t h e r e  can be a h i g h  degree o f  the i n t e r n a l  
p a r t i c l e - t o - p a r t i c l e  adhesion r e s u l t i n g  i n  the  f o r m a t i o n  o f  ash compact o r  d e p o s i t  o f  
h i g h  s t r e n g t h  w i t h o u t  t h e  corresponding e x t e r n a l  shr inkage and these ashes should be 
t e s t e d  by the e l e c t r i c a l  conductance technique t o  g i v e  meaningful  r e s u l t s  i n  t h e  e a r l y  
stages o f  s i n t e r i n g .  

The 

There are some c o a l  ashes which e x h i b i t  i n  t h e i r  s i n t e r i n g  behav io r  a remarkable 

There was, 

The 

This was probab ly  because t h e  

Laboratory prepared ashes can be ca tegor ized  accord ing  t o  t h e  r e s u l t s  o f  

The m a j o r i t y  o f  ash compact coalesce and s h r i n k  accord ing  t o  t h e  

With these ashes t h e  convent iona l  ash f u s i o n  t e s t s ,  e.g. ,  ASTM-Method (1968) 

NEE0 FOR AUGMENTING CONVENTIONAL ASH FUSION TESTS BY SINTERING RATE MEASUREMENTS 

Ash fus ion  t e s t s  a r e  based on the  e x t e r n a l  change i n  shape, deformat ion,  shr inkage, 
and f low of  a pyramid ic  o r  c y l i n d r i c a l  p e l l e t  o f  ash when heated i n  a l a b o r a t o r y  
furnace. 
the  p o i n t e d  t i p  o f  the  specimen than t h a t  of t h e  edge o f  a c y l i n d r i c a l  p e l l e t .  The 
methods are  e m p i r i c a l ,  and s t r i c t  observance o f  t h e  t e s t  c o n d i t i o n s  i s  necessary t o  
o b t a i n  r e p r o d u c i b l e  r e s u l t s  and these a r e  l a i d  down i n  the  US ASTM (1968) ,  B r i t i s h  
Standard (1970), German ( D I N  1976) and French (Norme Francaise,  1945) procedures.  

A pyramid ic  shape i s  o f t e n  used because i t  i s  e a s i e r  t o  observe rounding o f  

I 
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It has been recogn ized by many researchers  t h a t  a l though ash f u s i o n  t e s t s  can 
g i v e n  usefu l  i n f o r m a t i o n  r e g a r d i n g  t h e  f o u l i n g  and s l a g g i n g  p r o p e n s i t i e s  o f  coa l  ashes, 
t h e r e  a r e  ser ious  shortcomings. F i r s t ,  t h e  t e s t s  a re  based on s u b j e c t i v e  observa t ions  
and n o t  p rec ise  s c i e n t i f i c  measurements, and t h e y  have a l a r g e  margin o f  e r r o r .  For 
example, the ASTM-method which i s  w i d e l y  used i n  many c o u n t r i e s  a l lows f o r  a 55 K 
margin o f  r e p r o d u c i b i l i t y  i n  t h e  i n i t i a l  deformat ion,  s o f t e n i n g  hemisphere temperatures 
i n  an o x i d i z i n g  atmosphere, and a 70 K marg in  o f  u n c e r t a i n t y  i n  de termin ing  t h e  i n i t i a l  
de format ion  temperature i n  a reduc ing  atmosphere. 
can change by an o r d e r  o f  magnitude and consequent ly t h e  r a t e  o f  ash s i n t e r i n g  w i l l  
change by the same f a c t o r .  

W i t h i n  t h a t  70 K margin the  v i s c o s i t y  

Another, more s e r i o u s ,  shortcoming w i t h  t h e  ash f u s i o n  method i s  t h a t  when t e s t i n g  
some c o a l  ashes t h e r e  occurs an e x t e n s i v e  degree o f  p a r t i c l e - t o - p a r t i c l e  bonding w i thout  
any v i s i b l e  s i g n  o f  de format ion  i n  t h e  shape o f  an ash p e l l e t .  I t  i s ,  t h e r e f o r e ,  ev ident  
t h a t  an a d d i t i o n a l  method i s  needed t o  assess t h e  s i n t e r i n g  c h a r a c t e r i s t i c s  o f  coa l  
ashes. A choice o f  s i n t e r  measur ing techniques i s  g i v e n  i n  Table 2. 

TABLE 2. R E V I E W  OF ASH SINTERING TECHNIQUES 

Measuring Technique Equipment 
~ 

Comments 

Neck-growth measurements between A fu rnace and a 
s p h e r i c a l  p a r t i c l e s  (Kuczynski ,  microscope 
1949),  Raask, 1973) 

Simultaneous shr inkage and 
e l e c t r i c a l  conductance 
measurements (Raask, 1979) 

Needs a p u r p o s e - b u i l t  
f u r n a c e  assembly f o r  
more accurate measure- 
ments.  A s i m p l e r  
v e r s i o n  uses p l a t i n u m  
w i r e  e lec t rodes  as 
descr ibed by Raask 
(1979)  and by Cumming 
(1980)  

Crushing s t r e n g t h  measure- 
ments o f  s i n t e r e d  ash 
p e l l e t s  ( A t t i n g  and measuring dev ice  
Barnhard, 1963; Gibb, 1981) 

A fu rnace and a 
c r u s h i n g  s t r e n g t h  

Ash agglomerat ion by 
s i e v i n g  t e s t  (S ta l lman 
and Neavel (1980) 

Ash p l u g  f low method 

A fu rnace and a 
s i e v i n g  machine 

A t u b u l a r  fu rnace tube 
w i t h  p e r f o r a t e d  p l a t e  
t o  support  an ash p l u g  

Th is  i s  s u i t a b l e  f o r  
homogeneous m a t e r i a l  when 
a v a i l a b l e  i n  the fo rm o f  
s p h e r i c a l  p a r t i c l e s .  I t i s  
n o t  s u i t a b l e  f o r  r o u t i n e  
s i n t e r  t e s t i n g  o f  coa l  ashes. 

Each ash c o u l d  be prov ided w i t h  
s i n t e r i n g  r a t e  curves. The 
method needs t o  be t e s t e d  and 
assessed by d i f f e r e n t  
researchers ,  

The method has been used by 
severa l  researchers  b u t  there  
i s  no agreed procedure 

Th is  i s  one o f  the  s imp les t  
methods o f  t e s t i n g  f o r  
i n i t i a l  s i n t e r i n g ,  and i t  
war ran ts  more sys temat ic  
t e s t s  

So f a r  no exper imental  r e s u l t s  
have been found i n  
1 i t e r a t u r e  

The b r i e f  rev iew i n  Table 2 shows t h a t  t h e r e  are  several  l a b o r a t o r y  methods o f  
s i n t e r  t e s t i n g  coa l  ashes, wh ich  can g i v e  some u s e f u l  i n f o r m a t i o n  regard ing  t h e i r  depos i t  
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forming p r o p e n s i t y .  
methods, and a coord ina ted  t e s t  program i n v o l v i n g  s p e c i a l i s t  researchers  i n  d i f f e r e n t  
l a b o r a t o r i e s  would be r e q u i r e d  t o  assess t h e i r  general  a p p l i c a b i l i t y .  

However, none o f  these techniques c o u l d  be w r i t t e n  as recommended 

CONCLUSIONS 

1. F r e n k e l ' s  s i n t e r i n g  model i s  a u s e f u l  i n t r o d u c t i o n  t o  unders tand ing  o f  the  
mechanism of fo rmat ion  o f  b o i l e r  d e p o s i t s  i n  the  c r u c i a l  e a r l y  stages o f  p a r t i c l e - t o - p a r t i c l e  
bonding. 
namely s u r f a c e  t e n s i o n  ( t h e  d r i v i n g  f o r c e  f o r  p a r t i c l e  coalescence) v i s c o s i t y  ( t h e  
temperature s e n s i t i v e  parameter) and p a r t i c l e  s i z e .  

demonstrate the  v a l i d i t y  o f  t h e  s i n t e r i n g  model, b u t  t h e  techn ique i s  n o t  s u i t a b l e  f o r  
r o u t i n e  assessment t e s t s  o f  t h e  s i n t e r i n g  c h a r a c t e r i s t i c s  o f  d i f f e r e n t  coa l  ashes. 

A method o f  s imultaneous measurements o f  d i l a t o m e t r i c  shr inkage and e l e c t r i c a l  
conductance has been developed f o r  assessing t h e  d e p o s i t  fo rming  p r o p e n s i t y  o f  coal  
ashes. 
o f  p a r t i c l e - t o - p a r t i c l e  bonding leads t o  enhanced conductance and increased d e n s i t y  o f  
ash t e s t  samples and b o i l e r  depos i ts .  

from s i n t e r i n g  models. 
e l e c t r i c a l  conductance measurements can be over  250 K lower  than t h a t  i n d i c a t e d  by t h e  
r e s u l t s  o f  convent iona l  ash f u s i o n  t e s t s .  

The model s e t s  o u t  u n e q u i v o c a l l y  t h e  r a t e  c o n t r o l l i n g  parameters i n  s i n t e r i n g ,  

2. Measurements o f  the  r a t e  o f  neck-growth between the s p h e r i c a l  p a r t i c l e s  

3 .  

The measurements a re  based on a s i n t e r i n g  model which s t i p u l a t e s  t h a t  t h e  f o r m a t i o n  

4. There a r e  some coa l  ashes, r i c h  i n  sodium which do n o t  behave as p r e d i c t e d  
With these ashes t h e  s i n t e r p o i n t  temperature d e f i n e d  by t h e  
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THE CAPTURE AND RETENTION OF SULFUR SPECIES B Y  
C A L C I U M  COMPOUNDS D U R I N G  THE COMBUSTION OF P U L V E R I Z E D  COAL 

P. L .  Case, M .  P .  Heap, C .  N .  McKinnon, D.  W .  Pershing a n d  R. Payne 

Energy and Environmental Research Corporation 
8001 Irvine B l v d . ,  Santa Ana, C a l i f .  92705 

1 .  INTRODUCTION 

Coal i s  the United S ta tes  most abundant source of f o s s i l  fuel  energy however 
i t s  u t i l i z a t i o n  poses several problems f o r  s o c i e t y ,  among which a r e  those associ- 
a ted with the formation of atmospheric po l lu tan ts  during i t s  combustion. 
not  a pure hydrocarbon f u e l ,  i t  conta ins  inorganic mat ter  ( a s h ) ,  nitrogen and 
s u l f u r  which, in tu rn ,  form p a r t i c u l a t e s  ( f l y  a s h ) ,  ni t rogen oxides a n d  su l fur  oxides. 
The emission of such pol lu tan ts  t o  the atmosphere i s  undesirable  and can be avoided 
by removing the p o l l u t a n t s  from the combustion products, preventing t h e i r  formation, 
o r  removing the cons t i tuents  which form pol lu tan ts  from the coa l .  
descr ibes  bench s c a l e  experiments which will e s t a b l i s h  whether and under which con- 
d i t i o n s  calcium containing sorbents  can be used t o  capture  s u l f u r  during pulverized 
coal combustion. 
wi l l  then concentrate  upon whether i t  i s  p rac t ica l  s ince  sorbent  i n j e c t i o n  into 
boi le rs  could have a ser ious  impact upon b o i l e r  operat ion.  Sorbent in jec t ion  will 
increase p a r t i c u l a t e  mass loading, change slagging and foul ing c h a r a c t e r i s t i c s  a n d  
wi l l  change f l y  ash proper t ies .  

p lan ts  i s  a conceptually simple process .  A pulver ized,  calcium containing sorbent 
i s  injected in to  the  combustion chamber of a b o i l e r  where i t  f lash-ca lc ines  t o  lime 
(CaO) and, a t  the same t ime,  r e a c t s  with s u l f u r  dioxide a n d  oxygen t o  form calcium 
s u l f i t e  and/or calcium s u l f a t e .  
and  ear ly  1970's on development and demonstration pro jec ts  ( l ) ,  and although p i l o t  
p lan t  s tud ies  showed promise, the  r e s u l t s  could n o t  be dupl icated in f u l l  s c a l e  
systems. The lack of success was a t t r i b u t e d  t o  a combination of loss  of r e a c t i v i t y  
of the  lime due to deadburning and mald is t r ibu t ion  of the sorbent .  
s c a l e  s tud ies  ( 2 ,  3 )  with low NOx coal burners suggest t h a t  sorbent  i n j e c t i o n  could 
be more e f f e c t i v e  under condi t ions which minimize NOx formation in pulverized coal 
f l  ames . 

Coal i s  

This paper 

Having es tab l i shed  t h a t  s u l f u r  capture  i s  poss ib le ,  the s tudies  

The use of sorbents  t o  control  emissions of s u l f u r  oxides from coal f i r e d  power 

Considerable e f f o r t  was expended in the l a t e  1960's 

Recent p i l o t  

Nitrogen oxides a r e  formed from two sources during pulverized coal combustion; 
molecular nitrogen which i s  par t  of the  combustion a i r  and nitrogen which i s  chemi- 
c a l l y  bound in the organic coal matr ix .  Low NOx pulverized coal burners a re  e f fec t ive  
because they produce a fue l  r ich  zone which minimizes fuel  NO formation and  lowers 
peak flame temperatures, which, i n  turn, reduces the r a t e  of thermal NO production. 
I f  a sorbent i s  in jec ted  i n t o  a combustor f i r e d  with low NOx burners i t  will 
experience lower peak temperatures and more reducing condi t ions t h a n  i f  the combustor 
was f i r e d  with "normal" burners. The opportuni ty  to  control  both nitrogen and su l fur  
oxide 
i n j e c t i o n  in to  low NOx burners. 

emissions by preventing t h e i r  formation may be given by the  use of sorbent 

S u l f u r  capture by sorbent  i n j e c t i o n  involves three processes ,  namely: 

0 Sorbent a c t i v a t i o n  - the  sorbent  p a r t i c l e s  a r e  heated and ca lc ined .  
p a r t i c l e  r e a c t i v i t y  wil l  depend mainly upon i n i t i a l  p roper t ies  and  peak par t i -  
c l e  temperature. I f  the p a r t i c l e  temperatures a r e  t o o  high, the  sorbent loses 
i t s  r e a c t i v i t y  (deadburns). 

Capture - s u l f u r  species  (HZS, COS or S02) r e a c t  with t h e  sorbent producing 
e i t h e r  s u l f a t e  or s u l f i d e .  

Ultimate 

0 
The r a t e  of absorpt ion wil l  depend upon 
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temperature,  s u l f u r  spec ies  c o n c e n t r a t i o n  and s o r b e n t  c h a r a c t e r i s t i c s .  

Regenerat ion - under  c e r t a i n  c o n d i t i o n s ,  t h e  spen t  s o r b e n t  may decompose 
r e g e n e r a t i n g  gas phase s u l f u r  spec ies .  

The genera l  r e a c t i o n  d e s c r i b i n g  s u l f u r  c a p t u r e  under  o x i d i z i n g  c o n d i t i o n s  i s :  

CaO + SO2 + 1/2 O2 + CaSo4 1 )  

The r a t e  o f  t h i s  r e a c t i o n ,  t h e  r a t e  o f  c a l c i n a t i o n ,  and t h e  maximum c a l c i u m  u t i l i z a -  
t i o n  imposed by po re  b lockage  has been s t u d i e d  e x t e n s i v e l y  i n  t h i n  bed and d i s p e r s e d  
f l o w  r e a c t o r s  b y  seve ra l  worke rs  (4 ,  5 ) .  None o f  t h e s e  s t u d i e s  d u p l i c a t e d  t h e  t i m e  
tempera tu re  c o n d i t i o n s  t h a t  p r e v a i l  i n  p u l v e r i z e d  c o a l  f l ames .  

Borgwardt  ( 6 )  has suggested t h a t  r e a c t i o n s  such a s :  

CaC03 + H2S + Cas + H20 + COP 

CaO f H2S + CaS + H20, 

2 )  

3 )  

i n v o l v i n g  reduced s u l f u r  s p e c i e s  c o u l d  become s i g n i f i c a n t  under  f u e l  r i c h  c o n d i t i o n s .  
E x t r a p o l a t i o n  o f  r a t e  d a t a  f o r  such r e a c t i o n s  ( o b t a i n e d  b y  Ruth and S q u i r e s  ( 7 ) )  
t o  p u l v e r i z e d  c o a l  f l a m e  c o n d i t i o n s  i n d i c a t e s  t h a t  t h e  r e a c t i o n  o f  H2S w i t h  CaC03 
i s  s u f f i c i e n t l y  f a s t  t o  a l l o w  s i g n i f i c a n t  s u l f u r  c a p t u r e .  

Consequent ly ,  i t  appears t h a t  t h e r e  a r e  two p o s s i b l e  modes o f  s u l f u r  c a p t u r e  
by c a l c i u m  based s o r b e n t s  i n  a p u l v e r i z e d  c o a l  f i r e d  combustor o p e r a t i n g  under  l o w  
NOx c o n d i t i o n s .  Under o x i d i z i n g  c o n d i t i o n s ,  reduced peak tempera tu res  w i l l  r educe  
deadburn ing and a l l o w  r e a c t i o n  1 t o  proceed.  I f  t h e  s o r b e n t  i s  i n j e c t e d  i n t o  t h e  
f u e l  r i c h  r e g i o n ,  r e a c t i o n  2 may become s i g n i f i c a n t ,  b u t  c a l c i u m  s u l f i d e  c o u l d  be 
l o s t  when t h e  p a r t i a l l y  o x i d i z e d  f u e l  i s  burned o u t .  
becomes an i m p o r t a n t  f a c t o r  i n  t h e  o v e r a l l  process.  F i g u r e  1 shows t h e  e f f e c t  o f  
t empera tu re  and s t o i c h i o m e t r i c  r a t i o  on e q u i l i b r i u m  c a l c i u m  d i s t r i b u t i o n .  
i n d i c a t e s  t h a t  under  r i c h  c o n d i t i o n s  (50% t h e o r e t i c a l  a i r )  c a l c i u m  s u l f i d e  i s  v e r y  
s t a b l e  compared t o  c a l c i u m  s u l f a t e  under  l e a n  c o n d i t i o n s  (100% t h e o r e t i c a l  a i r  o r  
SR = 1 . 0 ) .  These c a l c u l a t i o n s  i m p l y  t h a t  i f  t h e  s u l f i d e  i s  formed i n  t h e  r i c h  zone, 
then  t h e  t r a n s i t i o n  t o  o x i d i z i n g  c o n d i t i o n s  s h o u l d  be c a r r i e d  o u t  q u i c k l y  t o  p r e -  
v e n t  p ro longed  t imes  under  new s t o i c h i o m e t r i c  c o n d i t i o n s ,  and t h a t  t h e  tempera tu re  
d u r i n g  t h i s  t r a n s i t o n  shou ld  be reduced.  An e x p e r i m e n t a l  s t u d y  has been c a r r i e d  
o u t  t o  determine whether  e i t h e r  o f  t h e  two r o u t e s  r e f e r r e d  t o  above a r e  l i k e l y  t o  
a l l o w  s imulataneous c o n t r o l  o f  s u l f u r  and n i t r o g e n  o x i d e  emiss ions  f r o m  p u l v e r i z e d  
c o a l  f i r e d  b o i l e r s .  

2. EXPERIMENTAL 

Thus r e t e n t i o n  o f  t h e  s u l f u r  

I t  

A bench s c a l e  f a c i l i t y  has been c o n s t r u c t e d  wh ich  i s  capab le  o f  d u p l i c a t i n g  
t h e  h i s t o r y  o f  t h e  s o l i d  p a r t i c l e s  ( c o a l  and s o r b e n t )  and t h e  p r o d u c t s  o f  combust ion 
i n  a p u l v e r i z e d  c o a l  f i r e d  power p l a n t .  As shown i n  F i g u r e  2, t h e  system c o n s i s t s  
o f  t h r e e  m a j o r  components: 

0 The r a d i a n t  f u r n a c e ,  a h o r i z o n t a l  r e f r a c t o r y  l i n e d  c y c l i n d e r ,  which s imu la tes  
t h e  r e g i o n  c l o s e  t o  t h e  bu rne rs .  Heat  e x t r a c t i o n  i s  v a r i e d  b y  add ing  o r  
removing c o o l i n g  tubes .  

0 The p o s t  flame c a v i t y  wh ich  s i m u l a t e s  t h e  volume above t h e  b u r n e r  zone o f  a 
b o i l e r  b e f o r e  t h e  superhea te r .  

wh ich  s i m u l a t e s  t h e  superhea te r ,  r e h e a t e r  and a i r  h e a t e r  s e c t i o n s  o f  t he  
b o i  1 e r  . 

0 The c o n v e c t i v e  s e c t i o n ,  c o o l e d  by banks of  a i r  c o o l e d  s t a i n l e s s  s t e e l  tubes,  
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Figure 1 .  Ef fec t  of Temperature and Stoichiometr ic  P,atio on Equilibrium 
Calcium Dis t r ibu t ion  - % Ca a s  CaS04 o r  CaS (Ca/S = 1 )  
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Figure 2 .  Schematic of Test  Furnace Showing Location of Sample Ports ,  
Staged Air Addition and Sorbent In jec t ion .  
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The f a c i l i t y  i s  f i r e d  with coal using a small s c a l e  low NOx burner which could 
be operated i n  two modes - i n t e r n a l l y  and e x t e r n a l l y  s taged .  When the  burner was 
operated with the second s tage  a i r  supplied a t  the  f i r i n g  face  through the  staged 
a i r  i n j e c t o r s ,  only the burner zone was fuel  r i c h .  This i s  r e f e r r e d  t o  a s  i n t e r n a l l y  
s taged.  Al te rna t ive ly ,  when the s taging a i r  was added downstream i n  the  post flame 
cavi ty ,  t h e  whole of the  rad ian t  furnace operated fuel  r i c h .  This i s  re fer red  t o  
in t h e  t e x t  as external  s tag ing .  The sorbent  was added in  any of four  loca t ions :  
1 )  with the coal ,  2 )  with t h e  staged a i r  a t  t h e  burner face ,  3 )  a t  the  en t ry  of t h e  
post flame cavi ty ,  and 4)  w i t h  the  dowixtream staged a i r  when operat ing i n  t h e  
ex terna l ly  staged mode. 

sorbents  introduces several  problems re la ted  t o  sample a c q u i s i t i o n .  
cr iminat ion" probe has been designed, constructed and tes ted  which minimizes gas- 
s o l i d  contact ing a f t e r  sample ex t rac t ion .  SO2 was measured with a non-dispersive 
ul t r a - v i o l e t  absorption instrument. H2S and COS were measured by gas chromatography 
using a flame photometric d e t e c t o r .  Sul fur  capture  was based on SO2 measurements 
w i t h  and without sorbent  i n  every tes t  case.  

3 .  RESULTS 

T h e  measurement of s u l f u r  species  in combustion products containing a c t i v e  
A "phase d i s -  

A s e r i e s  of experiments has been c a r r i e d  out  with the coal and sorbent  l i s t e d  
in Tables 1 and 2 in  both the external  and i n t e r n a l  s tag ing  modes. 

Indiana Coal 

Ultimate Analysis, % Dry Basis 

C 69.91 
N 5.13 
H 1.54 
S 2.53 
0 11 .OD 

Ash 9.84 

C s l o r i f i c  Value 
(dry ba is )  12,515 Btu/lb 

a s  burned 7.0% 
Moisture, average, 

Vicron 45-3, P f i z e r  

Composition, t y p i c a l ,  % 

CaC03 97.0 
MgC03 1 . 6  

2'3 0.5 

Fe203 
Moisture 0.2 

sio2 1 .o 

0.05 

Spec i f ic  Gravity 
P a r t i c l e  Shape 
Oil absorpt ion 
Surface a rea  (m2/gm) 

2.71 
rhombic 
4 
1 .4  

Table 1 .  Coal Proper t ies  
~~ 

Table 2. Sorbent Proper t ies  

Internal  Staging 

Figure 3 shows t h e  Percentage capture  a s  a funct ion of t h e  calcium t o  s u l f u r  
molar r a t i o  when the  sorbent  was added w i t h  the  s taged a i r  ( loca t ion  2 ) ,  and an 
addi t ional  15% (over  the  normal heat l o s s )  of the  input  heat  was ex t rac ted  from the 
rad ian t  zone. 
(sample port  11, the post  flame sec t ion  ?between 1 and 2 )  and the overal l  capture  
(sample port  3 ) .  The capture  i n  the  post  flame sec t ion  i s  based upon the gas phase 
s u l f u r  dioxide concentrat ion en ter ing  the  sec t ion  and f r e e  calcium oxide ( t h a t  which 
was not used in the rad ian t  s e c t i o n ) .  The data  presented in Figure 3 ind ica te  t h a t  
when heat i s  extracted from t h e  rad ian t  zone capture  occurs  i n  both the  rad ian t  
zone and the post flame sec t ion .  These data  were obtained with t h e  burner zone 
operat ing a t  a s toichiometr ic  r a t i o  of  0 .6  and a t o t a l  a i r  i n p u t  equal t o  120% 
of s toichiometr ic  . 

Data a r e  presented showin the  r e l a t i v e  capture  i n  the r a d i a n t  zone 

161 



60 

al > 
.r 

2 40 
7 

al E 

a, L 

3 c.’ 
a 

2 20 
zs 

0 
1 2 3 4 5 6 

Ca/S Molar Ratio 

Figure 3. Rela t ive  SO Capture ,  Sorbent In j ec t ed  W i t h  the Staged Air 
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Tests  have been c a r r i e d  o u t  t o  determine the  inf luence  of burner zone s to ich io-  
metry o n  su l fur  capture  i n  t h e  i n t e r n a l l y  staged mode. Provided t h e  burner zone 
Stoichiometry does not r i s e  above 80% the s u l f u r  capture  appears almost t o  be 
independent of burner zone s toichiometry,  However a s  t h e  s t a g i n g  a i r  i s  reduced t o  
a minimum and the burner zone becomes fuel  lean the s u l f u r  capture  i s  reduced. 
these experiments t h i s  reduction i s  probably caused by a reduct ion in  sorbent  velo- 
c i t y  and because of the  increase  in peak flame temperatures a s  the burner zone 
stoichiometry increases .  

I n  the in te rna l  s tag ing  mode thermal environment has a very s i g n i f i c a n t  impact 
upon sulfur capture. This i s  i l l u s t r a t e d  by the  data  presented i n  Figure 4 which 
shows t h e  s u l f u r  capture  i n  both the f i r s t  two zones as a funct ion of t h e  product 
of the calcium t o  s u l f u r  r a t i o  and the square root  of t h e  s u l f u r  dioxide concentra- 
t i o n  in t h a t  zone. Three condi t ions a r e  shown: h i g h  load with and without radiant  
zone cooling and low load without cool ing.  Reducing the  load wil l  lower temperatures 
and increase residence times. 
increases  the  sorbent r e a c t i v i t y .  
l e s s  than t h a t  w i t h  cooling a t  high load but the  r e a c t i v i t y  in  the  post  flame sect ion 
i s  s imi la r  t o  the high load, cooled case.  

I n  

A t  high load cooling the r a d i a n t  zone dramatical ly  
A t  low load r e a c t i v i t y  in t h e  rad ian t  zone i s  

External Staging 

The purpose of the external  s taging t e s t s  was t o  determine whether s u l f u r  
dioxide emissions could be reduced by adding limestone under reducing condi t ions 
and then burning the fuel  completely by the  addi t ion  of second s tage  a i r  downstream. 
This requires  t h a t  the  majori ty  of the  s u l f u r  captured under reducing condi t ions be 
retained by the sorbent  as  the  fuel  burns o u t .  Equilibrium ca lcu la t ions  ind ica te  
t h a t  under fuel r i c h  condi t ions hydrogen s u l f i d e  i s  the  dominant s u l f u r  species  while 
measurements in the  fuel  r i c h  region ind ica te  t h a t  s u l f u r  dioxide,  hydrogen su l f ide  
and carbonyl s u l f i d e  a l l  a r e  present .  Sul fur  dioxide concentrat ions decrease and 
hydrogen su l f ide  concentrat ions increase a s  the  primary zone s toichiometry decreases. 
T h u s ,  t h e  sorbent may r e a c t  with any of t h r e e  s u l f u r  spec ies .  
r a t e s  f o r  the reac t ion  of H2S and COS with CaO have been measured ( 7 ,  8 )  and a r e  
s i m i l a r .  

I n i t i a l  react ion 

The data  from two d i f f e r e n t  external  s taging experiments a r e  shown in  Figures 
5 and6.  I n  one experiment sorbent was added with the  coal ( l o c a t i o n  1 )  and measure- 
ments of  su l fur  spec ies  a t  t h e  e x i t  of t h e  r i c h  zone ( p o r t  2 )  were made with and 
without sorbent .  
of f i r s t  s tage  s to ich iometr ic  r a t i o .  
captured. 
f i r i n g  with two f u e l s ,  coal and propane doped w i t h  H2S t o  give the  same s u l f u r  con- 
t e n t  a s  the  coa l .  
( loca t ion  2 )  and t h e  s taging a i r  was added i n  the  post flame cavi ty  ( loca t ion  b ) .  
SO2 was measured with and without sorbent f o r  both f u e l s  a t  sample port  3 ( e x i t  of 
furnace) .  Total calcium u t i l i z a t i o n  a s  a funct ion of f i r s t  s tage  s toichiometry 
i s  shown in  Figure 6. Measurements i n d i c a t e  t h a t  as  much a s  50 percent of the 
i n p u t  coal remains a s  s o l i d  a t  the  lower f i r s t  zone s toichiometr ies .  
f o r  coal presented in  Figure 6 has been p lo t ted  a s  a funct ion of t h e  actual  gas 
phase s toichiometry.  
decreasing gas phase s toichiometr ic  r a t i o  f o r  coal b u t  increased f o r  propane doped 
with H2S. I t  should be noted t h a t  the  data  shown in  Figure 6 represent  the sum o f  
su l fur  species  capture  under reducing condi t ions i n  the  f i r s t  zone, re ten t ion  of 
s u l f u r  during burnout and the su l fur  capture  under oxidizing condi t ions i n  the  
second s tage.  

4 .  CONCLUSIONS 

Figure 5 shows the percent capture  of S O 2 ,  COS and H2S a s  a function 
I t  can be seen t h a t  a l l  th ree  species  were 

The data  in  Figure 6 a r e  from an experiment comparing calcium u t i l i z a t i o n  

The sorbent  was added a t  the base of  t h e  post  flame sec t ion  

The data  

I t  can be seen t h a t  the  u l t imate  s u l f u r  capture  decreased with 

An inves t iga t ion  has been car r ied  out  i n  a bench s c a l e  f a c i l i t y  t o  determine 
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under  wh ich  c o n d i t i o n s  s u l f u r  s p e c i e s  genera ted  d u r i n g  t h e  combust ion o f  p u l v e r i z e d  
coa l  can be c a p t u r e d  and r e t a i n e d  by c a l c i u m  c o n t a i n i n g  s o r b e n t s .  Two s e r i e s  o f  
exper iments were c a r r i e d  o u t :  
under  o x i d i z i n g  c o n d i t i o n s  and t h e  o t h e r  i n  wh ich  s i g n i f i c a n t  r e s i d e n c e  t i m e s  i n  
t h e  r i c h  zone would a l l o w  c a p t u r e  under  r e d u c i n g  c o n d i t i o n s .  
t i o n s  t h e  the rma l  env i ronment  exper ienced  by t h e  s o r b e n t  p a r t i c l e  appears t o  be t h e  
dominant  parameter  c o n t r o l l i n g  s u l f u r  c a p t u r e .  
b u r n i n g .  
on t h e  p a r t i c u l a r  s o r b e n t )  t h e  s o r b e n t  deadburns and l o s e s  i t s  r e a c t i v i t y  ( 4 ) .  

The processes c o n t r o l l i n g  c a p t u r e  and r e t e n t i o n  when t h e  s o r b e n t  is m a i n t a i n e d  
under  r e d u c i n g  c o n d i t i o n s  f o r  a p r o l o n g e d  t i m e  a r e  more complex. The p r i n c i p l e  
gas phase s u l f u r  s p e c i e  a r e  HzS,  SO2 and COS and, even though t h e  s u l f u r  s p e c i e s  a r e  
absorbed t h e  p o s s i b i l i t y  t h a t  t h e  s u l f i d e  w i l l  decompose d u r i n g  b u r n o u t  e x i s t s .  
The d a t a  p resen ted  i n  F i g u r e  6 shows a s i g n i f i c a n t  d i f f e r e n c e  between t h e  b e h a v i o r  
o f  c o a l  and propane doped w i t h  H2S. 

- W i t h  c o a l  p a r t  o f  t h e  f u e l  remains i n  t h e  s o l i d  phase and f o r  a g i v e n  
i n p u t  s t o i c h i o m e t r y  t h e  gas phase s t o i c h i o m e t r y  i n  t h e  r e d u c i n g  zone i s  
h i g h e r  than  w i t h  gas. Reference t o  F i g u r e  1 i n d i c a t e s  t h a t  t h e  s t a b i l i t y  
o f  c a l c i u m  s u l f i d e  i s  s t r o n g l y  dependent upon s t o i c h i o m e t r y  r a t i o ;  

W i t h  coa l  up  t o  50 p e r c e n t  o f  t h e  s u l f u r  remains i n  t h e  s o l i d  phase under  
r i c h  c o n d i t i o n s  t h u s  t h e  gas phase c o n c e n t r a t i o n  i s  l o w e r  t h a n  t h e  c o r r e s -  
ponding c o n c e n t r a t i o n  w i t h  propane as t h e  f u e l ;  

s o l i d  and gaseous f u e l s  and t h i s  c o u l d  a f f e c t  r e t e n t i o n  o f  t h e  s u l f u r  
d u r i n g  bu rnou t .  

These t e s t s  i n d i c a t e  t h a t  t h e r e  i s  t h e  p o t e n t i a l  t o  remove g r e a t e r  t h a n  50 

one i n  wh ich  any c a p t u r e  would t a k e  p l a c e  p r i m a r i l y  

Under o x i d i z i n g  cond i -  

If a s o r b e n t  p a r t i c l e ' s  t empera tu re  exceeds a c e r t a i n  l i m i t  ( w h i c h  depends 
T h i s  i s  p r o b a b l y  because of dead- 

T h i s  d i f f e r e n c e  can  be a t t r i b u t e d  t o :  

- 

- The c o n d i t i o n s  d u r i n g  b u r n o u t  i n  t h e  second s t a g e  w i l l  be d i f f e r e n t  f o r  t h e  

p e r c e n t  o f  t h e  i n p u t  s u l f u r  w i t h  Ca/S m o l a r  r a t i o s  o f  two when c o a l  is burned 
under  l ow  NOx c o n d i t i o n s .  
c o n d i t i o n s  can be ach ieved  i n  p r a c t i c a l  combustors  and t h a t  t h e  s o r b e n t  i n j e c t i o n  
does n o t  a d v e r s e l y  impac t  combustor per formance.  
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I INTRODUCTION 

Background. E x t e n s i v e  r e s e a r c h  on c o a l  c o m b u s t i o n  a t  t h i s  l a b o r a t o r y  (1 -6 )  
has f o c u s e  on d e v e l o p i n g  an u n d e r s t a n d i n g  o f  t h e  p h y s i c a l  and chemica l  mechanisms 1' and react idon r a t e s  o f  c o a l  b u r n o u t  and n i t r o g e n  and s u l f u r  p o l l u t a n t  f o r m a t i o n .  

( Loca l  samples o f  c o m b u s t i o n  p r o d u c t s  have been e x t r a c t e d  f r o m  t h e  p u l v e r i z e d  coa l  
'i combustor  u s i n g  water -quenched sample probes .  To c o m p l e t e  mass b a l a n c e s  and 
1 d e t e r n i n e  i m p o r t a n t  l o c a l  p a r a m e t e r s ,  c h e m i c a l l y  i n e r t  t r a c e r s  have been used i n  t h e  

r e a c t o r .  Argon added t o  t h e  p r i m a r y  a i r  has  been used as t h e  gas phase t r a c e r  t o  
I: d e t e r m i n e  t h e  m i x i n g  r a t e s  o f  t h e  p r i m a r y  and secondary  a i r  s t reams and t h e  volume 

o f  combust ion  gases f r o m  t h e  c o a l .  Carbon c o n v e r s i o n  i s  a l s o  d e t e r m i n e d  f r o m  gas 
c o m p o s i t i o n ,  coa l  f e e d  r a t e ,  and a f o r c e d  a r g o n  b a l a n c e .  

i n  t h e  raw coa l  i n  p r e v i o u s  phases o f  t h i s  s t u d y  ( 4 - 6 ) .  However, t h e  use o f  ash  as  
a p a r t i c l e  t r a c e r  has  n o t  been s a t i s f a c t o r y .  Ash i s  n o t  a s u i t a b l e  t r a c e r  because 
i t  c o n t a i n s  many i n o r g a n i c  compounds w h i c h  decompose a n d / o r  v a p o r i z e .  Kobayash i  , e t  
a l .  ( 7 )  and Saro f im,  e t  a l .  ( 8 )  have shown t h a t  as much as  20-60 p e r c e n t  o f  t h e  
o r i g i n a l  coa l  ash  can be v o l a t i l i z e d  depend ing  on t h e  t e m p e r a t u r e  h i s t o r y  o f  t h e  
ash. 

C o l l e c t i n g  samples o f  c o m b u s t i o n  p r o d u c t s  w i t h  a water -quench p r o b e  produces a 
c h a r - w a t e r  m i x t u r e  w h i c h  i s  f i l t e r e d  and d r y e d  t o  o b t a i n  t h e  s o l i d  c h a r  sample. 
Hany c o n s t i t u e n t s  o f  ash a r e  s o l u b l e  i n  t h e  w a t e r  and more l o s s e s  a r e  i n c u r r e d  i n  
t h e  t o t a l  measured a s h  c o n t e n t .  H a r d i n g ,  e t  a l .  ( 6 )  have shown t h a t  up t o  10 
p e r c e n t  o f  t h e  ash c a n  be d i s s o l v e d  i n  t h e  p r o b e  quench w a t e r .  

H i g h  l o s s e s  o f  ash n e g a t e  i t s  u s e f u l n e s s  as a s o l i d  t r a c e r  by i n t r o d u c i n g  
l a r g e  e r r o r s  i n t o  t h e  mass b a l a n c e  and b u r n o u t  c a l c u l a t i o n s .  Consequent ly ,  t h e r e  
has been an i n t e r e s t  i n  f i n d i n g  a n o t h e r  p a r t i c l e  t r a c e r  w h i c h  c o u l d  more a c c u r a t e l y  
d e t e r m i n e  coa l  b u r n o u t ,  and a l s o  t o  h e l p  u n d e r s t a n d  t h e  f a t e  o f  t h e  ash and s l a g .  

Hims, e t  a l .  ( 9 )  have c h a r a c t e r i z e d  t h e  v o l a t i l i z a t i o n  o f  ash  wi th  
t e m p e r a t u r e .  A t  h i g h e r  t e m p e r a t u r e s ,  compounds formed f r o m  e l e m e n t s  such as 
a r s e n i c ,  manganese, magnesium, sodium and a n t i m o n y  showed s t r o n g  v a p o r i z a t i o n  
t r e n d s .  A1 uminum, s i 1  i c o n  and o t h e r  known r e f r a c t o r y  compounds a1 so showed 
s i g n i f i c a n t  l o s s e s  a t  h i g h  t e m p e r a t u r e s .  Compounds fo rmed f r o m  such e l e m e n t s  as  
t i t a n i u m ,  scandium, b a r i u m  and l a n t h a n u m  were f o u n d  t o  be more s t a b l e .  Because o f  
t h e i r  low c o n c e n t r a t i o n s  i n  t h e  c o a l s ,  scandium and l a n t h a n u m  were n o t  c o n s i d e r e d  as  
f e a s i b l e  t r a c e r s .  T i t a n i u m  was s e l e c t e d  as a p o s s i b l e  t r a c e r  because i t  forms 
r e l a t i v e l y  s t a b l e  h i g h  b o i l i n g  p o i n t  compounds ( i . e . ,  TiO, T i c ,  TiO2, T i4071,  and i s  
f o u n d  i n  most  c o a l s  i n  e a s i l y  d e t e c t a b l e  amounts. 

O b j e c t i v e s .  The purpose o f  t h i s  s t u d y  was t o  d e v e l o p  an a n a l y t i c a l  p r o c e d u r e  
w h i c h  c o u l d  be used t o  measure t h e  c o n c e n t r a t i o n  o f  a s o l i d  p a r t i c l e  t r a c e r  and 
a p p l y  t h e  t e c h n i q u e s  t o  r e p r e s e n t a t i v e  samples f rom t h e  p u l v e r i z e d  c o a l  combustor.  
Techn iques  commonly u s e d  t o  a n a l y z e  e l e m e n t s  i n  t h e  ash  a r e  a t o m i c  a b s o r p t i o n  ( A A ) ,  
i n s t r u m e n t a l  n e u t r o n  a c t i v a t i o n  a n a l y s i s  ( INAA) ,  x - r a y  d i f f r a c t i o n  (XRD), and x - r a y  
f l u o r e s c e n c e  (XRF). XRF was chosen because o f  t h e  ease o f  a n a l y s i s  (sample  
p r e p a r a t i o n  t i m e  10-15 m i n u t e s  and a n a l y s i s  t i m e  o f  40-120 seconds) ,  a n d  
a v a i l a b i l i t y  o f  a s u i t a b l e  i n s t r u m e n t .  Comparison o f  M, I N A A  and XRF r e s u l t s  f o r  

li 

\ Coal  b u r n o u t  has  been c a l c u l a t e d  f r o m  t h e  p e r c e n t  ash i n  t h e  r e s i d u a l  c h a r  and 
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f l y  ash and coal analysis  have been found t o  give good agreement for  most elements 
(10) .  

This study was divided in to  three tasks: ( 1 )  set-up and cal ibrat ion o f  the 
XRF instrument in order t o  measure titanium t race  element concentration in  char from 
the combustor, ( 2 )  analysis  of char samples from combustor t e s t s  t o  determine the 
usefulness of titanium in the ash as a t racer ,  and ( 3 )  use of the titanium tracer  
data t o  compute mass balances and consequently coal burnout. 

TEST FACILITIES 

A diagram o f  the pulverized coal combustor with major dimensions i s  shown in 
Figure 1. The reactor ,  w i t h  a coal feedrate  of about 13.6 kg/hour, was constructed 
of f ive  interchangable sect ions of 33 cm ( 1 4  i n . )  schedule 40 pipe. Each section 
was 30.4 cm in length and  lined with 6.4 cm of castable  aluminum oxide refractory. 
One of the f ive  sections contained a water-quench, t ravers ing probe which was used 
t o  sample the flame a t  d i f fe ren t  axial locat ions in the reactor. This section could 
be interchanged w i t h  any of the other  sections in order t o  obtain gas and char 
samples a t  various radial and axial locat ions,  effect ively mapping the reactor. A 
more detailed description of the combustor and i t s  supporting f a c i l i t i e s  has been 
reported (4-6). 

I n  order to  obtain an adequate sample o f  combustion char for  ASTM ash and XRF 
Ti analysis, a special l a rger  e x i t  sample probe was used. The probe detail of 
Figure 1 shows the design of the probe t i p  t h a t  permitted center l ine char sample 
col lect ion near the reactor e x i t  without in te r fe r ing  with other  combustor 
experiments. Both probes were s imi la r  in  design, d i f fe r ing  only in s ize .  Complete 
d e t a i l s  on the design and  operation of the probes have been documented (6 ,  11, 12) .  

INSTRUMENTATION 

A Phi l l ips  1410 vacuum p a t h  x-ray fluorescence ( X R F )  spectrometer was used t o  
analyze t i taniun i n  the coal samples. XRF i s  known f o r  the re la t ive ly  quick sample 
analysis time and  sample preparation time (10) .  Quant i ta t ive  measurements of Ti on 
the XRF required values for  f ive  correct ion factors :  detector  dead time, background 
count, peak overlap, absorption correct ions,  and instrument e lectronic  a n d  power 
d r i f t .  Each fac tor  i s  b r ie f ly  discussed below. 

Dead Time. Dead time i s  the time required for  the electronics  and detector t o  
r e g i s t e r  one count of radiation. I f  a second burst  of radiat ion arr ives  a t  the 
detector before the f i r s t  burst i s  regis tered,  the second burst will not  be 
regis tered.  The bursts  of radiat ion a re  assumed t o  be s t a t i s t i c a l l y  random and a 
simple correlat ion i s  used t o  quantify the dead-time correct ion (13) .  

Background Counts. Natural sca t te r ing  of the x-rays causes a small count t o  
be present a t  every angle on the XRF. The background counts vary non-linearly and  
compensation i s  made by estimating the background a t  the peak using an  average of 
the background a t  angles below and above the peak. 

Peaks within one or  two degrees o f  the measured peak may add t o  
the number of counts a t  the desired peak position. Corrections for these overlaps 
a re  made by measuring pure disks  of the interfer ing element a n d  determining the 
height of the peak a t  the desired angle. 

Absorption and  Instrument Dr i f t .  Fluorescence from an element within the 
sample matrix could be absorbed by another element, a l t e r i n g  the in tens i ty  of the 
peak of the desired element. Carbon and other l i g h t e r  elements a re  strong absorbers 
a t  the wavelength of radiat ion from titanium. This causes major problems when 
Organic concentrations in the char vary from 0 t o  94 percent. This problem i s  
circumvented by using the internal  standard method of ca l ibra t ion .  Instrument d r i f t  

Peak Overlap. 
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h 
on the XRF i s  caused by var ia t ions in the voltage, sample placement, and goniometer 
accuracy on the machine. These are  a lso compensated by the internal standard method 
(141. 

XRF Calibration. The internal  standard method of ca l ibra t ion  (14)  was chosen 
as the Calibration technique. Scandium as Sc20 , which has an absorption edge near 
those of the element being measured, was added t o  the char sample in  a known 
concentration. Since absorption e f f e c t s  are s imilar  for  the two elements, the r a t i o  
of the concentrations of the unknown t o  the standard element was related t o  the 
r a t i o  of the i n t e n s i t i e s  by a constant factor  A: 

\ 

1 

1 

\ 

W T i / W s c  = A CTi /Csc  (1) 

where A i s  a constant fac tor ,  C T ~  and Csc are  the measured counts of radiat ion a t  
the peaks for  titanium and scandium i n  the  sample, respectively. This r a t i o  
technique eliminates the need for  absorption correct ions because the peaks a re  in 
the same sample, and the absorption correction fac tors  a re  nearly equal. 
Calibration a f t e r  every th i rd  sample prevented major e r rors  due t o  machine d r i f t .  
Calibration consisted of analyzing a cel lulose blank t o  determine background factors  
and then analyzing a NBS f l y  ash standard (NBS Standard Reference idaterial 1633a1 
for  titanium t o  determine the value of A in E q n .  1. 

XRF Error Analysis. The counting s t a t i s t i c s  and equations for  the XRF e r ror  
' analysis are  explained in detai l  by Jenkins and DeVries (13). The arr ival  of bursts 

of radiation from the sample can be modeled as a C h i  Square dis t r ibut ion which 
approaches a Gaussian d is t r ibu t ion .  A total  XRF counting e r ror  of  t 0 .4  percent 
( re la t ive ' )  was realized f o r  the t e s t s  conducted. This gave a l i m i t  of detection of 
45 ppm (mass). The raw coal contained a b o u t  400-600 ppm t i t an iun  (dry b a s i s ) ,  well 
above the minimum. 

The major e r rors  were introduced by 
the sample preparation techniques. Samples were prepared by weighing 400 mg of 
char, 40 mg of high purity cel lulose a n d  10 mg of S C ~ O J  in to  a small vial with a 6mm 
glass  bal l .  A commerical dental mixer was used to  m i x  and grind the sample for 3 
minutes. The ample was then pressed o n t o  a support with a cel lulose backing a t  

t1 to  2 percent. Increasing the percent Sc2O3 did n o t  s ign i f icant ly  increase the 
accuracy because of increased e r ror  due t o  increased scandium counts. 

TEST PROGRAM 

Fifteen combustor t e s t s  were performed a t  four d i f fe ren t  values of secondary 
a i r  swirl number2 ( S g  = 0.0, 1.4, 3.2, and  4.51, and over a range o f  stoichiometric 
ra t ios3  ( S R )  of 0.59 t o  1.65. The coal used was a Wyoming subbituminous coal with 
about 5.0 weight percent a s h  ( a s  received1 and 0.8 weight percent titanium i n  the  
dry ash. The proximate analysis  of the coal gave values of 27.8 percent, 32.9 
percent, 34.3 percent, and 0.4 percent for  moisture, v o l a t i l e s ,  fixed carbon, and 

E 
The XRF counting e r rors  were very small. 

4.58 x lo6 kgln 3 . The major e r rors  introduced in weighing the Sc2O3 accurately were 
6 

IRelative e r ror  i s  e r ror  divided by percent titanium present times one 

'Swirl number ( S E I  i s  defined as the flux of angular momentum divided by the 
product of duct radius and axial flux of momentum. 

3Soichiometric r a t i o  (SR) i s  defined as the a i r l f u e l  r a t i o  divided by the 
stoichiometric a i r l fue l  r a t i o .  SR values l e s s  t h a n  one are  fuel rich while SR 
values greater  than one are oxidizer r ich.  

hundred. 
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su l fur  respect ively.  The ultimate analysis  on a dry basis  gave 6.9 percent ash, 4.4 
percent hydrogen, 76.3 percent carbon, 1.1 percent nitrogen, 0.5 percent su l fur  and  
10.8 percent oxygen. The char sample probe was located on the center  l i n e  of the 
reactor near the reactor e x i t  (ca  150 cm from the burner i n l e t ) .  Coal burnout was 
determined a t  each t e s t  condition from ASTM analysis  of the ash sample, and by XRF 
analysis for  titanium in the char Sample. 

TEST RESULTS 

Coal burnout r e s u l t s  determined from a titanium mass balance in the char 
samples obtained are  shown in Figure 2. Coal b u r n o u t  was shown t o  be primarily a 
function of stoichiometric r a t i o ,  increasing from about 80-87 percent a t  SR = 0.6 
( fue l  rich) t o  greater  than 95 percent a t  SR > 1.1 (Figure 2 ( a l ) .  The t e s t s  were 
not a l l  conducted a t  a cons is ten t  s e t  of stoichiometric r a t i o s .  idevertheless, 
interpolat ion of the curves (Figure 2 ( a ) )  a t  SR = 0.6,  0.9, and 1 . 2  has permitted 
the e f fec t  of swirl in the secondary a i r  stream t o  be determined (Figure 2 ( b ) ) .  
The e f fec t  of stoichio.metric r a t i o  i s  s t i l l  quite pronounced. The e f f e c t  of 
secondary swirl on coal burnout i s  small. The combustion of  pulverized coal i s  very 
complex and the influences of secondary swir l ,  mixing r a t e ,  stoichiometric ra t io ,  
e tc .  are just beginning t o  be understood (1-6) .  

A n  ASTM analysis  of the char samples for  ash and titanium as a t i e  component 
are  given in Figure 3. Titanium burnout i s  higher in every case t h a n  the ash 
burnout, indicating t h a t  titanium i s  a be t te r  t racer  than ash. 

The extent of a s h  loss, equivalent t o  an a s h  burnout, has also been determined 
from the titanium data. A s e t  of parametric ash loss  l i n e s  have also been 
constructed on Figure 3 f o r  comparison (10 percent, 20 percent, 30 percent, 40 
percent, and 50 percent) .  Ash losses  of 15 t o  60 percent can be observed by the 
superposition of the data on the various ash loss  l ines .  The extent  of  ash loss  i s  
l a rge  compared to  e a r l i e r  work a t  t h i s  laboratory with a bituminous coal ( 6 ) .  
However, the difference in coal type, ash composition, and moisture level could 
account for  these differences. 

A s h  loss has l i t t l e  e f f e c t  on coal b u r n o u t  a t  very high b u r n o u t  levels .  
Figure 4 shows the e r r o r  in burnout due t o  ash loss  a t  several d i f fe ren t  burnout 
leve ls .  A t  burnout values of 95 percent, ash losses  of 40-50 percent create  
differences of only 2-3 percent in  b u r n o u t  estimates. Hence a t  moderate ash loss  
(20-40 percent) and high burnout values (grea te r  t h a n  95 percent burnout) the ash 
t racer  b u r n o u t  values a re  almost as accurate as the titanium-based burnout values. 
However, i f  burnout i s  below 95 percent then b u r n o u t  based on titanium gave 
s igni f icant ly  improved resu l t s .  

Asay (12) has recently completed a s  s e t  of pulverized coal combustion t e s t s  
a t  the same secondary swirl numbers and a t  nearly the same stoichiometric ra t ios  for  
t h i s  Wyoming coal. Carbon b u r n o u t  data obtained from these t e s t s  with a complete 
gas coumposition and an argon t racer  mass balance are  compared in Figure 5 t o  the 
titanium analysis coal burnout data reported above. I n  general, coal b u r n o u t  i s  
expected t o  be from 1-2 percent higher than carbon burnout because of the more 
complete release of the hydrogen from the coal. In general, the agreement between 
b u r n o u t  values from the gas analysis  and from the titanium analysis  i s  good a t  SR > 
0.9. A t  SR = 0.6 however, the b u r n o u t  values determined from the gas analysis  are  
much lower. Asay ( 1 2 )  i s  s t i l l  reviewing t h i s  discrepancy b u t  i t  i s  thought t h a t  
the d a t a  from the titanium analysis  are superior. One possible explanation i s  tha t  
the gas data represent an integrat ion of radial gas composition prof i les  near the 
reactor  e x i t  while the titanium data are  based on center l ine samples. 
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CONCLUSIONS 

T i t a n i u m  can a c c u r a t e l y  be de te rm ined  i n  cha r  samples by u s i n g  t h e  i n t e r n a l  
s tandard  method o f  XRF c a l i b r a t i o n .  E r r o r s  of i 2-3 p e r c e n t  a r e  i n c u r r e d  most ly  

I from sample p r e p a r a t i o n  i naccu racy .  X-ray f l uo rescence  i n s t r u m e n t  e r r o r  i s  l e s s  
I t han  f 0.4 pe rcen t .  

T i t a n i u m  compounds i n  ash a r e  more s t a b l e  than  t h e  t o t a l  ash c o n s t i t u e n t s  and 
hence p r o v i d e  a s o l i d  phase t r a c e r  t o  complete o v e r a l l  mass balances wi th  inc reased  
accuracy.  Bu rnou t  c a l c u l a t i o n s  a r e  improved by as much as 20 p e r c e n t  a t  bu rnou t  
va lues  l e s s  than  95 p e r c e n t  and w i t h  h i g h  ash l o s s .  Vhen c o a l  b u r n o u t  l e v e l  i s  
above 95 pe rcen t ,  t i t a n i u m  p r o v i d e s  o n l y  1-2 p e r c e n t  i n c r e a s e d  accuracy i n  the 
bu rnou t  c a l c u l a t i o n .  

Up 
t o  60 pe rcen t  o f  t he  ash was l o s t  i n  these combust ion t e s t s .  T h i s  l o s s  i s  t he  sum 
o f  t h e  l osses  due t o  v a p o r i z a t i o n  i n  t h e  f lame and d i s s o l u t i o n  i n t o  the  quench 
water .  

Use o f  t h e  t i t a n i u m  t r a c e r  a l s o  p r o v i d e s  a method o f  c a l c u l a t i n g  ash l o s s .  
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1 7 2  



N Y )  m *  

o a  



BED AGGLOMERATES FORMED B Y  ATMOSPHERIC FLUIDIZED 
BED COMBUSTION OF A NORTH DAKOTA L IGNITE 

Steven A.  Benson, F r a n k  R .  Ka rne r ,  and  Gerald M. Gobl i rsch 
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U n i v e r s i t y  o f  N o r t h  Dakota 
Grand  Fo rks ,  N o r t h  Dakota 58202 

INTRODUCTION 

T h e  goal o f  atmospher ic f l u id i zed  bed combustion (AFBC)  research at  the 
G r a n d  Forks Energy  Techno logy  Cen te r  i s  t o  p rov ide  a data base f o r  design, opera- 
t ion ,  process cont ro l ,  and  emission con t ro l  requ i rements  for low- rank  coals. T h e  
appl icat ion o f  t h e  AFBC process has t h e  potent ia l  t o  solve some o f  the  problems 
associated w i t h  convent ional  combust ion.  These problems a re  .ash fou l i ng  on  heat  
exchange surfaces, t h e  expense a n d  re l i ab i l i t y  of SO2 cont ro l  devices such as 
scrubbers ,  and  t h e  system sens i t i v i t y  t o  fue l  var iables (moisture,  Na20 concentra- 
t ion ,  e t c . ) .  

These problems can b e  reduced by t h e  AFBC process f o r  low- rank  coals be-  
cause t h e  alkaline charac ter is t i cs  o f  t h e  ash o r  sorbent  added d i rec t l y  t o  t h e  com- 
bus t i on  zone p rov ides  t h e  s u l f u r  re ten t i on ,  wh ich  would eliminate o r  reduce t h e  
need f o r  post combustion SO2 con t ro l s .  T h e  temperatures in t h e  combustion zone 
a re  a t  t h e  r i g h t  levels t o  p rov ide  maximum react ion o f  SO2 and alkal i  t o  fo rm solid 
a lka l i  sul fate waste. One problem w h i c h  the  f lu id ized  bed combustion of low- rank  
coals seems t o  e x h i b i t  i s  a tendency  toward  t h e  format ion o f  agglomerates o f  t he  
mater ia l  which are  used t o  make u p  t h e  bed. Agglomerates in t h i s  case are  de f ined 
as a c lus te r  o f  ind iv idua l  bed mater ia l  par t i c les  held together  by a substance no t  
y e t  well understood, and  manifest  in many d i f f e r i n g  fo rms.  T h e  unders tand ing  o f  
t h e  mechanism o f  format ion o f  these agglomerates is  v i t a l  t o  t h e i r  control ,  and there-  
fo re  t h e  fu l l  u t i l i za t ion  o f  low- rank  coal in AFBC.  

Once formed these agglomerates w i l l  t end  t o  decrease heat t rans fe r ,  and f l u id i -  
zat ion qua l i t y  resu l t i ng  in poor  combust ion e f f i c iency  and loss o f  cont ro l  o f  b e d  oper -  
at ional  parameters ( i .e . ,  excess a i r ,  temperature,  e tc . ) .  I n  severe cases t h e  forma- 
t i on  of agglomerates can lead t o  a fo rced  premature  shutdown o f  t h e  system. 

While the  add i t ion  o f  limestone, o r  calc ium bear ing  mater ia ls i n to  t h e  f l u i d  bed, 
o r  t h e  fo rming  o f  t h e  bed i t se l f  b y  l imestone par t i c les  has shown a tendency  t o  in- 
hibit t h e  format ion o f  agglomerates, agglomerates o f  a severe n a t u r e  have been ob -  
se rved  in a bed of l imestone alone, o r  l imestone and sand pa r t i c l e  m ix tu res  whi le 
burning a h i g h  sodium coal f o r  an  ex tended  pe r iod  o f  t ime. 

In general  w i th  a h i g h  sodium coal t h e  agglomeration o f  l imestone bed mater ia l  
i s  dependent  on l y  on the  l eng th  o f  run time, i f t h e  run is  long enough agglomera- 
t i on  in a limestone bed  w i l l  occur ,  and  can  be  as devas ta t ing  as those which occur  
w i t h  a s i l ica bed. 
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GFETC cons t ruc ted  a 0 .2  square meter exper imental  AFBC.  A detai led descr ip-  
T h e  combustor can b e  oper-  t ion  of t h e  unit i s  g i ven  by Gobl i rsch and o the rs  (1). 

ated ove r  a wide range o f  condi t ions as l i s ted  below: 

Average bed temperature - -  700 t o  982OC 

Excess a i r  - -  10 t o  50% 
Superf ic ia l  gas ve loc i ty  - -  0.9-2.7 m/sec 

Ash reinject ion 
(% Of p r imary  cyclone ca tch)  - -  0 t o  100%. 

T h e  nominal coal feed ra te  i s  80 kg/hr a t  1 . 8  m/sec super f i c ia l  gas ve loc i ty  and 20% 
excess a i r .  

T h i s  paper discusses the  performance o f  q u a r t z  o r  l imestone as a bed material 
during the  combust ing o f  high sodium N o r t h  Dakota l i gn i te .  T h e  l i gn i te  i s  f rom the 
Beulah mine o f  Mercer County ,  Nor th  Dakota. T h e  composite coal and  coal ash anal- 
ys is  i s  summarized in Table 1. The  l i gn i te  was pa r t i a l l y  d r i e d  be fore  t h i s  series of 
tests; i t s  as-mined moisture conten t  was 3630, and i t s  heat ing  va lve  15,000 J/g.  

TABLE 1. TYPICAL COAL AND COAL ASH ANALYSIS 
OF HIGH Na BEULAH L IGNITE 

Ultimate Analysis , As F i red  Coal Ash Ana lys is ,  % o f  Ash 

Carbon 
Hydrogen 
N i t rogen 
S u l f u r  
Ash 
Moisture 
Heat ing Valve 
(8372 B t u / l b )  

52.65 3 Si02  
4.59 A 1 2 0 3  
0.75 Fe203 
1.33 T i 0 2  

20.0 CaO- 

Na20  

9.7 p205  

19,459 J /g  MgO 

K 2 0  
so3 

15.8  
12.1 
9 .9  
0.8 
1 .o  

17.5 
6.2 
8.8 
0.0 

27.2 

O the r  impor tan t  considerat ions are t h e  operat ion o f  t h e  combustor and how opera- 
t ional  parameters a f fec t  t he  performance of t h e  bed mater ia l ,  s u l f u r  re ten t ion  on 
coal ash and bed material, and heat t rans fe r .  T h e  most impor tan t  operat ional  para- 
meters of t he  AFBC f o r  t he  tests t o  b e  discussed h e r e  a re  l i s ted  in Table 2. 

TABLE 2. AFBC OPERATIONAL PARAMETERS 

Run Number 
Coal T y p e  
Bed Material 
Average Bed Tempera ture  (OF) 
Super f i c ia l  Gas Veloci ty (M/sec) 
Excess A i r  (%) 
Add i t i ve  
Ash  Reinjection (%) 
Coal Feed Rate ( k g / h r )  

21 81 
Beulah 
Quar tz  
1467 

1 .8  
25.49 

None 
None 

53 

2281 
Beulah 
Limestone 
1460 

2.0 
22.65 

100 
57 

* 

2481 
Beulah 
Limestone 
1450 

1.8 
24.38 

100 
48 

* 

*Add i t ion  o f  supplemental bed mater ia l  t o  maintain bed dep th .  

T h e  tendency  f o r  t h e  bed to  agglomerate has been shown t h r o u g h  extensive 
tes t i ng  t o  depend on t h e  fol lowing parameters:  

1 .  
2. Coal sodium conten t  (increased coal sodium conten t  shows increased 

Bed temperature (h ighe r  tempera ture  increases tendency)  

seve r i t y  o f  agglomeration) 

1 7 5  



3. Bed mater ia l  composition (high calcium conten t  tends  t o  delay, and de- 

4. Ash recyc le  ( increased recyc le  o f  ash tends  t o  increase agglomeration 

5.  There  appears t o  be  a bed  des ign  parameter such as posi t ion o f  coal feed 

crease t h e  seve r i t y  o f  agglomerates formed) 

tendency)  

points,  and d i s t r i b u t o r  p la te  performance wh ich  a f fec t  bed material agglom- 
erat ion.  

T h e  bed mater ia l  used in basel ine run 2181 was 10 mesh q u a r t z  sand. Upon 
s t a r t u p  the  bed was sampled e v e r y  e i g h t  hou rs  f o r  t he  du ra t i on  o f  t h e  69 h o u r  run. 
A t  t h e  end o f  t h e  run t h e  system was cooled and  opened t o  expose t h e  ins ide  o f  the 
combustor.  T h e  bed mater ia l  was removed and several  agglomerates were found, 
wh ich  var ied  in size and shape, w i t h  t h e  la rges t  hav ing  a diameter o f  6 cm. These 
agglomerates were found bo th  f r e e  f l oa t i ng  in t h e  bed  and at tached t o  t h e  inside 
wall o f  t he  combustor.  

T h e  limestone bed mater ia l  was tes ted  in run 2281 us ing  100% ash reinject ion 
f o r  a du ra t i on  o f  73 hours .  T h e  b e d  was sampled in t h e  same manner as 2181. 
T h e  format ion o f  agglomerates in t h e  run was v e r y  minimal w i th  no  major agglomer- 
ates found.  On  t h e  o t h e r  hand,  run 2481 wh ich  used a l imestone bed  r a n  f o r  160 
h o u r s  w i t h  100% ash re in jec t ion  a n d  h a d  severe problems w i t h  agglomeration. A f te r  
t h e  run numerous agglomerates were  f o u n d  loose in t h e  bed. In addi t ion,  a large 
agglomerate was found  on  top  o f  t h e  d i s t r i b u t o r  plate a t  t he  bottom o f  t he  combus- 
t o r .  T h e  agglomerate had  dimensions o f  30.5 cm X 30.5 cm X 12.5 cm; it weighed 
10 kg and  covered 30% o f  t h e  d i s t r i b u t o r  plate.  

T h e  bed mater ia l  and  agglomerates were  charac ter ized  b y  pol ished thin section 
s tudy ,  polar ized l i g h t  microscopy, a n d  scanning electron microscopy/microprobe 
(SEM) - bo th  secondary e lec t ron  (SEI)  and  backscat te r  electron (BE l )  images were 
used. B u l k  samples were analyzed by x - r a y  d i f f rac t i on  and x - r a y  fluorescence. 
T h e  goals in charac ter iz ing  t h e  b e d  mater ia l  a n d  agglomerates are  t o  i d e n t i f y  the 
stages which lead t o  agglomeration and  poss ib ly  pos tu la te  a mechanism o f  t h e i r  forma- 
t i on  t o  the reby  determine methods and  procedures  t o  cont ro l  t h e i r  g rowth .  

RESULTS A N D  DISCUSSION 

Quar t z  Bed Agglomerates 

Agglomerat ion o f  q u a r t z  bed  mater ia l  i s  t y p i f i e d  by run 2181 u t i l i z i ng  h igh-Na 
Beulah l ign i te  and ash in ject ion.  Samples o f  bed  mater ia l  t aken  a t  var ious  in te rva ls  
during t h e  run a re  i l l us t ra ted  in F igu res  1 t o  11 w i t h  chemical analyses data given 
in Tab le  3. T h e  fol lowing f o u r  stages can b e  used t o  summarize t h e  agglomeration 
process : 

Stage 1 .  I n i t i a l  ash coat ing .  

In i t ia l  samples o f  bed  mater ia l  have a f i n e  coat ing,  about  50 microns th ick ,  
cons is t ing  o f  su l fa ted  aluminosil icate par t i c les  (F igu re  1) .  T h e  coat ings contain some 
coarser ash mater ia ls in t h e  o u t e r  p a r t s  and  t h e  i n n e r  p a r t s  have penet ra ted  the  
q u a r t z  g ra ins  s l i g h t l y  along g e n t l y  c u r v e d  o r  cuspate  embayments. T h e  quar t z  
g ra ins  a r e  ex tens ive ly  f rac tu red ,  apparen t l y  as a resu l t  o f  thermal stresses. 

Stage 2. Th ickened nodu la r  coa t ings .  

Longer b e d  usage resu l t s  in t h e  development o f  t h i cke r  ash coat ings about 
100 - 300 microns t h i c k  w i t h  nodu la r  o u t e r  surfaces resu l t i ng  f rom incorpora t ion  o f  
l a rge r  ash par t i c les  (F igu re  2).  Su l fa t i ng ,  shown b y  l i gh te r  colored areas in the  
SEM photographs ,  i s  common w i t h i n  b o t h  t h e  f i n e r  and coarser ash par t i c les  o f  the  
coat ing .  
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\: Stage 3. Su l fa ted  ash-cemented agglomerates. 

I n  t h i s  stage t h e  q u a r t z  g ra ins  a re  loosely he ld  together  by a cement of 
sul fated aluminosil icate ash (F igu re  3 ) .  Penetrat ion of q u a r t z  g ra ins  b y  fine 
gra ined ash is more extensive.  

Stage 4. Glass-cemented agglomerates. 

1 
In t h e  f ina l  stage q u a r t z  g ra ins  a re  bonded b y  su l fa ted  ash wh ich  has 

' p a r t l y  melted and  c rys ta l l i zed  t h r o u g h  react ion of t he  h o t  ash and t h e  quar t z  
g ra ins .  Resul tant cooled agglomerates consist  of q u a r t z  g ra ins  o f  t he  bed  material 

, bonded b y  a m ix tu re  o f  sul fated ash and Ca-r ich,  S-poor glass (F igu re  41, w i th  an 
intermediate react ion zone made u p  of an  S-depleted, S i -enr iched ash po r t i on  w i t h  a 
f r i nge  of meli l i te o r  aug i te  c rys ta l s  p ro jec t ing  i n to  t h e  glass (F igures  5 and 6). 
Some quar t z  g ra ins  a re  p a r t l y  melted and/or  recrys ta l l i zed  t o  c r is toba l i te  o r  o ther  

' 

, phases. 

Limestone Bed Agglomerates 

Agglomeration of l imestone bed  material appears t o  be  dependent  on ash deposi- 
t i on  and sul fat ion combined w i t h  ex tens ive  react ion and  de ter io ra t ion  of t h e  bed 
mater ia l .  

Ash bu i l dup  on  t h e  g ra ins  and su l fa t ing  is  comparable t o  react ions t h a t  occur  
w i t h  t h e  q u a r t z  bed  mater ia l .  However,  t he  limestone g ra ins  appear t o  undergo  the  
fol lowing react ions:  

1 .  Loss o f  CO, and  conversion t o  CaO w i th  add i t ion  o f  S, Fe, Na and  o ther  
elements. These react ions produce concentr ic a l te ra t ion  zones, h i g h  Ca and S con- 
ten ts  and the  redd ish  color t h a t  character izes typ ica l  g ra ins  (F igu re  7 ) .  

2. Cont inued react ion produces  th i cke r  su l fa ted  ash coat ings and more t h o r -  
ough ly  al tered bed g ra ins .  

3. Bed g ra ins  d is in tegra te  ex tens ive ly  and become mixed w i t h  ash coat ings 
p roduc ing  a weakly bonded agglomerate consist ing o f  masses o f  su l fa ted  ash  and 
a l te red  limestone bed  g ra ins  and f ragments  (F igu re  8 ) .  T h e  a l te red  l imestone ap- 
pears to  recrys ta l l i ze  t o  coarse c rys ta l s  o f  anhydr i t e  in a f ine-gra ined ma t r i x  con- 
ta in ing  abundant  Ca, S and  Si ( F i g u r e  9). O the r  phases, no t  y e t  iden t i f ied ,  occur  
in t h e  limestone agglomerates i nc lud ing  c rys ta l l i ne  Fe-Ca oxides as shown in F igu re  
IO, and  o the r  i r o n - r i c h  zones and coat ings.  

Where q u a r t z  and  limestone b e d  materials a re  combined mutua l  in te rac t ions  pro-  
duce react ion zones on t h e  q u a r t z  conta in ing  secondary needles of an unknown 
calcium sil icate mineral  (F igu re  11) .  

B u l k  x - r a y  d i f f rac t i on  analyses were performed on  t h e  bed  material agglomer- 
ates t o  i den t i f y  t he  phases present .  T h e  c rys ta l ine  phases found  in t h e  q u a r t z  bed 
agglomerates from run 2181 i nc lude quar t z ,  a member o f  t h e  series Ca2AI2SiO7- 
Ca2Mg2Si07 wh ich  includes melil i te, and CaS04. T h e  major phases ident i f ied  in the  
l imestone bed agglomerate a re  CaS04, CaSi04 and CaO. T h i s  da ta  suppor ts  t h e  SEM 
microprobe data.  

X - r a y  f luorescence analysis was per fo rmed on  bed mater ia l  sampled cont inua l l y  
t h roughou t  t h e  run t o  determine t h e  changes in composition o f  major ash cons t i tu -  
en ts .  The  most appreciable changes wh ich  occur red  in t h e  q u a r t z  bed run were: 
SiO, decreased f rom 95 t o  47% of  t h e  bed because o f  d i lu t ion ;  SO3 increased t o  243, 
because of adsorp t ion  b y  alkal i  cons t i tuents  o f  t h e  coal ash in t h e  bed; CaO 
increased t o  11% and Na20 increased t o  7% o f  t h e  bed.  T h e  CaO and NazO reacted 
w i t h  t h e  SO3 and adhered t o  t h e  q u a r t z  g ra ins  o f  t h e  bed .  Al2O3, Fez03 and  MgO 
remained re la t i ve ly  constant t h roughou t  t h e  run a f te r  t h e  in i t ia l  e igh t  hou rs .  The  
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components o f  t he  l imestone bed o f  run 2481 changed as fo l lows: CaO decreased b y  1 

d i l u t i on  t o  37% b y  t h e  coal ash; SO3 increased t o  28% b y  adsorp t ion ;  and  Na20 
increased t o  7.7% of  t h e  bed. Si02, A1203, Fez03 and  MgO remained constant 
t h roughou t  the  run a f te r  t h e  i n i t i a l  e i g h t  hou rs .  

T h e  concentrat ions o f  alumina a n d  sil ica remain constant during t h e  run 
ind ica t ing  t h a t  t h e  aluminosil icate c lay  par t i c les  leave t h e  b e d  during combustion. 
On  t h e  o ther  hand,  t h e  calcium ox ide  a n d  sodium ox ide  wh ich  la rge ly  o r ig ina te  from 
t h e  organ ic  s t r u c t u r e  o f  t h e  l i gn i te  a r e  f ree  t o  react w i t h  t h e  SO2 and  bed material 
inc reas ing  the i r  concent ra t ion .  

TABLE 3. CHEMICAL ANALYSIS DATA FOR FIGURE 1 T O  11. 
W T .  % 

OXIDE A 

Si02 10.76 
A1203 11.70 
FeO 4.82 
MgO 5.71 
CaO 18.11 
Na20 12.70 
so3 34.45 

B 

12.45 
11.20 

0.55 
1 . I 4  

32.86 
3.99 

37.25 

C D 

8.22 12.16 
18.94 8.94 
6.94 3.02 

11.86 5.73 
12.63 12.83 
10.14 17.97 
30.80 38.27 

E F G 

31 . E O  47.80 48.32 
19.13 10.03 10.61 
13.14 9.95 9.48 
10.27 4.44 6.26 
19.82 20.28 20.29 
2.04 6.11 3.73 
3.39 0.43 0.52 

OXIDE H I 

Si02 15.50 19.66 
A1203 10.28 0.15 
FeO 0.75 0.37 
MgO 3.84 0.09 
CaO 40.45 53.36 
Na20 1 .91  1.74 
s o 3  21.49 24.39 

J K L M 

12.39 1.81 0.89 31.50 
5 . 1 3  5.91 1.87 8.20 
1 . 1 5  0.32 81.69 0.56 
0.93 0.17 0.91 0.00 

44.23 39.58 13.55 44.19 
0.78 0.40 0.00 2.76 

35.37 51.66 6.33 11.89 

CONCLUSIONS I 

Agglomerat ion o f  t h e  b e d  mater ia l  can be  manifested i n  many d i f f e r e n t  ways 
depending on t h e  chemical composi t ion o f  t h e  bed. T h e  elements wh ich  have a ma- 
jor ef fec t  are sodium, calcium and s u l f u r  wh ich  reac t  w i t h  the  bed  mater ia l  possibly 
forming poss ib ly  a molten phase. T h i s  phase causes o t h e r  ash cons t i tuents  t o  ad- 
here  to  t h e  b e d  par t i c les .  As t h i s  phenomenon reoccurs  many times, agglomeration 
becomes more severe.  
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FIG. 1. I n i t i a l  ash c o a t i n g  on q u a r t z  
bed m a t e r i a l .  SEM/BEI image. A n a l y s i s  
A (Tab le  3 ) .  Run 2181, 40 h r s .  

FIG. 3. Quar tz  bed g r a i n s  l o o s e l y  ce- 
mented by s u l f a t e d  a l u m i n o s i l i c a t e  ash. 
SEM/BEI image. A n a l y s i s  D g i v e n  i n  Table 
3. Run 2181, 69 h r s .  

F I G .  2. Thickened nodu lar  ash c o a t i n g  
on q u a r t z  bed m a t e r i a l .  SEM/BEI image. 
Ana lys is  B o f  f i n e  l i g h t  s u l f a t e d  ash 
and C o f  d a r k e r  i n t e r i o r  o f  coarser  ash 
p a r t i c l e  (Tab le  3 ) .  Run 2181, 54 h r s .  

FIG. 4. Quartz bed agglomerate bonded by 
a l t e r e d  s u l f a t e d  ash, bottom o f  the  d o t -  
t e d  boundary ( a n a l y s i s  E); Ca- r ich ,  S- 
poor glass,  t o p  o f  t h e  dashed l i n e  (ana ly -  
s i s  F ) ;  and i n t e r m e d i a t e  f r i n g e  o f  m e l i -  
l i t e  o r  a u g i t e  c r y s t a l s .  SEM/BEI image. 
Run 2181, 69 hrs .  
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FIG. 7 .  Concent r i c  a l t e r a t i o n  zones and 
reac ted  l imestone bed m a t e r i a l .  A n a l y s i s  
H g i v e n  i n  Tab le  3. SEM/BEI image. Run 
2481, 169 h r s .  

180 

FIG. 8. Weakly bonded agglomerate o f  s u l -  
fa ted  ash and a l t e r e d  l imestone bed gra ins  
and fragments. Ana lys is  I and J a r e  g iven 
i n  Table 3. SCM/BEI image. Run 2481, 169 
h r s .  

FIG. 5. T ransmi t ted  l i g h t  image ( p a r -  
t i a l l y  crossed p o l a r s )  o f  lower c e n t e r  o f  
F i g u r e  4 showing l i g h t  q u a r t z  g r a i n ,  g r a y  
g lass ,  and c r y s t a l s  o f  m e l i l i t e  o r  a u g i t e  
c r y s t a l s  p r o j e c t i n g  i n t o  g lass .  
G9 h r s .  

Run 2181, 

F I G .  6. D e t a i l  o f  lower  c e n t e r  o f  Figure 
5, showing d e n d r i t i c  c r y s t a l  form o f  me l i -  
l i t e  o r  a u g i t e .  
Table 3. SEM/SEI image. Run 2181, 69 
h rs .  

Ana lys is  G g i v e n  i n  



F I G  9. Limestone bed m a t e r i a l  a l t e r e d  
t o  coarse c r y s t a l s  o f  Cas04 i n  a f i n e -  
g r a i n e d  m a t r i x  of Ca, S ,  and S i .  
area t o  l e f t  i s  ash c o a t i n g .  
g i v e n  i n  Table 3. SEM/BEI  image. Run 
2481, 169 hrs .  

L i g h t  
A n a l y s i s  K 

FIG. 10. Bladed c r y s t a l s  o f  Fe-Ca ox ides  
i n  l imestone agglomerate. Ash c o a t i n g  t o  
r i g h t .  A n a l y s i s  L g i v e n  i n  Table 3. SEM/ 
BE1 image. Run 2481, 169 h r s .  

F I G .  11. React ion  zone c o n s i s t i n g  o f  sec- 
ondary needles o f  an unknown C a - s i l i c a t e  
m i n e r a l  on a q u a r t z  g r a i n  conta ined i n  
t h e  l imestone bed. A n a l y s i s  M g i v e n  i n  
Table 3. SEM/BEI image. Run 2481, 169 
h r s .  
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Experimental  Research on L i g n i t e  F l u i d i z e d  Bed Combustion 

Yang Min-Shin, Yang Li-Dan, Bao Y i -L in ,  Chin Yu-Kun 

H a r b i n  I n s t i t u t e  o f  Technology 
The Peop le 's  Repub l ic  o f  China 

Burn ing  C h a r a c t e r i s t i c s  o f  L i q n i t e  Fuel  

L i g n i t e  f u e l  i s  h i g h l y  v o l a t i l e  and has a low i g n i t i o n  temperature,  and i s  
consequent ly easy t o  burn.  I n  p r a c t i c e ,  however, when b u r n i n g  low grade l i g n i t e  
f u e l  i n  s t o k e r s  o r  p u l v e r i z e d  coal  furnaces, some d i f f i c u l t i e s  may occur due t o  
h i g h  mois tu re  c o n t e n t  and l o w  ash f u s i n g  p o i n t .  
o f  l i g n i t e  f u e l  i s  above 30% and t h e  sum o f  t h e  m o i s t u r e  conten t  and ash content  
i s  h i g h e r  than 50%. I t s  h e a t i n g  v a l u e  i s  about 2,000-2,500 k c a l / k g  and t h e  ash- 
de format ion  temperature i s  h i g h e r  t h a n  1,100 C.  

I n  genera l ,  t h e  m o i s t u r e  content 

Burning l i g n i t e  f u e l  i n  f l u i d i z e d  beds has many obvious advantages: 

( 1 )  High heat  accumula t ion  of t h e  f u e l  bed. T h i s  p rov ides  a s u f f i c i e n t  heat 
source t o  d r y  and preheat  t h e  l i g n i t e  and h e l p s  h i g h  mois tu re  l i g n i t e  t o  i g n i t e  
i n  t ime,  r e s u l t i n g  i n  a s t a b l e  combustion c o n d i t i o n .  

o f  10 t / h r .  Dur ing  t h e  f i r s t  w i n t e r  of b o i l e r  opera t ion ,  t h e  a i r  r e q u i r e d  f o r  
combustion was d e l i v e r e d  i n t o  t h e  f u r n a c e  b y  drawing i n  o u t s i d e  a i r ,  which was 
approx imate ly  -3OOC. I n  o r d e r  t o  p r e v e n t  t h e  f r o z e n  coal  f rom p a r t i a l l y  m e l t i n g  
i n t o  a l a r g e  lump i n  t h e  coa l  bunker, t h e  bunkers were i n s t a l l e d  outdoors.  
t h e  w i n t e r ,  f r o z e n  c o a l ,  t o g e t h e r  w i t h  i c e  p a r t i c l e s ,  was d e l i v e r e d  d i r e c t l y  i n t o  
t h e  fu rnace v i a  b e l t s .  The w a l l s  became covered w i t h  i c e  f r o s t  l i k e  t h e  o u t s i d e  
o f  a r e f r i g e r a t o r .  D e s p i t e  such d i f f i c u l t  c o n d i t i o n s ,  t h e  combustion process i n  
t h e  furnace was normal and t h e  combust ion was s t a b l e  as l o n g  as t h e  temperature 
o f  t h e  f u e l  bed was above 60OoC. 

Another f a c t o r y  t r i a l  s u c c e s s f u l l y  f i r e d  t h r e e  l i g n i t e s  w i t h  h i g h  mois tu re  

As an example, a f a c t o r y  i n s t a l l e d  a f l u i d i z e d - b e d  b o i l e r  w i t h  steam capac i ty  

Ouring 

c o n t e n t .  The measured c h a r a c t e r i s t i c s  o f  t h e  f u e l s  a r e  g i v e n  i n  Tab le  1 .  

Table 1. T y p i c a l  A n a l y s i s  o f  L i g n i t e s  F i r e d  i n  T r i a l s  

Type I I 1  I 1 1  

Mois tu re  conten t  as f i r e d  ( % )  27.21 46.01 56.82 
Ash conten t  as f i r e d  ( % )  26.2 23.37 16.13 
V o l a t i l e  m a t t e r  as f i r e d  ( % )  24.1 19.83 14.91 
F ixed carbon (%I 22.4 10.43 12.14 
Lower h e a t i n g  va lue  ( k c a l / k g )  2551 1470 1230 

( 2 )  The normal tempera ture  range f o r  f l u i d i z e d  beds i s  850-950°C. T h i s  i s  
much lower  than t h e  l i g n i t e  ash-deformat ion p o i n t ,  and t h e  temperature f i e l d  i s  
even, w i t h  no p o s s i b i l i t y  o f  s l a g g i n g .  

f l y i n g  o u t  of t h e  f l u i d i z e d  bed a r e  n o t  sub jec ted  t o  temperatures above t h e i r  fus ion  
p o i n t .  
convent iona l  furnaces.  

(3 )  Ash e r o s i o n  i s  n o t  u s u a l l y  h i g h .  T h i s  i s  because t h e  f l y - a s h  p a r t i c l e s  

Thus the  e r o s i o n  p o t e n t i a l  of t h e  f l y - a s h  i s  p robab ly  lower  than t h a t  leav ing  
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(4)  Since the operating temperature f o r  a l i g n i t e  f luidized bed boi ler  may 
be r e l a t i v e l y  low, the load range can be much wider. As the temperature of the 
fluidized bed var ies  from 6OO0C to  900°C, the load range f o r  a s ing le  f luidized 
bed can be e a s i l y  varied from 50% t o  100%. 
operation, the minimum load can be fur ther  reduced, resu l t ing  in a much lower 
value t h a n  the low load s t a b l e  operating range of a pulverized-coal furnace. 

no t  serious due t o  the  r e l a t i v e l y  loose character  o f  l i g n i t e  ash. I n  most f luidized 
bed boi lers  operated f o r  many years ,  the erosion of the submerged tubes has  n o t  been 
a problem, although there  may be some exceptions. 

The s p e c i f i c  gravi ty  of l i g n i t e  ash i s  r e l a t i v e l y  low. 
the a i r  pressure of the plenum may have a lower value than when using high 
low-grade coals .  
water. 

Using a separated f luidized bed 

( 5 )  The erosion of the  submerged tubes in l i g n i t e  fluidized-bed boi lers  i s  

( 6 )  For t h i s  reason 

The plenum a i r  i s  usually supplied a t  a pressure of 500mm 

( 7 )  
run of the mine (ROM) l i g n i t e  fuel successful ly  many times when the temperature of 
the fuel bed was about 40OoC. 

(8)  When l i g n i t e  fuel i s  thrown in to  the high-temperature fuel beds, the fuel 
i s  suddenly heated and crumbles e a s i l y  by i t s e l f ,  allowing coal par t ic les  as - f i red  
t o  be very coarse. Operating experiments in Heilang Jiang and Yunnan provinces 
a l so  proved t h a t  the maximum diameter of par t ic les  may be raised t o  20-25 mm, 
s l i g h t l y  reducing power consumption f o r  crushing and making i t  eas ie r  to  s ieve.  

Fluidized Bed Boilers with a Rear-Installed Cyclone Furnace 

A t  present, one of the main problems for  ex is t ing  fluidized-bed boi lers  i s  
low combustion eff ic iency.  The main reason f o r  lower combustion eff ic iency and 
higher unburned combustible so l ids  losses  i s  the high carbon content in the f ly-ash.  
The small par t ic les  may be blown off  the high-temperature f luidized bed,  resul t ing 
in an unburned carbon loss  in the f ly-ash.  

I t ' s  eas ie r  t o  ign i te  a l i g n i t e  fluidized-bed boi le r .  We have ignited 

Another important c h a r a c t e r i s t i c  of l i g n i t e  fuel i s  i t s  high v o l a t i l e  content. 
The heat released from the v o l a t i l e  matter i s  about one-half of the coal heating 
value. 
forming many small coal p a r t i c l e s .  Therefore, one of the important charac te r i s t ics  
for f i r i n g  l i g n i t e  in  fluidized-bed boi le rs  i s  possibly t h a t  more v o l a t i l e  matter 
and small coal p a r t i c l e s  a re  burning in the suspension chamber ( f reeboard) .  

b e t t e r  performance i s  a n  important f a c t o r  in determining the  combustion eff ic iency 
of l i g n i t e  fluidized-bed boi le rs .  One ef fec t ive  measure f o r  reducing the fly-ash 
carbon content i s  using a fly-ash recycle f o r  r e f i r i n g  in  the f luidized beds o r  
applying fly-ash re f i r ing  beds. However, t h i s  will complicate the system and i t s  
construction f o r  small-capacity, fluidized-bed boi le rs .  Prac t ica l ly ,  providing 
high temperature within the suspension chamber ( f reeboard)  may exer t  a n  afterburning 
actior! f o r  various f u e l s .  For t h i s  reason, we suggest l imit ing the  heat exchange 
surface as much as possible or  not placing them in  the freeboard. This will r a i s e  the 
gas temperature in the upper par t  of the furnace as high as possible. The igni t ion 
temperature for l i g n i t e  fuel i s  r e l a t i v e l y  low. 
exer t  s u f f i c i e n t  afterburning act ion on the suspension chamber ( f reeboard) .  
a suf f ic ien t ly  high temperature in the suspension chamber i s  an important condition 
in achieving b e t t e r  combustion. 

I n  addi t ion,  l i g n i t e  p a r t i c l e s  may break u p  during the burning process, 

The optimization of the combustion process in the suspension chamber t o  obtain 

T h u s ,  the  increased temperature will 
Providing 
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Another important condition i s  how t o  organize the aerodynamic f i e l d  of the / 

suspension chamber. 
cyclone furnace,  shown in  Fig. 1 .  Good r e s u l t s  were obtained. Afterwards, we 
designed several dozen fluidized-bed boi le rs  f o r  l i g n i t e ,  the majority using 
rear - ins ta l led  cyclone furnaces. 
the  c h a r a c t e r i s t i c s  of a horizontal cyclone furnace. 

combustibles and oxygen in the gas flow. 
ve loc i ty  between the gas flow and the f ly-ash and thus a n  increase in the diffusion 
veloci ty  of oxygen t o  the f ly-ash.  These e f f e c t s  r e s u l t  in an increased burning / 

veloci ty  f o r  coal par t ic les .  Furthermore, the residence time f o r  fly-ash in the 
cyclone furnace i s  obviously prolonged. 
having a medium diameter. The carbon content for  t h i s  p a r t  of the f ly-ash,  in 
general ,  gives the highest value. I n  addi t ion,  a cyclone furnace c o l l e c t s  dust within I 

the furnace. 
the load on the dust-col lect ing plants .  

Note t h a t  although the dimension of the convex c o l l a r  f o r  cyclone furnace 
o u t l e t s  i s  n o t  l a rge ,  i t s  e f f e c t  on the aerodynamic f i e l d  i s  qu i te  important. The 
scheme f o r  an aerodynamic f i e l d  in  a cyclone furnace with and without a c o l l a r  i s  
shown in  Fig. 2 .  
f o r  cyclone furnaces w i t h  c o l l a r s  i s  much higher t h a n  f o r  those without c o l l a r s .  

Aerodynamic Fields f o r  Horizontal Cyclone Furnaces 

I n  1972, we designed a fluidized-bed boi ler  with a rear - ins ta l led  

The design of t h i s  cyclone furnace i s  based on 
The aerodynamic f i e l d  f o r  a 

cyclone furnace i s  very complex. I t s  complexity a s s i s t s  in s u f f i c i e n t  mixing of ( 
This i s  due t o  the increase in the r e l a t i v e  

This i s  espec ia l ly  t rue  f o r  ash p a r t i c l e s  

I t  may reduce erosion on t h e  convection heating surfaces  and  reduce 

I t  was a l s o  shown by cold modeling t h a t  the separation eff ic iency 

In o r d e r  to  recognize the mechanism f o r  the separating and  afterburning action 
in the  cyclone furnace and  t o  inves t iga te  for  a more reasonable construct ion,  we have 
performed cold modeling for the horizontal cyclone furnace and tes ted the aerodynamic 
f i e l d  in t h i s  type of furnace. 

The maximum p a r t i c l e  s i z e  leaving the cyclone furnace i s  expressed by the  
, following re la t ionship :  

1 .6  
dmax 

where 
I -  

Wt - 
'r = 

r =  

R "  = 

9 
v =  
Ro = 

r =  

w1.4 R u 2  v0.6 
= 13.88 9 

w;* R~ r 

veloci ty  in i n l e t  of cyclone furnace (m/sec) 
radial  veloci ty  (m/sec) 
radius of the  e x i t  ( m )  
spec i f ic  gravi ty  of gas (kg/m ) 
coef f ic ien t  of kinematic viscosi ty  o f  g a s ,  ( m  / sec)  
radius of the lower boundary of i n l e t  ( m )  

3 
2 

spec i f ic  gravi ty  of p a r t i c l e  (Kg/m 3 ) 

From the above, we can approximate the diameter of a p a r t i c l e  in cyclonic 
motion a t  the e x i t  boundary of a cyclone furnace. Some large p a r t i c l e s  of diameter 
above d near the wall wil l  be moved towards the wall and then pass down the wall. 
The oth@Pxlarge Par t ic les  wi l l  continue t h e i r  circumferential movements in various 
values of the radius unt i l  the  wall i s  reached or  t h e i r  diameter i s  reduced t o  less  
than d . The p a r t i c l e s  of diameter l e s s  t h a n  d may be moving with the a i r  flow 
out  ofmetie CYlOne furnace, b u t  the  small par t ic levahear  the wall may a l s o  be 
separated from the gas flow. Therefore, dmax may be considered as the l imi t  of the 
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maximum p a r t i c l e  d iameter  l e a v i n g  t h e  cyc lone furnace. 
spher ica l  d 
4,  c a l l e d  t!Bxpart icle shape c o e f f i c i e n t ,  as a c o r r e c t i o n .  
va lue  be considered as t h e  ac tua l  s i ze .  

of about 94 pm. 
W. If t h i s  va lue  i s  c o r r e c t e d  f o r  p a r t i c l e  s p h e r i c i t y  ( 0  = .66) a value o f  93.72 
W i s  found which i s  v e r y  c l o s e  t o  d,,, f rom t h e  above expression. 

For c o n d i t i o n s  t y p i c a l  o f  an o p e r a t i n g  cyc lone fu rnace,  t h e  maximum p a r t i c l e  
diameter l e a v i n g  t h e  fu rnace f r o m  the  above equat ion  i s  about 320 m. 
f a c t o r y  furnaces t h e  exper imental  va lue  i s  about 500 pin. T h i s  i s  e q u i v a l e n t  t o  a 
s p h e r i c a l  d iameter o f  330 urn ( +  = 0.66) which i s  c l o s e  t o  320 urn. 

Because p a r t i c l e s  a r e  no t  
ob ta ined from the  above equat ion  shou ld  be d i v i d e d  by a c o e f f i c i e n t  

Only a f t e r  t h i s  may the 

For the  c o l d  model ing experiment, t h e  above express ion  f o r  dma g i v e s  a value 
Exper imental  measurements show a maximum p a r t i c l e  & m e t e r  of 142 

For some 

Summarizing, t h e  p r i n c i p a l  causes of a f t e r b u r n i n g  a c t i o n  i n  cyclone furnaces arc?: 

(1 )  Large p a r t i c l e s  o f  f l y - a s h  are  thrown by the  h i g h  c e n t r i f u g a l  f o r c e  toward 
the  w a l l .  These p a r t i c l e s  then pass r a p i d l y  down the  i n n e r  w a l l s  o f  t he  cyc lone 
furnace. Al though these p a r t i c l e s  a re  separated r a p i d l y ,  due t o  t h e  h i g h  r e l a t i v e  
V e l o c i t y  they can be burned up w i t h i n  a s h o r t  t ime.  Since l a r g e  p a r t i c l e s  have 
p a r t i a l l y  burned w i t h i n  t h e  f l u i d i z e d  bed, t h e  carbon c o n t e n t  o f  these p a r t i c l e s  
would no t  be as high. 

circumference w i t h  d i f f e r e n t  r a d i i  u n t i l  they  have burned t o  a s i z e  l e s s  than d ax  
and then leave the  cyc lone furnace. So the  res idence t i m e  o f  t h e  medium p a r t i c T e s  
w i t h i n  the  cyclone furnace i s  g r e a t l y  inc reased r e s u l t i n g  i n  g r e a t e r  char combustion. 

I n  a d d i t i o n ,  t h e  a c t i o n  o f  t h e  c o l l a r  mounted a t  t h e  t h r o a t  f o r c e s  the  a i r  
f l o w  a t  and around the  t h r o a t  t o  change i t s  d i r e c t i o n  r e p e a t e d l y  ( r o t a t i n g  180'). 
Th is  forms an i n t e n s e  t u r b u l e n c e  and r e c i r c u l a t i n g  movement of t h e  p a r t i c l e s  (see 
F ig .  1 ) .  The l a t t e r  r e c i r c u l a t e s  i n  the  cyc lone a x i a l l y  and a t  t he  same t i m e  
r o t a t e s  around t h e  cyc lone a x i s ,  a l s o  i n c r e a s i n g  t h e  res idence t i m e  of t he  p a r t i c l e s  
w i t h i n  the  cyclone furnace. Cold model ing has confirmed t h a t  some medium-size 
p a r t i c l e s  a r e  r o t a t i n g  c o n t i n u a l l y  w i t h i n  t h e  cyc lone fu rnace u n t i l  t he  f a n  i s  
shut down. 

Based upon t h e o r e t i c a l  a n a l y s i s  and some exper imenta l  d a t a  f rom t h e  domest ic 
research u n i t ,  i t  has been found t h a t  p a r t i c l e s  o f  medium s i z e  have the  h i g h e s t  
carbon content,  and t h a t  t h i s  t y p e  of p a r t i c l e s  i s  i n  t h e  m a j o r i t y .  For example, 
exper imental  data o b t a i n e d  i n  the  f l u i d i z e d  bed b o i l e r  b u r n i n g  l o c a l  coa l  a t  
Che-Jiang U n i v e r s i t y  has shown t h a t  t h e  h e a t  l o s s  f o r  p a r t i c l e s  rang ing  from 
0.13 t o  0.375 mm i s  over 70% of t he  t o t a l  heat  l o s s  o f  f l y - a s h .  
these p a r t i c l e s  may be j u s t  t he  r o t a t i n g  p a r t i c l e s  w i t h i n  t h e  cyclone furnace. 
Therefore,  t he  c y c l o n i c  a c t i o n  o f  t he  cyc lone fu rnace may be v e r y  e f f e c t i v e  i n  
reduc ing  the  carbon-content o f  f l y - a s h .  

( 2 )  Based on t h e  above p r i n c i p l e ,  medium p a r t i c l e s  w i l l  move around the  

The m a j o r i t y  o f  

Experimental Research on the .Cyc lone Furnace Under Thermal S t a t e  

The carbon c o n t e n t  o f  t h e  ash samples taken from v a r i o u s  p a r t s  o f  t he  b o i l e r  
f l u e  gas were determined and a r e  summarized i n  t h e  f o l l o w i n g  t a b l e .  
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Table 2. Ash Size Distr ibut ion and Carbon Content i n  
Various Parts  of Flue Gas 

_____ 

Granularity Ash separated i n  Ash in prec ip i ta t ing  Ash i n  dust 
mm cyclone furnace chamber col 1 ec tor  

proportion carbon proportion carbon proportion carbon 
by weight content by weight content by weight content 

% % % % % % 

1.87 1.18 
1 - 2  5.83 1.76 

0.5-1 36.4 1.08 4.64 
0.28-0.5 25.8 1 .3  15.4 18.48 1.25 35.86 
0.09-0.28 24.8 0.93 59.3 9.91 33 18.89 
0.09 5.2 1.05 20.66 4.12 65.18 8.53 

I n  a typical  bo i l e r ,  a two-stage dust  co l lec tor  i s  used. About 60% of the total  
The remaining ash i s  then removed fly-ash i s  col lected i n  t he  prec ip i ta t ing  chamber. 

by the dust co l lec tor .  

scarcely la rger  than 0.5 mm. 
0.5mm will  not leave the cyclone furnace.  This i s  in  accordance w i t h  the r e su l t s  
from the cold modeling experiment. 

Based o n  the above da ta ,  we can draw the following conclusions: 

( 1 )  The ash p a r t i c l e  s i z e  i n  p rec ip i ta t ing  chambers and d u s t  co l lec tors  i s  
I t  i s  reasonable t o  assume tha t  p a r t i c l e s  greater  t h a n  

( 2 )  Ash par t ic les  w i t h  diameters of 0.25 - 0.5mm in the fly-ash have the  
highest carbon content. 
separated from the gas flow i n  t h e  cyclone furnace and i t s  proportion by weight 
i n  t he  fly-ash i s  not high. When a b o i l e r  operates a t  normal capaci ty ,  the average 
carbon content fo r  fly-ash i s  11.85%. This value may be considered r e l a t i v e l y  low. 

( 3 )  The ash p a r t i c l e s  separat ing from the gas flow i n  the  cyclone furnace 

However, most of t h i s  fly-ash s i z e  f rac t ion  has been 

have a s ign i f icant ly  lower carbon content than t h a t  observed in  the ash overflow. 
In general, the medium p a r t i c l e s  of fly-ash have higher carbon content ,  while the 
carbon content of ash p a r t i c l e s  ranging from 0.28 t o  0.5 mm separated in  the cyclone 
furnace i s  only 1.3%. 
cyclone furnaces i s  ra ther  high. 

(about 50%), the ash p a r t i c l e s  burn more completely with the r e s u l t  t h a t  the boiler 
combustion e f f ic iency  increases .  
unburned combustible so l id  losses  a r e  3.8% and the unburned gas losses  a r e  0.67% 
while the combustion e f f ic iency  can be a s  high a s  95.47%. 

When the temperature of  f lu id ized  bed sect ion i s  900°C a t  rated capaci ty ,  the 
gas temperature measured a t  the cyclone furnace e x i t  i s  92OoC, t h a t  i s  the 
temperature difference between the l a t t e r  and the  former i s  2OoC. This shows tha t  
there  are some combustibles s t i l l  burning in  the  suspension chamber and in the 
cyclone furnace. 
suspension chamber and cyclone furnace i s  0.3.  

This shows t h a t  t he  degree of burn-up f o r  ash separated within 

( 4 )  Since the separat ion e f f ic iency  f o r  cyclone furnaces i s  ra ther  high 

During operation periods a t  ra ted capaci ty ,  the 

According t o  ca lcu la t ions ,  t he  t o t a l  f rac t ion  burned i n  the 

In experimental t e s t s  w i t h  another l i g n i t e  f luidized bed boi le r  o f  the same 

The r e s u l t s  of the data  f o r  the above two experiments a r e  bas ica l ly  the same. 

type, the f rac t ion  burned i n  the  cyclone furnace i t s e l f  was found t o  be 0.172. 

I t  can be seen from the  above summary t h a t  the t o t a l  f rac t ion  of combustion in 
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suspension chambers and cyclone furnaces in  f luidized bed boi le rs  i s  r e l a t i v e l y  high. 
Thus the organization of t h e  combustion process i s  highly s igni f icant  in  obtaining 
b e t t e r  bo i le r  combustion e f f ic iency .  

The separation eff ic iency f o r  cyclone furnaces, ' If ,  i s  the r a t i o  of ash 
separated in the cyclone furnace, A G ,  t o  ash leaving the cyclone furnace, G", plus 
the ash separated, A G ,  t h a t  i s  

A G  x 100% nf = G"+aG 

The unburned carbon content of the ash i s  included in  the above expression. The 
r e s u l t s  of the t e s t s  a r e  summarized in  Table 3. 

Table 3. Separation Efficiency f o r  a Cyclone Furnace a s  a 
Function of Ash P a r t i c l e  Size 

Granularity mm >1 0.5-1 0.28-0.5 0.09-0.28 <O.O9 

100 Separating 
eff ic iency nf % 93.7 75.3 39.3 13.7 

\ The average separat ing e f f ic iency  i s  about 50%. 

Conclusions 

( 1 )  Lignite of high moisture content i s  not an easy to  b u r n  f u e l .  A t  present ,  
fo r  typical indus t r ia l  bo i le rs  i n  our country, there  has not been a furnace-type 
which has the  a b i l i t y  t o  burn high moisture content l i g n i t e  f u e l s  economically 
with the exception of f luidized bed furnaces. Burning l i g n i t e  fuel in u t i l i t y  
boi lers  presents many s i g n i f i c a n t  d i f f i c u l t i e s  a l so .  
f luidized bed boi le rs  can successful ly  b u r n  low-grade l i g n i t e  fuel having moisture 
content u p  t o  56.82% or  ash content u p  t o  46.8%. 

Existing experiments show t h a t  

( 2 )  Rear-installed cyclone furnaces have an obvious e f f e c t  of increasing 
oombustion eff ic iency f o r  l i g n i t e  f lu id ized  bed bo i l e r s .  
f o r  bo i le rs  of such types may be a s  high a s  95%. 
prolonging the residence time of the medium p a r t i c l e s  which contain higher carbon 
content within the furnace. This c rea tes  b e t t e r  conditions f o r  carbon combustion. 
The to t a l  f rac t ion  of combustion in  the  suspension chamber and cyclone furnace i s  
about 0.3.  

The separation e f f ic iency  f o r  cyclone furnaces i s  about 50%. 
of par t ic les  having diameters la rger  than 0.5mm may be separated from the gas flow 
i n  the furnace. 
furnaces may be obtained from the  following formula. 

The combustion eff ic iency 
I t s  main function cons is t s  of 

( 3 )  The majority 

The approximate maximum p a r t i c l e  diameter leaving the cyclone 

w1 .4 R , , 2  0 .6  

Wi Ro r 
d:;: = 13.88 
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ir. 
Figure 1. Fluidized-Bed Boiler with Rear-Installed 

Cyclone Furnace 

I collar 

Figure 2. Effect o f  Collars on the Aerodynamic Field 
in a Cyclone Furnace: (a) With Collar. 
( b )  Without Collar. 
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Pilot Plant of a Coal Fired Fluidized Bed Boiler in Japan 

S. Tamanuki 

The Coal Mining Research Center 
Kanda Jinbocho 2-10 Chiyoda-ku 

Tokyo, Japan 

H. Karayama, S .  Kawada 

Kawasaki Heavy Industries, Ltd. 
Babcock-Hitachi K.K. 

A pilot plant of an atmospheric fluidized bed combustion boiler 
which is capable of evaporating 20 t/h at the steam conditions of 
60 atg and 540°C was constructed and started operation at the begin- 
ning of April, 1981. 
A description of the project and its results are presented in this 
paper. 

1. Introduction 

Brief History of FBC -. Development in Japan 

The project named 'Research on Fluidized Bed Combustion Tech- 
nology' was started in 1978 to support Japan's national effort for coal 
utilization technology development. This project has been financially 
supported by the government and steered by a joint committee of several 
related agencies and companies. The Coal Mining Research Center has 
been filling the leading role in this committee since it was organized 
in 1978. 

bench scale units were performed. In parallel with these a feasibility 
study for a 500 MW power generation unit was carried out. 
previously expected advantages of fluidized bed boilers over the 
conventional pulverised coal combustors were examined. 
found that most of the advantages of fluidized bed combustion such as 
the possibility of eliminating flue gas desulfurization and deni- 
trification and the capability of handling wide range of coal types are 
still effective for Japanese social and economical situations. 

The whole program of the fluidized bed boiler development is shown 
in Table 1. A pilot plant with a 20 t/h evaporation capacity was 
constructed in Wakamatsu Thermal' Power Plant of the Electric Power 
Development Co. and the test runs are performed for testing the instru- 
mentations and components and determining the optimum operating 
conditions of the fluidized bed boiler. A survey program on the design 
conditions for various components and devices f o r  a 240 t/h class 

During 1978 and 79 component tests and fundamental studies using 

The 

It has been 
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demonstration p l a n t  i s  a l s o  running. 

Organization 

To ca r ry  o u t  t h i s  p r o j e c t  e f f e c t i v e l y ,  t h e  p i l o t  p l a n t  program 
Steer ing  Committee w a s  o rganized  by The Coal Mining Research Center,  
E l e c t r i c  Power Development C o . ,  Kawasaki Heavy I n d u s t r i e s ,  Ltd.  and 
Babcock-Hitachi K . K .  A s  a sub-committee of t h e  S tee r ing  Committee, t he  
P i l o t  P l a n t  Executive Off ice  w a s  organized. This Off ice  has taken 
charge o f  t h e  cons t ruc t ion ,  t e s t  and ope ra t ion  of t h e  p i l o t  p l an t .  

Wakamatsu P i l o t  P l an t  T e s t  Items 

The planned p i l o t  p l a n t  test i tems a r e  as follows: 
(1)  NOx and SOX emission c o n t r o l  
( 2 )  Reduction of t h e  requi red  quan t i ty  of desu l fu r i z ing  sorbent  
( 3 )  C o n t r o l l a b i l i t y  of t h e  f l u i d i z e d  bed b o i l e r  
( 4 )  R e l i a b i l i t y  of t h e  f l u i d i z e d  bed b o i l e r  
(5 )  Su i t ab le  types  o f  c o a l  
( 6 )  Performance of t h e  dus t  c o l l e c t o r  

2 .  20 t / h  P i l o t  P l an t  

Basic Concepts -_ 

The f l u i d i z e d  bed b o i l e r  c o n s i s t s  o f  a main bed c e l l  (MBC) and 
a carbon burn-up ce l l  ( C B C ) .  The design was made so t h a t  var ious  
imported coa l s  and low grade c o a l s  can be burned. 

Crushed c o a l  has been u s e d  a s  a f eed  c o a l .  Before feeding ,  t h e  
coa l  is pre t rea ted-dry ing ,  c rush ing  screening ,  e t c .  Coal feeding is  
done by both pneumatic f eede r s  and overbed spreaders .  

conveyer and coa r se  g r a i n  coa l  spr inkled  over t h e  f l u i d i z e d  bed by a 
spreader.  The capac i ty  of t h e  feeders  a r e  designed so t h a t  t o t a l  
requi red  q u a n t i t y  of c o a l  can be fed  by one of these  two method. 
Natural  l imestone whose s i z i n g  has been completed a t  the  mine is  used 
a s  a d e s u l f u r i z i n g  so rben t .  The sorbent  i s  f e d  through a pneumatic 
conveyor. 

was made so t h a t  t he  c o l l e c t e d  coa l  ash can be  reburned e i t h e r  i n  MBC 
o r  CBC. 

F ine  g ra in  coa l  i s  f ed  t o  the  bottom of t h e  bed through a pneumatic 

A multi-cyclone is  i n s t a l l e d  a t  t h e  o u t l e t  of t h e  MBC. The design 

A balanced d r a f t  systems i s  used. 
MBC was designed so t h a t  it can be  diveded i n t o  two p a r t s .  The 

i n s t a l l a t i o n  pos i t i on  o f  hea t  exchange tubes  i n  t h e  f r e e  board of MBC 
can be changed. The d u c t  connected to  t h e  r e a r  f l u e  can be removed so 
t h a t  t h e  he igh t  of f r e e  board can be changed. 

Hot s toves  and over  bed burners  are used f o r  s t a r t i n g  up the  
bo i l e r .  
air  condenser. The w a t e r  can b e  reused. 
t r a n s f e r r e d  t o  t h e  ash ya rd  t o  be d iscarded .  

Steam genera ted  by t h e  b o i l e r  i s  changed back t o  water by an 
Discharged ash is wetted and 
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After the fiscal year 1982, the following expansion or modification 
will be made. 
A. A sorbent regeneration unit: applicable for both limestone and 

B. A new dust - collector for testing is planned for the dust discharge 
synthetic sorbent. 

quantity 10 mg/Nm3, and for the gas flow rate of approximately 
1,000 Nm3/h. 

Design Conditions 

( 1 )  Main boiler specification 
Boiler type: Natural and forced circulation type drum 

Evaporation: 20 t/h 
Steam pressure: 
Steam temperature: 54OOC at the outlet of the superheater 
Feedwater temperature: 133°C at the inlet of the fuel economizer 
Boiler efficiency: 87.37% (high calorific value base) 
Fuel consumption: 2,450 kg/h (wet coal base) 
Fuel calorific value: 7,100 kcal/kg (high heating value for dry 

coal. ) 
6,603 kcal/kg (high heating value for wet 
coal 

boiler; indoor type. 

60 kg/cm2 G at the outlet of the superheater 

Combustion flue gas: 20,293 rIm3/h (wet) 

SOX: 95% desulfurization for coal containing 3% S 
NOx: 6 0  ppm for coal containing 1% N and 0 2  6 %  equivalent. 

( 3 )  Properties of planned coal: Refer to Table 2. 
( 4 )  Desulfurizing sorbent: natural limestone an< synthetic sorbent 

( 2 )  Target value of emission control 

Plant Outline -~ 
( 1 )  Boiler 

Fig. 1 shows a section of the boiler elevation. 
The MBC consists of the combustion furnace which is composed 

of a natural circulation membrane structure water wall and the 
refactory wall rear flue. In the fluidized bed with a 2.17 m x 
4.34 m area, the forced circulation type evaporator by a boiler 
circulating water pump and the primary and secondary superheaters 
are installed. The fluidized bed is divided into two parts so that 
one side operation can be done. 

installed. This evaporator, as shown in Fig. 2, can be removed to 
the free board of the combustion furnace or rear flue. This, 
together with a change in the installation level of the duct 
connecting to the rear flue, enables the test for a change in free 
board conditions. In the free board of the combustion furnace, 
double stage combustion air feeding ports ( 8  rows x 5 stages) are 
installed to enable various comparison tests to be conducted. 

0.91 m). In the free board of the CBC, a fuel economizer is 

Outside the bed, the evaporator and flue economizer are 

CBC is composed of a natural circulation water wall (0.91 m x 
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installed. 
Overflow ash is 

cooled by air. To monitor the temperature distribution in the 
fluidized bed and the temperature behavior in the major parts of 
the boiler tubes, tens of thermocouples are installed and 
connected to a data processor evaluate and analyse the test 
operating conditions and performance of the boiler. 

The height of the overflow is variable. 

( 2 )  Coal and Limestone Feeder 
The coal charged into the feed coal hopper is temporalily 

stored in the feed coal bunker and sent to the dryer to remove 
moisture, then crushed screened for classification into fine and 
coarse fractions of coal. 

The coal dryer of an indirect steam heating type. 
Coal is crushed in two stages before drying. Limestone whose 

grain size has been adjusted at the mine is used and supplied into 
MBC together with fine grain coal through pneumatic conveying. 

( 3 )  Instrumentation 
The instrumentation of this plant consists of the boiler 

control system, a centralized operation monitoring system and a 
precessing system. The data further can be displayed on the color 
CRT screen. 

(4) '  Ash handling Equipment 
Ash discharged from the overflow pipe of MBC and CBC is 

cooled and sent to the overflow tank, then sent to the ash storage 
silo by the pneumatic conveyer system. 

3 .  Present State of the Test 

Outline of the results of the operation up to June, 1981 together 
with several examples of the operation data are as follows: 
(1) Operation Results 

Since coal feeding started in early May, 1981, operation time 
has accumulated to 628 hours by September, 1981. Taiheiyo coal, 
typical low sulfur non swelling bituminous coal of Japan, is 
currently used. Properties of this coal and limestone are shown 
in Table 3 and Table 4 respectively. 

The size of coal is -6 mm and the average particle diameter 
is about 2.5 mm. The limestone size is -3  mm. 

Up to now so far, 10 cold starts and 17 hot starts have been 
carried out. 

( 2 )  Operation Data 
Table 5 shows an example of operation data. In the Table, 

the NOx values are from the single stage and two stage combustion. 
These values are sufficiently low compared to the values of the 
government regulation. The SOX value is for the present low S 
coal. The desulfurization performance will be checked by using 
medium S coal in later test. 
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MBC CBC 

Fig. 1 Boiler Structure 
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F i g .  2 .  Possible  conf igu la t ion  of f r e e  

i n  2 0  t/h Flu id ized  Bed Boiler  

ri 

board and tube arrangement 

Test  Module 

Table 1 .  F lu id i zed  Bed Boiler  Development Program 

Fiscal year 

Preliminary study 

Feasibility study 
500 MW plant 

20 t/h pilot plant 

240 t/h dernon- 
stration plant 
(75 MW class) 
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Table 2. Coal Properties 

High Heating Value lKcal/kgl 

\ 

6330 

urface moisture 

Moisture 1%) 

Ash 1 % )  

Volatile matter 1 % )  

Fixed carbon ( % I  

C 1%) 

H 1%) 

N 1 % )  

0 1 % )  

Total sulfure 1 % )  

Planned coal I 
7100 I i 
11.0 

Table 4 .  Properties of Limestone 

u c m c 

E 
0 U 

Analysis 

Table 3. PrOpertlcS Of Coal 

~~ 

55.38 

0 .30  

0 . 2 8  

0.03 

0 .10  

0.90 

Type of coal 1 Taiheiyo cosy 

Surface moisture 1 % )  

Moisture 1 % )  

Ash 1 % )  

Volatile matter 1 % )  

Fixed c a r b o n  ( 8 1  

C 10) 

H I01 

N 1 % )  

0 1%) 

Combustible s I81  

Incombustible S 1 % )  

1 . 6  

3.0 

15.3 

44.2 

37.5 

64.1 

5 .e 
0.8 

13.4 

0.1 

0.1 
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RESEARCH AND DEVELOPMENT OF COAL-FIRED 
FLUIDIZED-BED BOILER 

Bao Dong-wen and Ruan Yi-shao 

Research and Development Divis ion 
Dong-fang B o i l e r  Works 

Zigong, Shichuan,  China 

INTRODUCTION 

The power i n d u s t r y  i n  many c o u n t r i e s  i s  now f a c i n g  a problem: how t o  achieve 
t h e  i n e v i t a b l e  s h i f t  from o i l  and n a t u r a l  gas t o  coa l  and low-grade coa ls  
while  remaining i n  compliance with the  r e g u l a t o r y  l i m i t s  on emissions. 
Fluidized-bed combustion (FBC) h a s  demonstrated i ts  p o t e n t i a l  t o  s o l v e  t h i s  
problem, because i t  has  t h e  advantages of  a d a p t a b i l i t y  t o  low-grade c o a l s  and 
f e a s i b i l i t y  f o r  s u l f u r  emissions c o n t r o l .  Due t o  FBC's r e l a t i v e l y  low com- 
bust ion temperatures ,  NOx emissions from a f l u i d i z e d  bed a r e  lower than those  
from convent ional  furnaces .  

A s  a new technology i t  is n a t u r a l  t h a t  t h e r e  a r e  many technica l  problems t o  be 
inves t iga ted  and d i f f i c u l t i e s  t o  be overcome i n  t h e  development of  
f luidized-bed b o i l e r s  (FBB). 

Since 1971, Dong-fang B o i l e r  Works (DBW) has c a r r i e d  out developmental work i n  
FBB i n  the  fol lowing a r e a s :  

o Combustion e f f i c i e a c y .  

o Arrangement of  f loidized-bed hea t ing  sur faces .  

o Immersed superhea ter .  

0 Eros ion  of immersed tubes.  

o S ta r t -up  of f l u i d i z e d  bed. 

A 463 x 324 mm FBC t e s t  u n i t  was b u i l t  to  i n v e s t i g a t e  methods of  improving 
the combustion e f f i c i e n c y  of the  FBB. Later ,  a 24 t / h  s t o k e r - f i r e d  b o i l e r  
was converted i n t o  an FBB by DBW. It has now been s u c c e s s f u l l y  operated f o r  
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more than 3 years ,  s i n c e  1977. 
f a c t o r y  to  the user .  
b o i l e r .  

The performance of t h e  u n i t  has  been satis- 
Figure 1 shows the  genera l  arrangement of t h i s  modified 

Its major parameters a r e  a s  fol lows:  

Steam capac i ty  24 t / h  2 

Steam pressure  32 kg/cm 
Superheated steam 

temperature 45OEC 
Feed water temperature 150 C 
Gas temperature a t  

Designed f u e l  Bituminous coa l  
b o i l e r  e x i t  20o0c 

Natural c i r c u l a t i o n  was adopted f o r  the  immersed evapora t ing  sur face .  
da te  no problem i n  water  c i r c u l a t i o n  has occurred. An experimental  immersed 
superheater  was placed i n  the  bed and i ts  behavior observed. For d i s t r i b u -  
t i o n  of combustion a i r ,  a r e f r a c t o r y  covered bubble cap p l a t e  was i n s t a l l e d .  
I n  order  t o  f a c i l i t a t e  bed s t a r t - u p  and load changes, t h e  windbox was divided 
i n t o  four  s e p a r a t e  compartments. Because bituminous c o a l  was t o  be used,  no 
carbon recycl ing was considered;  thus  the u n c e r t a i n t y  of  a recyc le  system was 
avoided. The once-through combustion e f f i c i e n c y  ( i . e . ,  wi thout  reburning of  
e l u t r i a t e d  f i n e s )  was measured as 94.8 t o  95.5 percent .  

TEST RESULTS AND DISCUSSION 

A- Combustion Eff ic iency  

To 

When compared with pulver ized coal  f i r i n g ,  carbon l o s s e s  from a f l u i d -  
ized bed a r e  high a s  a r e s u l t  o f  t h e  r e l a t i v e l y  coarse  coa l  p a r t i c u l a t e s  
and low combustion temperature. Combustion e f f i c i e n c y  depends on t h e  
bed v e l o c i t y  and temperature ,  excess  a i r ,  and on t h e  coa l  charac te r -  
i s t i c s  (which have s i g n i f i c a n t  in f luence  on carbon l o s s e s ) .  Coal with 
high ash conten t  and l e s s  v o l a t i l e  mat te r  would have lower combustion 
e f f ic iency .  The fol lowing experimental da ta  from the  t e s t  r i g  demon- 
s t r a t e  t h a t  c.e. va lues  i n  burning d i f f e r e n t  c o a l s  may d i f f e r  g r e a t l y ,  
even when the  s u p e r f i c i a l  ve$oci ty ,  bed temperature ,  and excess  a i r  r a t e  
a r e  approximately the  same. 

V o l a t i l e  mat te rs  Ash 
on combustible on a n a l y t i c a l  Tota l  

b a s i s  b a s i s  carbon l o s s e s  

Bituminous coa l  35.48 31.40 3.77 

Lean coa l  17.50 39.04 10.67 

C o l l i e r y  wastage 48.09 76.50 7.95 

I f  a n t h r a c i t e  i s  burned, carbon l o s s e s  w i l l  be h igher  than the  above 
values .  
requi re  s i g n i f i c a n t l y  increased combustion e f f i c i e n c i e s .  

It is evident  t h a t  a p p l i c a t i o n  o f  FBC i n  u t i l i t y  b o i l e r s  w i l l  
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TWO approaches f o r  improving combustion e f f i c i e n c i e s  a r e :  us ing  a car-  
bon burnup bed (CBB) and f l y  a s h  r e i n j e c t i o n  i n t o  the  main f l u i d i z e d  
bed. 

The e f f e c t  o f  the  CBB w a s  examined us ing  the  463 x 324 mm r i g .  
t e s t s  showed t h a t  with t h e  use  of  a CBB (an e f f i c i e n c y  of  80 percent  was 
assumed f o r  the  cyclone dus t  c o l l e c t o r ) ,  combustion e f f i c i e n c i e s  may 
reach va lues  of 97.5-98.0 percent  when bituminous o r  l ean  coa ls  a r e  
burned. 

The 

The recyc l ing  o r  r e i n j e c t i n g  of e l u t r i a t e d  f i n e s  has  not  been t e s t e d ,  
but judging f r o m  the  l i t e r a t u r e  of o t h e r  c o u n t r i e s  and experiences i n  
a p p l i c a t i o n  o f  carbon r e c y c l i n g  i n  some FBB i n  China, we can say  t h a t  
p a r t i c u l a t e  recyc l ing  ( e s p e c i a l l y  f o r  c o a l s  with high v o l a t i l e  mat ter  
conten t )  i s  a l s o  an e f f e c t i v e  measure. 
e f f i c i e n c y  of a bituminous c o a l - f i r e d  combustor may a t t a i n  - 98 percent. 

When a CBB i s  used,  i n  order  t o  avoid high dus t  loading ,  the  gas  stream 
from t h e  CBB must be d i r e c t e d  t o  an i n d i v i d u a l  gas  f l u e .  Therefore ,  the 
CBB is  i n  essence a s e p a r a t e  f lu id ized-bed  b o i l e r ,  which opera tes  a t  
d i f f e r e n t  condi t ions  from t h e  main bed and needs i t s  own p a r t i c u l a t e  
removal system. In a d d i t i o n  t o  being a more complex system, the  r e l i a -  
ble  combined opera t ion  of a CBB with t h e  main f l u i d i z e d  bed i s  r a t h e r  
d i f f i c u l t  because of  the  i n e v i t a b l e  f l u c t u a t i o n  of coa l  c h a r a c t e r i s t i c s  
and t h e  main bed e x p l o i t a t i o n ;  t h e  recyc le  system i s  much s impler .  The 
main disadvantage of  r e c y c l i n g  t h e  dust  recovered f r o m  the  dus t  
c o l l e c t o r  i s  the  r e s u l t i n g  high d u s t  loading  of  t h e  gas stream. The 
eros ive  c h a r a c t e r i s t i c s  of  the  dus t  must be determined by opera t ing  a 
demonstration u n i t  over  an extended per iod of  time. 

I n  o u r  view, with regard t o  i n d u s t r i a l  FBB, the  carbon recyc l ing  system 
may be more d e s i r a b l e  i n  most cases .  Where l e s s  r e a c t i v e  coa l  such a s  
a n t h r a c i t e  is  burned and t h e  h igh  combustion e f f i c i e n c i e s  which a r e  
required f o r  a u t i l i t y  b o i l e r  a r e  pursued, t h e  CBB system may have t o  be 
used. 

For example, t h e  combustion 

The even d i s t r i b u t i o n  of coa l  over  the bed has proved t o  be of s i g n i f i -  
cance f o r  a t t a i n i n g  good combustion e f f i c i e n c y .  I t  has been reported 
t h a t  s a t i s f a c t o r y  coa l  d i a t r i b u t i o n  can be achieved i f  one feed poin t  i s  
provided f o r  every 0.84 m of bed a rea .  This  would r e s u l t  i n  near ly  
70 poin ts  f o r  a 130 t / h  u n i t .  In order  t o  meet the  above requirement, a 
pneumatic method of t r a n s p o r t i n g  crushed coa l  may be necessary. How- 
ever ,  f o r  l a r g e  FBB (e .g . ,  200 MW u n i t s )  the  feed l i n e s  and c o n t r o l  sys- 
tem would become very  complicated;  t h e r e f o r e ,  a method t o  improve the  
a rea  per  feed point  must be found i f  the  pneumatic feed system i s  t o  be 
s impl i f ied .  

For purposes of t h i s  t e s t  a pneumatic feed system was not considered,  
but  four  screw-type c o a l  f e e d e r s  were i n s t a l l e d  on t h e  f r o n t  wal l .  The 
a rea  o f  d i s t r i b u t i n g  p l a t e  f a r  t h e  24th FBB u n i t  was 8 m ; t h i s  provided 
one feed poin t  f o r  every 2 m bed area .  To promote even coa l  d i s t r i b u -  
t i o n ,  a coa l  spreading method was developed. 
method on the  24 t /h  FBB u n i t  o n l y  two f e e d e r s  were put  i n t o  opera t ion ,  

During the t e s t s  of t h i s  
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which temporar i ly  r a i sed  the  a r e a  pe r  feed  po in t  t o  4 m . 
demonstrated t h a t  when the  spreading device was used, combustion 
e f f i c i e n c i e s  were increased by 3.5-5.0 percent.  

Arrangement of Bed Heating Surface 

Ver t i ca l  immersed tubes  a r e  gene ra l ly  used f o r  small FBB. They a r e  
convenient f o r  maintenance, and a r e  more r e s i s t a n t  t o  ab ras ion  than 
ho r i zon ta l  tubes.  

For  l a r g e r  u n i t s ,  t o  a l low the  necessary su r face  area required to  be 
placed i n  the  bed, h o r i z o n t a l  o r  i n c l i n e d  buried tubes  (s taggered o r  
i n - l i ne )  a r e  gene ra l ly  adopted. It  i s  common knowledge t h a t  s o  f a r  as 
convection su r faces  are concerned, s taggered tubes  have higher  hea t  
t r a n s f e r  r a t e s  than tubes  arrayed in - l ine .  Given t h i s  information,  is 
i t  s t i l l  c o r r e c t  t o  use immersed tubes  i n  FBB? To answer t h i s  ques t ion ,  
spec ia l  comparison tests were c a r r i e d  out.  The r e s u l t s  showed t h a t ,  
owing t o  the  s p e c i f i c  n a t u r e  of the  in-bed hea t  t r a n s f e r ,  hea t  t r a n s f e r  
coe f f i c i en t s  f o r  the i n - l i n e  a r r a y  of tubes  f u l l y  compared with those  
f o r  s taggered tubes.  

I n i t i a l l y ,  t he  immersed tubes  of t he  24 t / h  u n i t  were s taggered.  
the  u n i t  was put  i n t o  ope ra t ion ,  i t  was immediately discovered t h a t  
excessive pu l sa t ions  occurred and the  e ros ion  r a t e s  o f  t he  staggered 
inc l ined  tubes  and t h e  f i r e  b r i c k  wa l l s  were high. 

On the  b a s i s  of the  above tes t s ,  i t  was decided t o  change the  s taggered 
tubes i n t o  i n - l i n e  a r r ay .  After t h e  modif icat ion t h e  steam output  was 
maintained, the  f l u i d i z i n g  q u a l i t y  became normal, and the  abrasion rates 
were reduced. 

It was 

B. 

When 

C. Immersed Superheater  

An i n d u s t r i a l  FBB can be designed with only an  evapora t ing  su r face  i n  
the bed; t h i s  appears  adequate t o  absorb the  r equ i r ed  amount of  hea t  
from the bed. I n  c o n t r a s t ,  a c e r t a i n  po r t ion  of t he  superheat ing o r  
r ehea t ing  su r face  of a u t i l i t y  b o i l e r  must be placed i n  t h e  bed i n  addi- 
t i on  t o  the  generat ing immersed su r face .  It seems u s e f u l  t o  examine 
some problems of t he  buried superheater .  

Because ofnthe,high hea t  t r a n s f e r  t o  immersed tubes  ( g e n e r a l l y  220- 
250 kcal/m 'h' C ) ,  i t  is  o f  g r e a t  importance t o  f i n d  ou t  whether t he  
wal l  temperatures of buried supe rhea te r  tubes  w i l l  exceed the  l i m i t s .  To 
t h i s  end, t he  c h a r a c t e r  of t he  hea t  f l u x  d i s t r i b u t i o n  along t h e  pe r i -  
phery of an immersed tube  must be determined. Spec ia l  t e s t s  showed t h a t  
t h i s  d i s t r i b u t i o n  was uneven, and s u r p r i s i n g l y ,  t he  h ighes t  hea t  f l u x  
poin t  was found a t  the  upper p a r t  of a h o r i z o n t a l  buried tube (Fig- 
ure  2).  
cen t  ( i n  some cases even more), which means t h e r e  e x i s t s  an i n t e n s e  
c i r c u l a t i n g  flow o f  p a r t i c u l a t e s  w i th in  t h e  "cap area" above the  
immersed tube. Figure 3 i l l u s t r a t e s  t he  approximate manner of 
p a r t i c u l a t e  c i r c u l a t i o n .  

The maximum h e a t  f l u x  exceeded the  average value by 15-30 per- 
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642 x 5.5, 12 Cr/MoV s t e e l  tubes were used f o r  t h e  experimental sub- 
merged superheater .  
steam temperature - 420 C. 
f ace  of the  lower p a r t  of  two buried superhea ter  tubes. No thermocouple 
was placed on ? upper p a r t  of the  tubes ,  because it was thought t h a t  
the  maximum hea t  f l u x  a r e a  must be a t  the  lower h a l f  per iphery ;  thus ,  
the  maximum tube wal l  temperature  was n o t  mepure$. The temperatures  
taken from the lower h a l f  per iphery were 530 -550 c -  It was c l e a r  t h a t  
the  w a l l  temperature  a t  t h e  top of the  tubes  must have been higher .  
Af te r  about 3 months of opera t ion ,  a metal lographic  examination was made 
of t h e  tube. It was found t h a t  grade 3 s p h e r i o d i z a t i o n  had taken place 
a t  the  top of the,tube, which meant t h a t  a l though the steam temperature 
was a s  low a s  420 C ,  us ing  t h e  12Cr/MoV s t e e l  tube was not  sa fe .  
appears  t h a t  the tube wal l  temperature must be considered c a r e f u l l y  and 
h igh-qual i ty  hea t  r e s i s t a n t  a l l o y  s t e e l  w i l l  have t o  be used when 
superhea t ing  or  rehea t ing  s u r f a c e s  need t o  be placed i n  t h e  bed. 

The p r o t e c t i o n  of t h e  immersed superhea ter  during s t a r t - u p  and bed 
slumping was a l s o  of cons iderable  concern. A s  opera t ing  experience had 
proved, the  buried superhea t ing  tube temperature  would n o t  exceed the 
allowed value during s t a r t - u p  and slumping, provided the sur face  was 
arranged proper ly  and p a r t i a l  bed s t a r t - u p  sequence ( a  p o r t i o n  of  the  
bed where the  immersed superhea ter  is l o c a t e d ,  l i t  up only a f t e r  an 
adequate steam flow is  e s t a b l i s h e d )  was adopted. 
be shut  down and the  bed slumped, the immersed superhea ter  would be 
safe .  The immersed superhea ter  was arranged above t h e  slumped bed and 
i t s o w a l l  temperatures ,  measured during slumping, were a l l  lower than 
570 C. The temperatures  measured p the  space between t h e  superhea ter  
and slumped bed did not  exceed 600 C. 

The temperature  d i s t r i b u t i o n  over  the  bed was r e l a t i v e l y  even, and the  
devia t ion  i n  hea t  absorp t ion  among the i n d i v i d u a l  tubes was not g r e a t .  
Generally speaking,  t h e  d e v i a t i o n  c o e f f i c i e n t  is  about 1 . 1 ,  provided the  
sur face  is a p p r o p r i a t e l y  designed. The temperature  g r a d i e n t  a long the  
feeder  a x i s  may be somewhat g r e a t e r ;  t h e r e f o r e ,  t h e  tubes  o f  an immersed 
superheater  would p r e f e r a b l y  be or ien ted  i n  p a r a l l e l  with t h e  feeder  
a x i s  ( a s  shown i n  F igure  1 ) .  I f  bed temperature  unevenness along t h e  
feeder  a x i s  is s i g n i f i c a n t  and the superhea ter  tubes a r e  a t  r i g h t  angles  
to  t h e  feeder  a x i s ,  h igher  d e v i a t i o n  c o e f f i c i e n t s  o f  1.20-1.26 may be 
reached, depending on the bed temperature g r a d i e n t .  

Thg steam v e l o c i t y  was .. 35 m / S  and the mean e x i t  
Thermocouples were placed on the o u t e r  sur- 

It 

When t h e  b o i l e r  was t o  

D. Erosion of  Immersed Tubes 

A t  p resent ,  r a t h e r  coarse  coa l  p a r t i c u l a t e s  a r e  g e n e r a l l y  used i n  China. 
Consequently, high f l u i d i z i n g  v e l o c i t y  has been adopted. Many years  of 
opera t iona l  p r a c t i c e  has shown t h a t  i n  most cases  the abras ion  of 
inc l ined  buried tubes  i s  very severe .  
s t e e l )  with a th ickness  of 3 rnm may wear out  a f t e r  only - 4000 hours of 
operat ion.  The most s e r i o u s  abras ion  u s u a l l y  occurs  i n  the  f i rs t  
(lower) r o w  of i n c l i n e d  buried tube sur faces .  Along the  i n c l i n e d  tubes 
c e r t a i n  more s e v e r e l y  abraded s e c t i o n s  can be observed. The abras ion  
r a t e  is very uneven along the  tube per iphery.  Figure 4 i l l u s t r a t e s  the  
severe abras ion  o f  a 20-carbon s t e e l  tube with a th ickness  o f  6.25 mm 
(no a n t i a b r a s i v e  t reatment  used)  a f t e r  8682 hours  of opera t ion .  

For example, tubes  (20 carbon 

The 
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abrasion r a t e  a t  t h e  bottom of the  tube is three  times a s  high as t h a t  
a t  the top. 
were t r i e d ,  and some of them have showed e f f e c t .  However, when 
r e l a t i v e l y  hard c o a l s  a r e  burned these  measures can only  extend tube 
l i f e  to  a c e r t a i n  degree,  t h e r e f o r e  the  abras ion  problem cannot be 
regarded as solved. Ligni te - f i red ,  f luidized-bed b o i l e r s  may be the  
Only exception. The e ros ion  r a t e  of  t h e i r  immersed tubes  is n o t  high,  
owing t o  the  s o f t n e s s  and l i g h t  weight of  the  l i g n i t e .  

I t  seems t o  u s  t h a t  l o w  f l u i d i z i n g  v e l o c i t y  should be accepted as t h e  
primary measure f o r  extending t h e  l i f e  of immersed tubes ,  with 
addi t iona l  a n t i a b r a s i v e  t reatment  when necessary. This  may be the f i n a l  
s o l u t i o n  t o  the  e ros ion  problem. 
low f l u i d i z i n g  v e l o c i t y  may o f f e r  o t h e r  b e n e f i t s  such a s  h igher  
combustion e f f i c i e n c y ,  b e t t e r  SO2 absorp t ion  (when l imestone o r  dolomite 
i s  added t o  beds where h igh-su l fur  coa l  i s  burned) ,  and the  p o s s i b i l i t y  
of using shallow beds t o  reduce the  amount of  blower power required.  I n  
order  t o  l e s s e n  the  abras ion  r a t e ,  t h e  immersed tubes should be 
reasonably arranged t o  avoid excessive p u l s a t i o n s  and gas  flow 
imbalances i n  the  bed. 

Several  types of a n t i a b r a s i v e  t rea tments  f o r  immersed tubes 

Besides t h e  diminished tube abras ion ,  

E. S ta r t -up  of  F lu id ized  Bed 

The process  of s t a r t - u p  i s ,  i n  essence,  t o  hea t  the  bed m a t e r i a l  t o  a 
temperature high enough f o r  s t a b l e  combustion of coal .  It seems very 
simple, bu t  when b o i l e r  s e r v i c e  is i n i t i a t e d  o p e r a t o r s  o f t e n  run i n t o  
t rouble .  

"Fixed s t a t e "  s t a r t - u p  i s  a method adopted i n  the  i n i t i a l  per iod of FBB 
development i n  China. In  t h i s  process ,  t h e  bed remains f ixed  a t  the  
beginning of s ta r t -up .  When the bed m a t e r i a l  has  been heated t o  the  
appropr ia te  degree,  t h e  bed i s  tranformed from a f ixed  t o  a f l u i d i z e d  
s t a t e  and cont inues t o  be heated t o  the requi red  temperature. During 
the  s t a r t - u p  process ,  c l i n k e r i n g  o r  flame f a i l u r e  may e a s i l y  take place 
i f  the hea t  balance is not  proper ly  c o n t r o l l e d .  
a g r e a t  e x t e n t  on the  o p e r a t o r ' s  experience,  so  i t  is not  completely 
r e l i a b l e .  Furthermore, the  time required f o r  s t a r t i n g  up is  r a t h e r  
long. 

Through the  search f o r  a b e t t e r  method, t h e  s o  c a l l e d  " f l u i d i z e d  s t a t e "  
s t a r t - u p  technology has  been developed. The major f e a t u r e  of  t h i s  
process i s  t h a t  the bed is brought t o  f l u i d i z a t i o n  a t  t h e  very beginning 
of s ta r t -up .  The f l u i d i z e d  bed is heated up by an o i l  burner ;  the  
heat ing is uniform and steady. 
4 mz can be heated from ambient temperature t o  900 -1000 C. 
quicker  than the  " f ixed  s t a t e "  method, and o i l  consumption can thus be 
reduced. Figure 5 shows a t y p i c a l  bed s t a r t - u p  curve i n  which the 
" f lu id ized  s t a t e "  method was used. 

Explo i ta t ion  depends t o  

I n  10-20 minutes ,  8 bed Bi th  an a r e a  of 
It i s  much 

CONCLUSION 

The main reason f o r  developing f luidized-bed b o i l e r s  i n  China is to  burn 
high-ash coa l  of  low c a l o r i f i c  va lue ,  and t h u s  broaden the  scope of energy 
resources .  This appears  t o  be e s p e c i a l l y  important  i n  the southern pro- 
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vinces .  P r a c t i c e  over a number o f  years  has  ind ica ted  t h a t  FBB a r e  
promising, a t  l e a s t  f o r  i n d u s t r i a l  b o i l e r s  and small  e l e c t r i c i t y  genera t ing  
u n i t s  i n  China. The a p p l i c a t i o n  of  FBB t o  u t i l i t y  power p l a n t s ,  however, 
depends on f u t u r e  development, economic f a c t o r s ,  and the success  of 
in te rmedia te  demonstration u n i t s .  

There is no doubt t h a t  many a r e a s  s t i l l  need f u r t h e r  i n v e s t i g a t i o n  and t h a t  
equipment could be improved, b u t  we a r e  convinced t h a t  a good s t a r t  has 
a l ready  been made. Dong-fang B o i l e r  Works now produces commercial FBB with 
steam capac i ty  of up t o  35 t / h .  
e r a t i o n .  

Units  of g r e a t e r  capac i ty  a r e  under consid- 

f i g .  f - 24 fluidized Bed Boi ler  ( m o d i f i e d )  

5 : vm: 51 3 : 4 
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A DATA ACQUISITION AND CONTROL SYSTEM FOR A 
FLUIDIZED BED COMBUSTION U N I T  

13. V. Church and D. G. Pincock 
Applied Microelectronics  I n s t i t u t e ,  P .  0. Box 1000, 

Hal i fax,  Nova Sco t i a  B 3 J  2x4 

INTRODUCTION 

The Centre f o r  Energy Studies  a t  t he  Technical University of Nova Sco t i a  i s  
cu r ren t ly  developing a small scale f l u i d i z e d  bed combustion u n i t  f o r  domestic heat- 
i n g  purposes. The E l e c t r i c a l  Engineering Department a t  the  University w a s  cal led 
upon to  provide the  e l e c t r o n i c s  necessary t o  con t ro l  and gather  operat ing da ta  on 
an improved prototype. The purpose o f  the p re sen t  system is  to  develop an e f f i c i e n t  
con t ro l  algorithm. I f  t he  f l u i d i z e d  bed proves f e a s i b l e ,  the hardware can be simp- 
l i f i e d  t o  an inexpensive microprocessor con t ro l l e r .  

OVERALL SYSTEM DESIGN 

The main requirement of t h e  e l e c t r o n i c  system is  t o  maintain the temperature 
o f  t he  f lu id i zed  bed between t h e  l i m i t s  of 750° - 95OoC. 
t o  monitor not  only the bed temperature but  a l s o  the  s t ack  temperature and concent- 
r a t i o n  of  p o l l u t a n t s  and then a d j u s t  the r a t i o  of  f u e l  and a i r  inpu t  t o  achieve 
complete combustion. Since the f l u i d i z e d  bed i s  in t eg ra t ed  with a back-up domestic 
o i l - f i r e d  hydronic heat ing system, con t ro l  of b o i l e r  temperature is a l s o  a system 
requirement. In  addi t ion alarms are energized and appropriate  a c t i o n s  taken when 
the f l u i d  bed temperature is o u t s i d e  t h e  des i r ed  range. 

The method of con t ro l  i s  

To a i d  in  development of t h e  con t ro l  a lgori thm,the f lu id i zed  bed and back-up 
heat ing u n i t  a r e  f i t t e d  with a v a r i e t y  of sensors .  Examples include thermocouples 
f o r  temperatures, gas analyzers  f o r  oxygen and carbon monoxide, and pressure trans- 
ducers  f o r  a i r  flow rates. Since the t o t a l  number and type of sensors  i s  va r i ab le ,  
expansion and modification of both hardware and software by the  user  i s  highly de- 
s i r a b l e .  With these po in t s  i n  mind, t h e  system of Figure l. was developed. 

The general  philosophy is to  employ the desktop computer i n  the  r o l e  o f  a 
"host" ,  con t ro l l i ng  data  flow and perfoming a r i thme t i c  ca l cu la t ions .  The hos t  a l so  
a c t s  as an i n t e r f a c e  between t h e  console (user)  and the da ta  a c q u i s i t i o n  u n i t  when 
system configurat ion changes a r e  des i r ed .  The p r i n t e r  provides a record of  the 
system s t a t u s  and operat ing condi t ions.  

The next s ec t ion  b r i e f l y  desc r ibes  the components s e l ec t ed  t o  r e a l i z e  the  
system of Figure 1. 

Syscem Hardware 

Since the p r o j e c t  is o f  a developmental na tu re  it w a s  thought highly des i r ab le  
t o  s e l e c t  major components which a r e  general  purpose i n  nature  and, hence,  useful  
i n  fu tu re  appl icat ions.  To this end, t h e  STD BUS was se l ec t ed  as the  b a s i s  of the 
microprocessor control led da t a  a c q u i s i t i o n  un i t .  
Log and MOSTEK and is  now q u i t e  p o p u l a r .  A wide v a r i e t y  of  plug-in ca rds  and com- 
p l e t e  systems are ava i l ab le  from manufacturers such as Pro-Log, MOSTEK, I n t e r s i l  
and Analog Devices. 

The STD BUS w a s  developed by Pro- 

The STD BUS s tandardizes  t h e  phys ica l  and e l e c t r i c a l  aspects  of modular 8-bit  
The s tandard permits any card t o  work i n  any s l o t  of microprocessor card systems. 

t he  bussed motherboard which provides i n t e r n a l  communication. A l l  o t h e r  connections 
t o  the  outs ide world are by connectors a t  the  opposi te  ends of t h e  cards .  
a b l e  cards include a l l  t h e  popular 8 -b i t  processors ,  memory expansion, 

Avail- 
d i g i t a l  
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I / O .  analog 1/13. i n d u s t r i a l  I/O ( r e l ays  and t r i a c s )  and pe r iphe ra l  i n t e r f aces .  

The da ta  acqu i s i t i on  u n i t  contains  4 plug-in ca rds ,  two of which a re  custom 
b u i l t .  Figure 2 shows how the various funct ions are d i s t r i b u t e d .  The processor 
card uses an 8085A and has s u f f i c i e n t  random access and program memory on-board. 
With the exception of s i g n a l  condi t ioning for low-level s i g n a l s ,  t he  e n t i r e  analog 
I / O  Subsystem i s  contained on the RTI-1225 card manufactured by Analog Devices COrP. 
It i s  designed s p e c i f i c a l l y  for in t e r f ac ing  real t imeanalog s igna l s  t o  microcomputer 
sys tems.  
anIplifier and a 10 b i t  A t o  D converter.  
resolut ion.  Communication i s  memory mapped and appears as f i v e  contiguous address 
loca t ions  which a r e  used to  con t ro l  t he  funct ions of  t h e  ca rd  and pass d a t a  t o  and 
from the microprocessor. 

On the inpu t  s i d e  t h e r e  a r e  16 channels multiplexed t o  a sample and hold 
The output  s i d e  has 2 channels with 8 b i t  

The custom b u i l t  ca rds  combine two funct ions on each. One handles thermocouple 
s i g n a l  conditioning and d i g i t a l  1/0 while the o the r  contains  a real time clock and 
a UART f o r  i n t e r f ac ing  t o  the desktop computer. Four thermocouples of any type can 
be  handled by the p resen t  card,  w i t h  gain and cold junct ion compensation software 

Y se l ec t ab le .  Additional cards may be added a s  required.  A l l  temperature channels 
a r e  multiplexed i n t o  channel one of the A t o  D converter ,  leaving 15 single-ended 
0-10 v o l t  analog inpu t  channels. 

Operating da ta  o the r  than temperatures a r e  suppl ied by t h e  monitoring in s t ru -  
ments (e.9. oxygen ana lyze r ) .  The outputs  from such instruments a r e  i n  general  
f u l l y  compensated and conditioned 4-20 mA cu r ren t s  o r  s e l e c t a b l e  low l e v e l  voltages.  
Instruments with 0-10 v o l t  outputs  can thus connect d i r e c t l y  t o  the  A t o  D converter.  
In  OUT system, carbon monoxide and carbon dioxide monitors produce only a 0 -  5 v o l t  
output ,  which s t i l l  provides adequate r e so lu t ion  and accuracy with a d i r e c t  connec- 
t i o n .  Instruments w i t h  cu r r en t  loop outputs a l s o  connect d i r e c t l y  by terminating 
the  loop a t  the A t o  D input  w i t h  a 500 ohm r e s i s t o r  t o  produce a 2-10 v o l t  s igna l  
range. I f  o the r  low l e v e l  sensors  such as s t r a i n  guages a r e  required,  they can be 
amplified ex te rna l ly  with modules which produce e i t h e r  cu r ren t  loop o r  0-10 v o l t  
outputs .  Examples include t h e  Analog Devices 2B5O s e r i e s .  

The hos t  computer i s  a desktop u n i t  which does the  ca l cu la t ion  of the con t ro l  
algorithm and prepares system s t a t u s  information f o r  d i sp l ay  a t  the  console and 
p r i n t e r .  This computer i s  a Superbrain ( In t e r t ech  Data Systems, Columbia, South 
Carolina) based on the  Z-80A microprocessor and using the  CP/M operat ing system. 
It i s  a self-contained u n i t  having a CRT, keyboard, two floppy disk dr ives ,  64K of  
memory and 2 1/0 P o r t s .  

In  keeping with the o v e r a l l  philosophy of hardware s e l e c t i o n ,  the p r i n t e r  is 
a Decwriter LA-120 which provides t h e  user with a very f l e x i b l e  and a t t r a c t i v e  
hard-copy terminal fo r  fu tu re  use. 

System Software 

The system software w a s  develpped i n  two s t ages .  F i r s t  t h e  da t a  acqu i s i t i on  
u n i t  program was wr i t t en  i n  PL/M. Compilation w a s  done on a l a r g e  time-shared 
system and the r e s u l t  downloaded t o  a PROM programmer. Included i n  t h e  1/0 port ion 
is  a segment which enabled t e s t i n g  and c a l i b r a t i o n  of t h e  analog hardware a s  the 
program w a s  expanded. Following this the host  computer program w a s  wr i t t en  and 
t e s t e d  a port ion a t  a time with the working da ta  acqu i s i t i on  u n i t .  Rapid develop- 
ment of  r e l a t i v e l y  unsophis t icated processing, combined with ease  of program main- 
tenance by the  users  l e d  t o  the  se l ec t ion  of BASIC a s  the  h o s t  language. 

The main t a sks  assigned t o  the da ta  acqu i s i t i on  u n i t  aretemporarystorage of 
r a w  binary da t a  f r o m  a l l  sensors ,  conversion t o  ASCII of this same da ta ,  response 
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t o  requests  by the host  computer and monitoring alarm condi t ions i n  t h e  f lu id i zed  
bed. Single l e t t e r  codes s e n t  by t h e  h o s t  i n i t i a t e  any des i r ed  ac t ions .  Examples 
include passing of  the l a t e s t  da t a ,  adjustment of f u e l  o r  a i r  motors, o r  changes 
i n  system configuration such a s  number of a c t i v e  channels.  

PL/M is a programming language designed f o r  I n t e l ' s  8 b i t  microcomputers. The 
language i s  s t r u c t u r a l l y  s i m i l a r  to  PL/I SO t h a t  programs a r e  somewhat self-document- 
i n g  and e a s i l y  a l t e r e d  and maintained. A memory map f o r  t he  da t a  acqu i s i t i on  un i t  
i s  shown i n  Figure 3 .  The program is s to red  i n  read-only memory and the analog 1/0 
subsystem is placed a t  the top o f  t h e  64k address space. This app l i ca t ion  uses 
about l k  bytes of the a v a i l a b l e  on board ROM. 

The supervisory BASIC program g e t s  t h e  l a t e s t  da t a  from a l l  sensors ,  converts 
t o  appropriate  u n i t s  and formats and d i s p l a y s  t h i s  information on the  console and 
p r i n t e r .  Time of day and update i n t e r v a l  a r e  provided by the r e a l  t i m e  c lock,  which 
i s  software s e t t a b l e  from the  hos t .  For non-linear sensor readings,  d i sk  f i l e s  con- 
t a in ing  appropriate  t a b l e s  a r e  used f o r  i n t e rpo la t ion .  Such is  t h e  case f o r  a l l  
thermocouple readings.  The converted da t a  is then u t i l i z e d  by the  con t ro l  algorithm 
t o  determine i f  f u e l  and a i r  feed co r rec t ions  a re  required.  I f  so, t h i s  information 
i s  passed to  the da t a  a c q u i s i t i o n  u n i t  and ou t  t he  D t o  A channels t o  motor control l -  
ers. F ina l ly , a  second check on the  f l u i d i z e d  bed temperature i s  done by the host t o  
a ler t  the operator i n  the  event  of a f a i l u r e  of t he  hardware alarms. 

Conclusion 

A data  acqu i s i t i on  and con t ro l  system f o r  a f lu id i zed  bed combustion u n i t  has 
been described. 
e a s i l y  moved to read-only memory i n  a low c o s t  c o n t r o l l e r .  I t  i s  bel ieved t h a t  the 
choice of major components has r e s u l t e d  i n  a system which i s  s u f f i c i e n t l y  general  i n  
na tu re  t o  not  only serve the c u r r e n t  p r o j e c t  bu t  a l s o  t o  prove useful  i n  fu tu re  
app l i ca t ions .  The type of  system descr ibed should f ind  appl icat ion wherever 
monitoring, recording and con t ro l  of analog or d i g i t a l  s igna l s  and processes i s  
required.  

I t  should be re-emphasized that  t h e  developed algorithm can be 
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SAMPLING SYSTEM FOR FLUIDIZED BED APPLICATIONS - 
RESULTS OF FOUR YEARS OF TESTING ON B&W/EPRI's 6 '  x 6' FLUIDIZED BED TEST FACILITY 

K. L. Loudin and P. W. Maurer 

The Babcock & Wilcox Company 
Research and  Development D i v i s i o n  

A l l i a n c e  Research  Cen te r  
A l l i a n c e ,  Ohio 44601 

W. Howe 

Electr ic  Power Research  I n s t i t u t e  
Pa lo  Al to ,  C a l i f o r n i a  94304 

INTRODUCTION 

I n  c o o p e r a t i o n  w i t h  The Electr ic  Power Research  I n s t i t u t e  ( E P R I ) ,  The Babcock 6 
Wilcox Company (B&W) has  b u i l t  and i s  o p e r a t i n g  a 6- foot  x 6-foot (6 '  x 6 ' )  
Atmospheric F l u i d i z e d  Bed Combustion (AFBC) Development F a c i l i t y  a t  i t s  A l l i a n c e  
Research Center  i n  A l l i a n c e ,  Ohio. A comple te  d e s c r i p t i o n  of t h e  f a c i l i t y  des ign  
d e t a i l s  i s  con ta ined  i n  EPRI F i n a l  Repor t  '3-1688. An a r t i s t ' s  r e n d i t i o n  (F igu re  1 )  
i d e n t i f i e s  t h e  major components of t h e  f a c i l i t y .  

The 6 '  x 6 '  s i z e  was s e l e c t e d  as be ing  l a r g e  enough t o  b r i d g e  t h e  gap between 
bench-scale u n i t s  t hen  i n  o p e r a t i o n  and l a r g e r ,  f u t u r e  u n i t s  i n  t h e  p roposa l  and/or  
c o n s t r u c t i o n  s t ages .  The f a c i l i t y  des ign  i s  f l e x i b l e  ( v e r s a t i l e  t o  mod i f i ca t ions )  
i n  many areas -- number of f e e d  p o i n t s ,  immersed tube  bundle c o n f i g u r a t i o n s ,  a s h  
r e c y c l e  c o n f i g u r a t i o n s ,  i n t e r c h a n g e a b l e  gas  sample sys tems,  etc. -- and is h igh ly  
in s t rumen ted  ( c o n t r o l s ,  i n t e r l o c k s ,  d a t a  a c q u i s i t i o n ,  and sampl ing)  t o  c l o s e l y  
s i m u l a t e  u t i l i t y  b o i l e r  des igns .  The s i z e ,  d e s i g n ,  and  equipment s e l e c t i o n s  have 
produced a h o t  test f a c i l i t y  w i t h  t h e  c a p a b i l i t y  of g e n e r a t i n g  s i g n i f i c a n t  
performance d a t a  ove r  ex tended  pe r iods  of s t e a d y  o p e r a t i o n  f o r  a m u l t i p l e  number of 
p lanned  test  cond i t ions .  

The f a c i l i t y  c o n s t r u c t i o n  was completed i n  October  1977. Fol lowing  a 5-month 
s t a r t u p  and debugging phase ,  t h e  f i r s t  t es t  ser ies  was conducted  i n  A p r i l  1978. 
S i n c e  t h a t  time, approximate ly  2000 hours  of t e s t i n g  ( f i v e  t o  e i g h t  t es t  s e r i e s )  p e r  
y e a r  have been logged. 

GAS SAMPLING SYSTEMS 

Eva lua t ion  of t h e  performance of t h e  6 '  x 6 '  AFBC tes t  f a c i l i t y  mandated 
a c c u r a t e  sampl ing  and g a s  c o n c e n t r a t i o n  measurements. For example,  measurements of 
C 0 2 ,  CO, and  Hydrocarbons are used  i n  c a l c u l a t i n g  combustion e f f i c i e n c y  w h i l e  t h e  
measurement of SO2 i s  needed t o  c a l c u l a t e  s u l f u r  cap tu re .  Oxygen measurements, a l s o  
used  i d p e r f o r m a n c e  c a l c u l a t i o n s ,  are used  by t h e  o p e r a t o r s  i n  s e t t i n g  t h e  d e s i r e d  
f a c i l i t y  o p e r a t i n g  test c o n d i t i o n s .  F i g u r e  2 shows t h e  l o c a t i o n  of t h e  main gas  and 
s o l i d s  sample p o i n t s  on t h e  6 '  x 6 '  u n i t .  

Obta in ing  g a s  c o n c e n t r a t i o n  d a t a  r e q u i r e d  t h e  u s e  of a sampl ing  sys tem t h a t  
i nc luded  t h e  use  of many s p e c i a l  i n s t rumen t s  and /o r  equipment.  
l a y o u t  and d e t a i l s  are shown on F igure  3 and  Tab le  1, r e s p e c t i v e l y .  The two 
independent  sys tems t h a t  make up t h e  comple te  sys tem are i d e n t i f i e d  as t h e  mobile 
and  fu rnace  o u t l e t  systems. Sampling f l e x i b i l i t y  i s  ga ined  by be ing  a b l e  t o  

The o r i g i n a l  system 
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i n t e r c h a n g e  sys tems and /o r  components. 
i n c l u d e  NO and  Hydrocarbon measurements a t  t h e  f u r n a c e  o u t l e t  and  CO measurement 
a t  in-bed znd f r e e b o a r d  l o c a t i o n s .  

The o r i g i n a l  system has  been expanded t o  

Table 1 

Tabulat ion of Gas Sampling System Details 

Tank F a n  C a l i b r a t i o n  Gases SO2, CO. 02, NO. C02. A i r ,  and ti2 

Inst rument  A i r  System 60 - 100 PSig ( 2  - 3 SCFM) 

G 4 S  SAMPLE SYSTEMS 

SO2. CO. 02, NO,. and C02 Analyzers 

Hydrocarbon Analyzer 

C m n  Tank Farm 

Commn l n s t r w n t  A i r  Supply 

Separate Sample Probes 

Separate F i l t e r -Cyc lone  Assemblies 

Separate Heated Sample L ines 

Separate F i l ter -Pump Systems 

l n s t r u m n t  A i r  t o  Pump Contro l  Swi tch 

Cool ing Water t o  Probes 

GAS SAMPLING SOURCE 

Approximate Source Gas Temperature 

Sample Gas Temperature @ Probe Discharge 

Sample Gas Temperature i n  Sample L i n e  

Sample Gas Temperature @ Pump I n l e t  

Sample Gas Temperature A f t e r  Analyzers 

Sample Gas Flow Fran Source 

Sample Gas t o  02 Analyzers 

Inst rument  A i r  t o  02 Analyzers 

Sample Gas t o  SO2. CO. and C02 Analyzers 

Sample Gas t o  NO, Analyzers 

Inst rument  A i r  t o  NOx Analyzers 

Recorder " A "  Gas P r i n t o u t  

Recorder "B" Gas P r i n t o u t  

Furnace O u t l e t  Probe 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

10 p s i g  @ 1200 cc lminute 

20 gph maximum 

Stack (Furnace Out) 
~ 

900'F 

31 0°F 

300'F 

180°F 

h b i e n t  (80OF) 

5 l i t e r s l m i n u t e  

250 cc lminute 

10 ps ig  

1000 cc lminute 

1200 cc lminute 

35 ps ig  

SO2. CO. 02, and to2 

Mobile Probe 

Yes 

110 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

10 p s i g  B 1200 cclminute 

20 gph nmximum 

"In-Bed" and Freeboard 

165OOF 

310'F 

300'F 

180°F 

Ambient (80'F) 

5 l i t e r s l m i n u t e  

250 cc lminute 

10 p s i g  

1000 cc lminute 

1200 cclminute 

35 p s i g  

SO2. CO, 02, and NOx 
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GAS SAMPLING WITH ORIGINAL PROBE-FILTER ASSEMBLIES 

Furnace  O u t l e t  Gas Sample Loca t ion  

The g a s  a n a l y s i s  from t h e  fu rnace  o u t l e t  i s  used i n  performance c a l c u l a t i o n s  
and a d d i t i o n a l l y  t o  set  and c o n t r o l  t h e  f a c i l i t y  test  c o n d i t i o n s .  
o p e r a t e  on a con t inuous  b a s i s .  F igu res  4 and  5,  r e s p e c t i v e l y ,  show t h e  probe 
i n s t a l l a t i o n  i n  t h e  f u r n a c e  o u t l e t  duc t  and t h e  o r i g i n a l  p r o b e - f i l t e r  assembly. The 
water-cooled probe has  an  open-ended, c o n c e n t r i c  q u a r t z  t ube  f o r  sample flow. I n  
t u r n ,  t h e  tube  i s  connected  t o  an  i n - l i n e  p a r t i c u l a t e  f i l t e r  assembly  ( g l a s s  cyc lone  
c o l l e c t o r f d r o p  ou t  b o t t l e  and f r i t - f i b e r g l a s s  f i l t e r  u n i t )  th rough which t h e  g a s  
sample flows e n r o u t e  t o  t h e  hea ted  sample l i n e .  The p a r t i c u l a t e  f i l t e r  assembly, 
l o c a t e d  i n  an e l e c t r i c a l l y - h e a t e d  cyc lone  oven ( s i z e  - 9-1/2 i n c h e s  squa re  x 21-1/2 
inches  l o n g ) ,  i s  main ta ined  a t  30OOF. 
r e c y c l e ) ,  t h e  p a r t i c u l a t e  f i l t e r  assembly had t o  be changed twice  d u r i n g  each  
24-hour o p e r a t i n g  pe r iod .  

Th i s  sys tem must 

A t  normal o p e r a t i n g  c o n d i t i o n s  (no d u s t  

Freeboard  Sample Loca t ions  

The mobile gas  sampl ing  system and probe  i n s t a l l a t i o n  shown i n  F igu re  6 a r e  
used t o  t r a v e r s e  t h e  f r eeboa rd  a t  t h e  l o c a t i o n s  p r e v i o u s l y  shown i n  F igu re  2. A 
t y p i c a l  t r a v e r s e  a t  one l o c a t i o n  would i n c l u d e  t a k i n g  gas  samples  a t  1 2  o r  1 3  p o i n t s  
a c r o s s  t h e  wid th  of t h e  f a c i l i t y .  A comple te  t r a v e r s e ,  conducted  wi th  t h e  d r i v e  
mechanism on e i t h e r  "hand mode" o r  "au tomat i c  mode", r e q u i r e s  from 60 t o  90 minu tes  
t o  complete.  Except f o r  t h e  d i f f e r e n c e  i n  l e n g t h ,  t h e  fu rnace  o u t l e t  and mobile 
p r o b e - f i l t e r  a s sembl i e s  are i d e n t i c a l .  

In-Bed Sampling Loca t ions  

The in-bed gas  sampl ing  probe i n s t a l l a t i o n ,  shown i n  F igu re  7 ,  i s  used  f o r  
t r a v e r s i n g  i n  t h e  f l u i d i z e d  bed. The o r i g i n a l  in-bed p r o b e - f i l t e r  assembly i s  shown 
i n  F igu re  8. The f i l t e r s  are 3/4 i n c h e s  i n  d i ame te r  x 1-3/4 i n c h e s  long  wi th  a pore 
s i z e  of approximate ly  1 micron. The ceramic  c o l l a r  is cemented t o  t h e  f i l t e r  a t  a 
p o s i t i o n  t h a t  i s  1 / 4  i n c h  away from t h e  open end. The c o l l a r  i s  clamped i n  t h e  
probe head a t  a l o c a t i o n  t h a t  p r e s e n t s  an  a c t i v e  f i l t e r  f low area of approx ima te ly  2 
squa re  inches .  

T y p i c a l l y ,  t h e  ceramic  f i l t e r  had t o  be c l eaned  ( n i t r o g e n  back-purged) a t  15- 
t o  20-minute i n t e r v a l s .  

GAS SAMPLING PROBLEMS 

The o r i g i n a l  gas  sampl ing  probes  ope ra t ed  s a t i s f a c t o r y  and a l lowed a c c u r a t e  gas 
c o n c e n t r a t i o n  measurements du r ing  no d u s t  r e c y c l e  test  c o n d i t i o n s .  However, 
o p e r a t i o n  of t h e  6 '  x 6 '  AFBC u n i t  has  s h i f t e d  t o  t h e  use  of d u s t  r e c y c l e  t o  improve 
performance. Uust l o a d i n g s  as h igh  as  10,000 l b / h r  have  been r u n  a t  t empera tu res  up 
t o  1750'F and a t  g a s  v e l o c i t i e s  of about  100 f t f s e c .  The h igh  d u s t  r e c y c l e  
i n c r e a s e d  t h e  p a r t i c u l a t e s  t h a t  were e n t r a i n e d  i n  t h e  gas  samples.  Th i s  c o n d i t i o n  
n e c e s s i t a t e d  f r e q u e n t  f i l t e r  changes,  caused  problems w i t h  g l a s sware  breakage  due t o  
i n c r e a s e d  hand l ing ,  and r e q u i r e d  more f r e q u e n t  n i t r o g e n  back-purging of t h e  in-bed 
f i l t e r .  

Problems a s s o c i a t e d  w i t h  gas  sampl ing  a t  t h e  f u r n a c e  o u t l e t ,  f r eeboa rd ,  and 
in-bed l o c a t i o n s  a r e  d i s c u s s e d  i n  t h e  fo l lowing  paragraphs .  
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Furnace O u t l e t  Gas Sample Loca t ion  

With h i g h  d u s t  r e c y c l e  r a t e s ,  t h e  f i l t e r s  r e q u i r e d  c o n t i n u a l  a t t e n t i o n .  Each 
f i l t e r  change invo lved  d i s c o n n e c t i n g  and r e c o n n e c t i n g  f i v e  j o i n t s  i n  t h e  f low 
sys t em.  In  a f e w  i n s t a n c e s ,  s l i g h t  amounts of a i r  i n f i l t r a t i o n  ( induced by nega t ive  
p r e s s u r e  i n  t h e  sample l i n e )  i n t o  t h e  gas  sample produced i n c o r r e c t  gas  
c o n c e n t r a t i o n s .  I n c r e a s e d  h a n d l i n g  of t h e  g l a s sware  and q u a r t z  t ube  produced some 
breakage problems. I n  c e r t a i n  i n s t a n c e s ,  t h e  breakage would occur  a s  a c rack  t h a t  
was d i f f i c u l t  t o  d e t e c t .  Undetected c r a c k s ,  on a coup le  of occas ions ,  pe rmi t t ed  a i r  
i n f i l t r a t i o n  i n t o  t h e  sample i n  such  a s m a l l  q u a n t i t y  t h a t  t h e  i n c o r r e c t  
c o n c e n t r a t i o n  r e a d i n g s  went unno t i ced  f o r  a few hours .  
modif ied p r o b e - f i l t e r  assembly d e s i g n  t h a t  would p rov ide  more e f f e c t i v e  f i l t e r i n g .  
The modif ied d e s i g n  would e l i m i n a t e  t h e  f r a g i l e  components, such as g l a s s  and 
q u a r t z ,  and would minimize t h e  number of connec t ion  j o i n t s .  

These problems i n s t i g a t e d  a 

Freeboard Sample Loca t ions  

Problems w i t h  t h e  p r o b e - f i l t e r  assembly were s i m i l a r  t o  those  encountered a t  
t h e  fu rnace  o u t l e t  l o c a t i o n .  Due t o  c o n t i n u a l  f i l t e r  pluggage, t h e  probe could not 
be used i n  t h e  f r i n g e  a r e a  of t h e  bed i . e . ,  t h e  lower sets of f r e e b o a r d  p o r t s .  
A d d i t i o n a l l y ,  t h e  long  probe l e n g t h  ( approx ima te ly  9 f e e t )  and r e l o c a t i n g  t h e  probe 
t o  a l l  sample p o r t s  produced o c c a s i o n a l  breakage t o  t h e  f r a g i l e  components. Such 
a c t i o n s  a l s o  caused o c c a s i o n a l  a i r  i n f i l t r a t i o n  i n t o  t h e  numerous connec t ion  j o i n t s .  

In-Bed Sampling L o c a t i o n s  

The s o l i d s  d e n s i t y  of t h e  bed has  always r e q u i r e d  t h e  u s e  of a n i t r o g e n  back- 
purge t o  c l e a n  t h e  ceramic f i l t e r .  A combinat ion of t h e  small a c t i v e  f i l t e r  a r e a  
(on ly  2 squa re  i n c h e s )  and t h e  i n c r e a s e d  s o l i d s  c o n c e n t r a t i o n  i n c r e a s e d  t h e  
"blow-back-cleaning frequency".  The r e s u l t i n g  t ime r e q u i r e d  t o  conduct a t r a v e r s e  
more t h a n  t r i p l e d  t h a t  r e q u i r e d  f o r  t h e  no a s h  r e c y c l e  t e s t  c o n d i t i o n .  

SOLUTIONS FOR SOLVING SAMPLING PROBLEMS 

A review of sampling a t  a l l  l o c a t i o n s  i n d i c a t e d  t h a t  t h e  components i nc luded  i n  
t h e  p r o b e - f i l t e r  a s s e m b l i e s  were r e s p o n s i b l e  f o r  t h e  problems. F u r t h e r  review of 
t h e  problems encoun te red  a t  each  l o c a t i o n  s u g g e s t e d  t h a t  a modif ied p r o b e - f i l t e r  
d e s i g n  could be a d a p t e d  f o r  sampling a t  a l l  l o c a t i o n s .  
i n c l u d e d  t h e  fo l lowing :  

The modif ied des ign  a c t i o n s  

0 I n s t a l l  a pr imary s o l i d s  f i l t e r  a t  t h e  sample i n l e t  t o  t h e  probe. 
A ce ramic  f i l t e r ,  s u p p l i e d  by t h e  Coors P o r c e l a i n  Company, w i th  a n  
a c t i v e  f i l t e r i n g  a r e a  of approx ima te ly  1 2  s q u a r e  i n c h e s  was 
s e l e c t e d  f o r  t h i s  a p p l i c a t i o n .  Th i s  f i l t e r  ( s i z e  - 1-1/4 i n c h e s  OD 
x 3 / 4  i n c h  I D  x 4 i n c h e s  long)  w i t h  a po re  s i z e  of 100 microns was 
inc luded  on t h e  mod i f i ed  p r o b e - f i l t e r  assembly shown i n  F i g u r e  9. 

I n s t a l l  a secondary f i l t e r  between t h e  sample probe and t h e  hea ted  
sample l i n e .  A c a r t r i d g e - t y p e  f i l t e r  w i t h  t w o  i n c h e s  of kaowool 
i n s u l a t i o n  ( a l s o  shown i n  F i g u r e  9 )  was proposed t o  p r o t e c t  o t h e r  
components of t h e  sample t r a i n  i n  t h e  c a s e  of a f a i l u r e  of t h e  
primary f i l t e r .  Th i s  secondary f i l t e r  would e l i m i n a t e  t h e  
g l a s sware  and p l a s t i c  components which i n  t u r n  would d e c r e a s e  t h e  
number of connec t ion  j o i n t s  where p o s s i b l e  a i r  i n f i l t r a t i o n  cou ld  
occur .  The i n s u l a t i o n  around the f i l t e r  would e l i m i n a t e  t h e  
cyc lone  oven, c o n t r o l s ,  e t c .  t h e r e b y  r educ ing  t h e  b u l k i n e s s  of t h e  
i n s t a l l a t  i on .  

0 
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Remove t h e  q u a r t z  t ube  (gas  sample f low t u b e )  from t h e  c e n t e r  of 
t h e  probe. 
a l lowing  t h e  sample t o  flow down t h e  c e n t e r  ( s t a i n l e s s  s teel  tube )  
of t h e  probe. 

Th i s  would e l i m i n a t e  a n o t h e r  f r a g i l e  component by 

PERFORMANCE DATA SUPPORTS M O D I F I E D  SYSTEMS 

Primary F i l t e r  Performance 

The ceramic f i l t e r  was i n i t i a l l y  t e s t e d  a t  t h e  f u r n a c e  o u t l e t  gas 
sample l o c a t i o n .  A t  f i r s t ,  problems developed i n  s e a l i n g  t h e  
ceramic  f i l t e r  and t h e  meta l  tube .  A f t e r  o b t a i n i n g  a good Sea l ,  
t h e  ceramic f i l t e r  performed t o  maximum e x p e c t a t i o n s  a s  6hOm by 
t h e  fo l lowing  t a b l e :  

Gas So l id  Gas 
Temperature Flow Rate Velocity Ceramic F i l t e r  Performance 

('F) ( lb /hr )  ( f t / s e c )  --- 
800 3000 100 Sample system operated continuously for 

a period o f  12 days (288 hours). Hinimal 
wear t o  upstream s i d e  of f i l t e r .  

800 10,000 100 Sample system required a f i l t e r  change 
every 2 or 3 days. Minimal wear to 
upstream s i d e  of f i l t e r .  

The above tests were conducted wi thout  back-purging (wi th  n i t r o g e n )  
t h e  f i l t e r .  When t h e  p r e s s u r e  drop  a c r o s s  t h e  f i l t e r  reached  i t s  
pre-determined maximum l i m i t ,  t h e  f i l t e r  was changed. 

The f i l t e r  t e s t s  i n  t h e  f r eeboa rd  a r e a  i n d i c a t e d  t h a t  no pluggage 
occur red  wh i l e  sampling a t  any of t h e  p o r t s .  No back-purge system 
was used and t h e  f i l t e r s  showed no wear a f t e r  ex tended  pe r iods  of 
opera t ion .  

The in-bed f i l t e r  t e s t s  i n d i c a t e d  t h a t  no pluggage occur red  du r ing  
a complete t r a v e r s e  a c r o s s  t h e  bed. The o r i g i n a l  p r o b e - f i l t e r  
assembly had t o  be back-purged wi th  n i t r o g e n  every  15 O K  20 minutes  
du r ing  each  t r a v e r s e .  The n i t r o g e n  back-purge c l e a n i n g  f e a t u r e  was 
a v a i l a b l e ,  bu t  was no t  used du r ing  t h e s e  lat ter t e s t s .  It appeared  
t h a t  t he  f i l t e r s  could be used i n d e f i n i t e l y  w i t h  no i n d i c a t i o n s  of 
wear. 

Secondary F i l t e r  Performance 

The secondary  f i l t e r  tests a t  t h e  fu rnace  g a s  o u t l e t  and f r eeboa rd  sampl ing  
l o c a t i o n s  i n d i c a t e d  t h e  c a r t r i d g e - t y p e  f i l t e r  wrapped wi th  two inches  of kaowool 
i n s u l a t i o n  met a l l  performance e x p e c t a t i o n s .  Th i s  f i l t e r  s e rved  i t s  i n i t i a l  purpose 
of p r o t e c t i n g  o t h e r  components i n  t h e  sample t r a i n  i n  t h e  c a s e  of a f a i l u r e  of t he  
primary f i l t e r .  It a l s o  r ep laced  the  f r a g i l e  components and se rved  t o  dec rease  the 
number of connec t ion  j o i n t s  ( p o s s i b l e  a i r  i n f i l t r a t i o n  s o u r c e s )  i n  t h e  sample t r a i n .  
The i n s u l a t i o n  c o n t r i b u t e d  t o  t h e  e l i m i n a t i o n  of t h e  cyc lone  oven which made t h e  
assembly l e s s ' b u l k y  and e a s i e r  t o  handle .  A combination of t h e  i n s u l a t e d  f i l t e r  and 
c o n t r o l l e d  s e t t i n g  of t h e  coo l ing  water t o  the  probe r e t a i n e d  t h e  gas  tempera ture  
w e l l  above t h e  dew po in t  a s  t h e  gas passed  through t h e  secondary  f i l t e r  e n r o u t e  t o  
t h e  hea ted  sample l i n e .  These t e s t s  were conducted i n  t h e  most s eve re  environment 
p o s s i b l e  i n  both  sampl ing  l o c a t i o n s .  The secondary  f i l t e r  on t h e  o r i g i n a l  in-bed 
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p r o b e - f i l t e r  assembly was no t  changed, t hus  no secondary  f i l t e r  t es t s  were Conducted 
a t  t h i s  sampl ing  l o c a t i o n .  

Quar tz  Tube Versus S t a i n l e s s  S t e e l  Tube Performance Data 

The o r i g i n a l  p r o b e - f i l t e r  a s s e m b l i e s  used  a t  t h e  fu rnace  gas  o u t l e t  and 
f r e e b o a r d  sample l o c a t i o n s  c o n t a i n e d  a q u a r t z  t ube  through which t h e  gas  sample was 
drawn. Due t o  t h e  f r a g i l e  n a t u r e  of t h e  q u a r t z ,  i t  was d e s i r a b l e  t o  e l i m i n a t e  the  
q u a r t z  t ube  and i n s t e a d  u s e  a s t a i n l e s s  s t e e l  tube .  Some concern  e x i s t e d  t h a t  a 
g a s - s t a i n l e s s  s tee l  r e a c t i o n  -- more l i k e l y  a t  h i g h  gas  t empera tu res  -- cou ld  
poss ib ly  produce i n c o r r e c t  gas  c o n c e n t r a t i o n s  ( p a r t i c u l a r l y  w i t h  NO ). 
t h e  water c o o l i n g  ra te  on t h e  p robe ,  t h e  t empera tu re  of t h e  gas  a l o i g  i t s  p a t h  of 
c o n t a c t  w i t h  the  s t a i n l e s s  s tee l  w a s  reduced  t o  a low, non- reac t ive  tempera ture  
l e v e l  (200O t o  400'F). 

By a d j u s t i n g  

The r e s u l t s  of t h e  q u a r t z  t u b e  v e r s u s  s t a i n l e s s  s tee l  tube  t es t s ,  conducted a t  
t h e  furnace  gas  o u t l e t  and f r e e b o a r d  sample  l o c a t i o n s ,  are shown i n  t h e  fo l lowing  
performance t a b u l a t i o n :  

Sample Gas 
Sample Tube Source Gas Temperature 

Sample Location DiameterIMaterial Temperature In Probe Gas Concentration Comparisons 
(Inch) (OF) (OF) 

Furnace Outlet 518 SS 800 300 Max Gas concentrations for 0 , CO , CO, 

Furnace Outlet  518 Quartz 800 300 Max i d f n t i c a l  f &  both the quartz and 
SO , and NO 

s t a i n l e s s  s t e e l  tube sample probes. 

Free board 518 SS 1700 280 - 305 Gas concentrations for  02. CO , CO, 

Freeboard 318 ss 1700 325 - 400 idznt i ca l  f0"r the quartz tube and 

Freeboard 518  Quartz 1700 155 - 220 s t a i n l e s s  s t e e l  tube sample probes. 

were essent?al ly2 

SO , and NO 

the two (518"  and 318" diameter) 

were e s sent ia l ly '  

S W R Y  

Gas sampl ing  and  a n a l y s i s  form a major  p o r t i o n  of t h e  performance e v a l u a t i o n  of 
t h e  6' x 6 '  A F B C  f a c i l i t y .  The a n a l y s i s  r e q u i r e s  measuring t h e  c o n c e n t r a t i o n  of s i x  
d i f f e r e n t  g a s e s  a t  t h r e e  sample l o c a t i o n s  -- in-bed, f r eeboa rd ,  and  f u r n a c e  gas  
o u t l e t .  Sample f low r a t e s  of 6 t o  10 l i ters  pe r  minute  a r e  needed f o r  a n a l y z i n g  
t h e s e  gases .  

Accura te  sampl ing  and a n a l y s i s  from t h e  h igh- tempera ture  - h i g h  v e l o c i t y ,  dus t -  
l aden  environment of t h e  f l u i d i z e d  bed u n i t  r e q u i r e s  t h e  use  of a sys tem t h a t  
i n c l u d e s  c e r t a i n  s p e c i a l  equipment.  An " e f f i c i e n t  p a r t i c u l a t e  f i l t e r "  is needed t o  
c l e a n  t h e  large-volume gas samples  removed from t h e  adve r se  environment of t h e  
6' x 6' u n i t .  A ce ramic  f i l t e r  -- c o n s t r u c t e d  of i n e r t  material, s e l f - c l e a n i n g ,  
hav ing  minimum p r e s s u r e  drop ,  and a b l e  t o  wi ths t and  h igh  t empera tu res  and a b r a s i v e  
wear -- se rved  as t h e  primary p a r t i c u l a t e  f i l t e r  i n  our  f i n a l  des ign .  

A c a r t r i d g e - t y p e  secondary  f i l t e r  e l i m i n a t e d  t h e  g l a s sware  and  dec reased  
connec t ion  j o i n t s ,  w h i l e  s e r v i n g  i t s  main f u n c t i o n  of p r o t e c t i n g  t h e  remain ing  
sample system components i n  t h e  case o f  a f a i l u r e  of t h e  pr imary  ( ce ramic )  f i l t e r .  
E l i m i n a t i n g  t h e  q u a r t z  t ube  h a s  produced a d e s i g n  t h a t  i n c l u d e s  no f r a g i l e  
(g l a s sware  o r  q u a r t z )  components. 
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The mod i f i ca t ions  have been combined t o  produce a r e f i n e d  gas  sampling system 
t h a t  can be used a t  sample l o c a t i o n s  of i n t e r e s t  i n  f l u i d i z e d  beds. 
used f o r  c o l l e c t i n g  and f o r  a c c u r a t e l y  a n a l y z i n g  gas  d a t a  over ex tended  test per iods  
f o r  a m u l t i p l e  number of planned test c o n d i t i o n s .  These r e s u l t s  have played a major 
r o l e  i n  t h e  e v a l u a t i o n  of t h e  AFBC performance. The r e f i n e d  gas  sampling system -- 
developed f o r  t he  6' x 6 '  f l u i d i z e d  bed a p p l i c a t i o n  -- is recommended a s  a r e l i a b l e  
system f o r  f l u i d i z e d  bed u n i t s .  

It has  been 
' 

' 
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The Influence of Varying Operational Parameters on Both the Combustion Efficiency 
in and the Emission of Pollutants from Fluidized Bed Plants 1) 

by: 

Bergbau-Forschung GmbH, P . O .  Box 13 0 1  40, 4300 Essen 13, Fed.Rep. of Germany 

Dr.' H .  Munzner, D r .  H.-D.  Schilling VDI, Essen 

1. Methods and Apparatus 
Our method of determining the influence of different operational ccnditions on 
fluidized bed plants consists in a stepwise alteration of one Single operational para- 
meter while maintaining the others as constant as possible (1). It is well known 
that this is easiest on a laboratory scale, whereas with increasing plant size the 
procedure becomes more and more onerous. If beyond operational parameters also 
the design concept and the size of a plant are varied, one obtains useful hints how 
to generalize and scale-up the results achieved. 

Present findings were obtained using several types of laboratory equipment with 
thermal performances between 2 and 20 kW as  well as  from a semi-technical plant 
of 300 kW. Figure 1 is a schematic drawing of the shapes and dimensions of fluidized 
bed reactors used. Apparatus no. I is a tube reactor of 6 cm diameter and 60 cm 
height on top of which has been arranged a freeboard of approx. 35 cm hight and 
10 cm diameter. Apparatus no. 11 is a tube reactor of 6 cm diameter and about 
120 cm high. Here the ash is retained by an integrated inertial separator. Apparatus 
no. 111 represents a two-stage secondary air reactor with the following dimensions: 

lower section : 6 cm diameter, 60 crn high, 
upper section : 10 cm diameter, 80 cm high, 

integrating an inertial separator. Unit no. IV is a pressurized reactor allowing 
combustion pressures up to 10 bar. Its reaction tube has a diameter of 6 cm and a 
height of 1 m, and incorporates an inertial separator. An early version of the 
pressurized reactor, operated at 4 . 5  bar ,  was of a similar shape and size as  
apparatus no. 1. The reactor space provided by the semi-technical plant, finally, 
has a cross-section of 40 by 80 cm, a height of approx. 1 m, with a freeboard of 
80 by 80 cm cross-section and approx. 2 m height. 

The coal is fed pneumatically, along with all of the combustion a i r ,  to the electri- 
cally pre-heated laboratory units,  whereas in the semi-technical plant coal is fed 
with a small fraction of the total air from one side into the fluidized bed. The 
atmospheric laboratory units, due to their high surface-to-volume ratio, are 
equipped with a heat insulation allowing to maintain a combustion temperature as 
high as  approx . 950 OC. The pressurized unit, however, requires a variable heat 
exchanger for thermal discharge since in this case the heat release rate is higher 
by a factor of 10. As to the atmospheric semi-technical unit, it also needs heat 
exchangers which are immersed in the fluidized bed. 

I 

') The present project has been sponsored by the Federal Ministry of 
Research and Technology (project no. ET 1024 B )  
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With regard to the similarity particularly of the laboratory equipment to bigger plants, 
one had to compromise on this. On the one hand a contact time between gas and 
solids comparable to that of a bigger fluidized bed plant had to be attained which 
requires an adequate hei&t of the fluidized bed. On the other hand the thermal 
performance was to be kept low, i .e. within the limits of a laboratory unit. A s  a 
compromise between these requirements resulted an elongated reactor shape which, 
seen under the aspect of flow mechanics, due to its high lengthldiameter ratio can 
at first view not be compared with a bigger plant since it tends to aggregative 
fluidization and pulsations. In order to be able to use these easy to be handled 
reactors and to obtain reliable results nonetheless, elongated wire spirals were 
introduced in the reactor spaces. This helped to avoid the formation of big bubbles 
and strong pulsations and to bring about a more particulative fluidization ( 2 ) .  

An essential design difference of the laboratory units consists in the substitution 
of the enlarged cross-section of the free board by an inertial separator. The objec- 
tive of this constructional modification is to determine the functionality and need of 
such a high-volume free-board . 
2 .  Results 

The results were obtained from an evaluation of analysis on the feed materials, flue 
gases, ash,  and from the material balance of throughputs. 

Figure 2 is a schematic summary of the variations of the main operational parameters, 
Including their range and direction of variation as  well as relevant standard values 
plus qualitative effects on: specific heat release rate, C-loss, CO-, SOz-, and NOx- 
concentrations in the flue gas. 

Depending on the slope and inflexion of the arrow indicating the direction of para- 
meter variations of a given component, such variation has a stronger or weaker 
influence on throughput and emission; a horizontal arrow stands for invariance in 
respect of the independent parameter. The specific heat release rate, expressed as  
MW/m2, goes up along with both increasing fluidizing velocity and pressure, i.e. 
along with those parameters determing the throughput of air and also of coal. The 
performance drops along with rising excess a i r ,  i .e.  in a situation where an 
increasing proportion of the air throughput is no longer utilized. The other para- 
meters, however, hardly exert any influence. The dependence of the specific heat 
release rate on the apparatus design, therefore, is negligible and will be -- 
with an excess of air % = 1.3 (5 % 0 -- approx. 1 . 2  to 1 . 5  M W / r n 2 .  
This correspondends to the values whch in the meantime have been observed also 
at demonstration plants ( 3 ) .  Most of the arrow constellations revealing a sizeable 
influence are backed by measuring data plotted on diagrams, a selection of which 
is given hereunder. 

2 . 1 .  C-Loss and CO Emissions 

The C-loss is a critical factor for the economics of fluidized bed plants, whereas 
keeping the CO content in the flue gas within admissible limits generally does not 
pose any problems. A s  can be taken from figure 2 ,  the two data sets are of a 
striking parallelity. The reason for this is  that the more CO will be generated at 
reduced temperatures within the local and thermal transition zone between reactor 
zone and flue gas duct,  the more carbon passes through this transitional zone as 
char carry over, Tars and volatile hydrocarbons were not observed. On being 
introduced into the hot ash of the fluidized bed, the coal will be dispersed 
immediately and exposed to the excess air whose oxygen reacts first with the 
volatile matter. 

in the flue gas) 
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Diminishing C-loss along with pressure rise is related to an increased 0 
tration , whereas diminishing C-loss along with rising temperature is attr?b%?:i 
higher reaction velocity. Increasing fluidizing velocities reduce the residence time 
of the coal in the reactor and, thus ,  cause higher C-losses. If one found a means 
of extending this residence time -- be it by  appropriate plant design or/and b 
preparation -- the specific heat release rate could be improved proportionate& to 
the fluidizing velocity. 

A longer residence time of the coal by  means of increased bed height will diminish 
C-losses , too. 

C-loss may be influenced also by coal preparation measures. A s  shown on figure 3 ,  
the C-loss will, when fueling closely sized coal fractions, pass through a maximum 
a s  soon as  the particle diameter approches the elutriation cut point. Coarse coal 
grains will remain in the bed up  to the moment where they are burnt down to a 
size allowing their elutriution or  preventing them from being recycled by the 
inertial separators. With sufficiently small fractions (coal dust) the reaction time 
is apparently shorter than the residence time in the reactor space so that the coal 
particles are almost completely burnt up .  A s  far as industrial plants are concerned, 
the logical conclusion from this is to separate coal dust &om the coarser fractions 
and blow the dust pneumatically into the fluidized bed from below, in order to allow 
a maximum residence time of the dust and avoid erosion in the feed ducts, whereas 
the coarse fractions, being introduced from above, a re  allowed sufficient time to 
spread over the bed while being burnt up. In this case it can be taken from the 
diagrams, e.g.  figure 3 ,  where the preparation cut points for each specific plant 
are v iz  . which granular fraction should be separated and lor further comminuted. 

Examination of the carbon carry-over by  means of screening for its size distribution 
does not yield accurate results since char aggregations will disintegrate. The results 
of figure 3 are ,  however, reconfirmed by this approximative evaluation. Moreover it 
can be verified from fly ash separation in two subsequent cyclones that the fine dust 
from the second cyclone is very low in carbon, whereas the "coarse dust" of the 
first one will always contain the bulk of the unburnt carbon. 

Apart from the determinable and adjustable operational parameters, C-loss is also a 
function of the specific plant parameters. Measuring data can best be reproduced in 
laboratory equipment. When doing so, one observes other and so far not measurable 
operational conditions which bear on the results. Among these have to be considered 
the size distribution of the fluidized bed ash particles which changes during opera- 
tion, or changing fluidity and cohesive properties of the bed ash when adding 
various gradations of limestone. 

A comparison of the C-loss measured in reactor no. 1 with that of the semi-technical 
Plant V (figure 5) -- the cross-section of the free-board has been enlarged in both 
units 
varying particle gradations and bed heights compensate each other in a way not 
clearly identified so fa r .  

A s  was expected, there are differences also in the C-losses for the different 
laboratory reactor types since inertial separators are not optimized. This is not 
disturbing as long as  feed materials, viz. types of limestone and coal, are 
compared by measurements in one reactor only. A s  soon as it comes to scaling up 
results, however, one has to know about the reasons and influences of specific 
operational conditions. 

coal 

-- shows good coincidence. It should be borne in mind, however, that here 
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2.2. soz Emission and NOx Emission 

Statements on the pressure-dependences of SO emissions (figure 2)  are 
so fa r  based on measurements of two pressure levels (13 and 4 . 5  bar).  When 
moving to the higher pressure SO2 and NO emissions will be diminished by more 
than 50 %. The qualitative evaluations of ea%y orientation tests on the new pressure 
apparatus IV where measurements at several pressures between 1 and 10 bar are 
to be carried out,  do reconfirm this improvement. 

Fi re  10 shows the s t ro ig  dependence of SO 
*wed Ca/S ratio). It i s ,  however, s t rh ing  and so far not explainable 
(figure 5 )  that varying sizes of one same type of limestone lead to different tempera- 
ture dependencies. Dolomite shows a similar behaviour (figure 6 ) .  When adding 
coarse material, SO emission will slump with rising temperatures, whereas the 
opposite happens wgen material of small grain sizes is added. 

Excess air (figure 7) has a weak influence on 
NOx emission is strong since in this case the oxygen concentration is decisive for 
the conversion of that proportion of fuel-nitrogen which is transformed to NO. (Due 
to the low temperatures in a fluidized bed plant, 10 to 30 % only of the fuel-nitrogen 
and no nitrogen from the air is converted to NO.)  A lack of O2  favours rather the 
competing reaction which yields molecular N 2 .  

The dependencies of SO 
(figure 2 ) .  A good insigit into tze conditions leading to NO formation is possible 
with the secondary air reactor. When plotting the NOx emission against different 
incremental primary airlsecondary air ratios, a NO mmimum is met at a distribution 
of primary versus secondary air of 50 : 50 .  This &fect was most obvious in reactor 
no. 1 ( 4 ) ,  whereas it was less pronounced in the bigger reactor no. 111 where, at 
the same time, the maximum emission values were reduced. The lowest values were 
abserved in the semi-technical reactor (figure 8 ) ;  they were in the same order of 
magnitude which prevails also in other larger plants. From this may be concluded 
that the NO emissions measured in the laboratory reactors are atypically high. The 
formation of coarse bubbles in big reactors bring about a certain distribution of O 2  
as high as  into the upper bed zones. Such by-pass effect can be compared with the 
feed of secondary air. Consequently, the way how oxygen acts on the coal and, 
possibly, the removal of reducing volatile 
for NO 
typicalXfor NO 
being approxizately equivalent to 200 ppm NO. So, even though the numerical values 
obtained from laboratory measurements are exaggerated in respect of their absolute 
value and do not allow any generalization as to NOx emissions, one may nonetheless 
derive certain tendencies (e.g.  dependence on excess air) which can be scaled-up 
to bigger plants. 

Typical emissions cannot be identified since the main influential 
factor on SO emission will be the amount of limestone added. SO emission, there- 
fore, is only to a small extent typical for a given plant. Fi re  3 shows a depen- 
dence on the limestone/sulphur mole ratio when feeding di erent coals high in ash 
and with varying sulphur contents, but adding one same limestone at pressures of 
1.1 and 4 . 5  bar. It is  the spontaneous desulphurization of coals rather than their 
sulphur content which brings about the difference in SO emissions, -- emissions 
which on a laboratory scsle can be reduced to zero. To And out the limestone with 
optimum sulphur capturing efficiency ( i  .e. accomplishing the desired desulphurization 
with admixture of the possible minimum sorbent amount), some three dozens of 
limestomes of different geological formations, deposits, and trade marks were tested 
( 5 ) .  Geologically young and porous limestones appear to be best suited. 

and NO 

' 

emissions on the size of the limestone 

SO2 emission, while its effect on 

i 

\ 
and NO emissions are mostly active in opposite directions 

coal components are main determinants 
emission. Emissions from the semi-technical plant may be considered 

emissions from full-scale plants (figure 8), with 1 g NOZ/kWh 

figures for SO 2 
2 
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Similar differences as to sulphur capturing properties can be observed also among 
dolomites. In this case only the CaCO, proportion acts as  a sulphur capturing 
medium. Optimum desulphurization is a function of the size of limestone particles 
( 6 ) .  A s  can be seen on figure 10, limestone dust < 10 I.rm is  an excellent sulphur 
capturing medium due to its big surface and thorough distribution in the fluidized 
bed and this notwithstanding its short residence time. Unlike this,  the residence 
time of coarser fractions with a more reduced total surface is too short as  to allow 
adequate reaction with SO,. Those particles, however, which are not elutriated and, 
therefore, accumulate in the fluidized bed on having been fed continuously to it,  
provide again a very good sulphur capturing efficiency. A s  soon a s  particle s i ze  
increase further, however, this beneficial effect is lost again. Such loss of efficiency 
along with increasing panicle size is less pronounced with dolomite due to the fact 
that here- the percentage of magnesium carbonate enlarges the pore volume during 
combustion and this volume does not get blocked by sulphate formation. 

2.3.  Halogen Emission 

At the temperatures prevailing in a fluidized bed plant, fluorides and chlorides as 
mineral components of the coal are released as HF and HCl also in the presence of 
lime. Early results have shown that on condition of low temperatures in the flue gas 
duct, HF and HCl can be bound by lime-containing fluidized bed flue ash. Trials on 
an optimization of these bonding conditions have been initiated. 

3 .  Summary 

The experiments on a laboratory scale and in the semi-technical plant have releaved 
a considerable development potential for fluidized bed plants ( 7 )  a s  well as the fact 
that tests on a smaller scale may sizeable contribute to this end so that results from 
the different plants are appreciated a s  being complementary to each other. 
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Figure 9 :  Sulphur captLTre as 0 function Of the amount of limestone 
added per t . c . e .  
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Figure l o :  Sulphur capture as a function of limestone particle biz0 
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SULFUR CAPTURE AND NITROGEN O X I D E  REDUCTION 
ON THE 6' X 6 '  ATMOSPHERIC FLUIDIZED BED COMBUSTION TEST FACILITY 

T. M. Modrak and  J. T. Tang 

The Babcock & Wilcox Company 
Research  and  Development Div i s ion  

A l l i a n c e  Research  Center  
A l l i a n c e ,  Ohio 44601 

C. J.  A u l i s i o  

E lec t r ic  Power Research  I n s t i t u t e  
P a l o  A l t o ,  C a l i f o r n i a  94304 

INTRODUCTION 

Atmospheric f l u i d i z e d  bed combustion (AFBC) i s  be ing  developed as a cos t -  

An e a r l i e r  s t a t e - o f - t h e - a r t  a s ses smen t  (EPRI F i n a l  Report  FP-308) 
e f f e c t i v e ,  l ow-po l lu t ing  method of d i r e c t  c o a l  u t i l i z a t i o n  f o r  e lec t r ic  power 
gene ra t ion .  
concluded t h a t  t h e  e x i s t i n g  AFBC d a t a  base  was inadequa te  f o r  t h e  des ign  o f  
u t i l i t y - s c a l e  u n i t s  -- t h a t  is, t h e  a v a i l a b l e  d a t a  v e r e  l i m i t e d  i n  scope ,  and s i n c e  
t h e y  had been d e r i v e d  main ly  from l a b o r a t o r y - s c a l e  equipment,  i t  was d o u b t f u l  
whether  they  cou ld  be a p p l i e d  t o  t h e  des ign  of u t i l i t y  b o i l e r s .  The need f o r  a 
l a r g e ,  well- in s t rumen ted  f a c i l i t y  capab le  of long-term t e s t i n g  was c l e a r l y  
i n d i c a t e d .  

A s  a r e s u l t ,  a 6- foot  x 6-foot  (6 '  x 6 ' )  AFBC Development F a c i l i t y  was b u i l t  a t  
The Babcock & Wilcox Research  C e n t e r  i n  A l l i a n c e ,  Ohio. A comple te  d e s c r i p t i o n  of 
t h e  f a c i l i t y  des ign  d e t a i l s  a r e  con ta ined  i n  EPKI F i n a l  Repor t  CS-1688. 

PROJECT RESULTS 

Cons t ruc t ion  of t h e  6 '  x 6 '  f a c i l i t y  was completed i n  October  1977. Following 
a 5-month s t a r t u p  and debugging  phase ,  t h e  f i r s t  t e s t  ser ies  was begun i n  Apr i l  
1978. S ince  then ,  approx ima te ly  2000 hour s  of t e s t i n g  p e r  yea r  have been logged a t  
t h e  f a c i l i t y .  The f a c i l i t y  has  demonst ra ted  t h e  c a p a b i l i t y  f o r  long-term, s teady-  
s t a t e  ope ra t ion ,  w i t h  tests t y p i c a l l y  l a s t i n g  from 300 t o  500 hours .  The AFBC u n i t  
is l a r g e  enough t o  r e s u l t  i n  gas - so l id  r e s i d e n c e  times f o r  t h e  va r ious  zones of t h e  
combustor t h a t  are  t y p i c a l  of t h o s e  expec ted  f o r  u t i l i t y - s c a l e  u n i t s .  A wide range 
of c o n d i t i o n s  can  be t e s t e d  a t  t h e  f a c i l i t y .  Also,  t h e  computerized d a t a  
a c q u i s i t i o n  sys tem has  been shown t o  p rov ide  a c c u r a t e ,  comprehensive documentation 
of t h e  t es t  r e s u l t s .  
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SUMMARY OF TESTS 

T e s t i n g  completed as of J u l y  1981, a l o n g  w i t h  a s h o r t  d e s c r i p t i o n  of each  test 
Series is  Summarized below: 

Tes t  
seriee 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

I 1  

I2 
13 

14 

I5 
16 

17 
18 

19 

20 

21 

2 2  

23 

__ Date 

Hay 1978 

June 1978 

A u g u r  1978 

September 1978 

November 1978 

February 1979 

Hareh 1979 

Hay 1979 

June 1979 

J u l y  1979 

August 1979 

kcember  1979 

January 1980 

February 1980 

Apr i l  1980 

Hay 1980 

June 1980 

July 1980 

October 1980 

December 1980 

January 1981 

March 1981 

June 1981 

- 
H0"rS 

F i r i n g  
Coal 

277 

248 

278 

241 

204 

406 

171 

427  

298 

194 

96 

265 

318 

277 

382 

147 

344 

326 

365 

344 
170 

380 

485 

- comments 

l n i t i a l  c h a r a c t e r i z a t i o n  

Long dura t ion  t e s t  t o  c h a r a c t e r i z e  performance 

Recycle 

Coal sire "Briat ion,  temperature  Var i a t ion  

Limestone and coal sire v a r i a t i o n ,  temperature  VariatiOO 

New d i s t r l b v t o r  p l a t e ,  B a t t e l l e  emiseion t e s t i n g  - P i t t s b u r g h  t 8  coal 

Sing le  c o d  f eed  po in t  - 36 f t 2 ,  bed depth v a r i a t i o n ,  coal and l imestone v a r i a t i o n  

Recycle; underbed s i n g l e  point .  temperature  v a r i a t i o n  

Coal si*e "Briat io" ,  ternperamre v a r i a t i o n  

Recycle;  overbed and 4-point underbed with coal and l imes tone  

Pu lve r i zed  eaal 
New in-bed tube bundle, new baghouse, GCA emission t e s t i n g  - Pi t t sbu rgh  1 8  coal 

Recycle; underbed s i n g l e  po in t .  l i m e e t m e  sire v a r i a t i o n ,  excess t r a n s p o r t  a i r  

Recycle; underbed s i n g l e  po in t  and overbed. slumped bed hea t  t r a n s f e r  s tudy t e s t  

F u l l e r  Kinyon pump c h a r a c r e r i r a t i o n .  baghouse r ecyc le ,  l i g n i t e  t e a t  

Turndown (s lumping)  t e s ~  

Limestone size v a r i a t i o n ,  c e n t e r  r ecyc le  

New d i8 t r ibv tc i r  p l a t e .  4 f t l a e e  c h a r a c t e r i z a t i o n  test 
4 f t l e e c  t e s t i n g ,  recycle 

Feed nozz le  des ign  t e s t i n g .  8 f t l a e e  

Feed nozz le  des ign  t e s t i n g ,  8 f t l s e c  

NO reduct io .  t e a t #  

1 2  f t l s e c  t e s t i n g  

S i g n i f i c a n t  d a t a  were gene ra t ed  i n  t h e  areas of f l y  a s h  r e c y c l e ,  c o a l  p a r t i c l e  
s i z e ,  l imes tone  p a r t i c l e  s i z e ,  5 f t / s e c ,  8 f t / s e c ,  and 12 f t / s e c  f l u i d i z i n g  v e l o c i t y  
o p e r a t i o n ,  combustion of l i g n i t e ,  and  n i t r o g e n  ox ide  r educ t ion .  T e s t i n g  con t inued  
t o  emphasize f l y  a s h  r e c y c l e  as a means of improving combustion e f f i c i e n c y  and  
s u l f u r  cap tu re .  In a d d i t i o n  t o  c e n t e r  underbed r e c y c l e ,  overbed  r e c y c l e  wi th  
g r a v i t y  and pneumatic f e e d  as w e l l  as baghouse a s h  r e c y c l e  c o n f i g u r a t i o n s  were 
t e s t e d .  Recycled f l y  a s h  t e s t i n g  con t inued  t o  r e s u l t  i n  combustion e f f i c i e n c i e s  on 
t h e  o r d e r  of 98%. The h i g h l y  s u c c e s s f u l  l i g n i t e  t es t  r e s u l t e d  i n  combustion 
e f f i c i e n c i e s  approaching  99%. The l i g n i t e  t es t  proved t h e  c a p a b i l i t y  of a f l u i d i z e d  
bed combustor (FBC) t o  combust f u e l s  which c a n  be t roublesome.  One test  was devoted 
t o  t e s t i n g  f eed  n o z z l e s  des igned  t o  p reven t  f e e d l i n e  p luggage  d u r i n g  slumping. A 
power outage  s i m u l a t i o n  tes t  was a l s o  c a r r i e d  ou t .  The tes t  w a s  des igned  t o  
de te rmine  minimum f low rates through t h e  in-bed tube  bundle  r e q u i r e d  t o  p reven t  tube 
ove rhea t ing  du r ing  a power outage .  R e s u l t s  i n d i c a t e d  t h a t  t ube  o v e r h e a t i n g  may be 
p reven ted  w i t h  minimal d e s i g n  c o n s i d e r a t i o n s .  

T e s t s  were a l s o  conducted  t o  e v a l u a t e  bed h e i g h t  r e d u c t i o n  a s  a means of load  
c o n t r o l  i n  a n  AFBC f a c i l i t y .  These v a r i a b l e  bed h e i g h t  t es t s  provided  t h e  d a t a  
needed t o  des ign  an au tomat i c  l oad  c o n t r o l  sys tem t h a t  w i l l  be i n s t a l l e d  on t h e  
6 '  x 6'  i n  1982. 

One s e r i e s  of t es t s  was devoted  t o  two-stage combustion, i . e . ,  a l l owing  a 
p o r t i o n  of t h e  f o r c e d  d r a f t  a i r  t o  bypass t h e  bed, recombining w i t h  t h e  f l u i d i z i n g  
g a s  i n  t h e  f r e e b o a r d  reg ion .  These tests, aimed a t  N O  r e d u c t i o n ,  are d i s c u s s e d  
l a t e r  i n  t h i s  paper.  

A s i g n i f i c a n t  amount of d a t a  cove r ing  AFBC have been g e n e r a t e d  on t h e  6' x 6 ' .  
Some of t h e s e  d a t a  have been summarized and d i s c u s s e d  i n  v a r i o u s  t e c h n i c a l  pape r s  
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and,  t h e r e f o r e ,  w i l l  no t  be r e p e a t e d  i n  t h i s  paper.  
ox ide  r educ t ion  a r e  t h e  two items t h a t  w i l l  be d i scussed  i n  t h e  fo l lowing  sec t ions .  

S u l f u r  c a p t u r e  and n i t r o g e n  

SULFUR CAPTURE 

No Fly  Ash Recycle 

Numerous non-recyc le  tests have been run on t h e  6' x 6 '  AFBC a t  a f l u i d i z i n g  
v e l o c i t y  n e a r  8 f t / s e c .  This  l a r g e  d a t a  bank p rov ides  in fo rma t ion  enab l ing  a b e t t e r  
unders tanding  of s u l f u r  c a p t u r e  w i t h  v a r i o u s  o p e r a t i n g  parameters .  
pe rcen t  s u l f u r  removal v e r s u s  ca l c ium- to - su l fu r  r a t i o  showed t h a t  s u l f u r  removal is 
a s t r o n g  f u n c t i o n  of t h e  amount of f r e s h  l imes tone  f eed  (F igu re  1). However, t h e  
d a t a  i s  q u i t e  s c a t t e r e d ,  i n d i c a t i n g  t h a t  o t h e r  f a c t o r s  such as p a r t i c l e  s i z e ,  
en t ra inment  loss ,  bed t empera tu re ,  c o a l  combustion, and s u l f u r  r e l e a s e  l e v e l  may 
a l s o  have a s i g n i f i c a n t  i n f l u e n c e  on s u l f u r  c a p t u r e  e f f i c i e n c y .  To more thoroughly 
i n v e s t i g a t e  t h e s e  f a c t o r s ,  d a t a  from a narrow range  of Ca/S r a t i o  were sub jec t ed  t o  
a n a l y s i s .  S u l f u r  removal w a s  shown t o  be r e l a t e d  t o  t h e  s i z e  of l imes tone  being f ed  
i n t o  the  u n i t  (F igu re  2). The p l o t  i n d i c a t e s  t h a t  l a r g e r  l imes tone  f eed  s i z e s  
r e s u l t  i n  a decreased  a b i l i t y  t o  remove s u l f u r ,  a t r e n d  which i s  most pronounced a t  
h i g h e r  Ca/S va lues .  T h i s  s u g g e s t s  t h a t  t h e  e f f e c t  of t h e  f r e s h  l imes tone  feed  i s  
predominant s i n c e  t h e  s p e n t  bed l i m e  u t i l i z a t i o n  i n  t h e s e  t e s t s  range between 23% 
and 40%. Consequent ly ,  t h e  r a t e  of s u l f u r  c a p t u r e  f o r  t h e  bed m a t e r i a l  i s  many 
t imes  smal le r  than  f o r  f r e s h l y  c a l c i n e d  l imes tone  a t  a l l  s i z e  ranges  t h a t  e x i s t  
w i t h i n  t h e  FBC u n i t .  For ave rage  l imes tone  f e e d  s i z e s  below 1200 microns  
(weight-mass a v e r a g e ) ,  a s i g n i f i c a n t  drop i n  s u l f u r  r e t e n t i o n  occur red  a s  a r e s u l t  
of h igh  e l u t r i a t i o n  loss  of l i m e s t o n e  f eed .  F u r t h e r  a n a l y s e s  were performed by 
r e s t r i c t i n g  bo th  t h e  Ca/S r a t i o  and l imes tone  f eed  s i z e .  The d a t a  s c a t t e r ,  ev ident  
i n  F igure  2 ,  was found t o  be r e l a t e d  t o  t h e  e f f e c t s  of bed p a r t i c l e  s i z e ,  e x t e n t  of 
bed l ime u t i l i z a t i o n ,  and bed voidage  ( F i g u r e s  3 and 4 ) .  Su l fu r  removal decreases  
wi th :  

A p l o t  of 

1. An i n c r e a s e  i n  bed par t ic le  s i z e  f o r  a narrow range of bed l ime 
. u t i l i z a t i o n  (0.30 - 0.33).  

2. High bed l ime u t i l i z a t i o n .  

3. Higher bed voidage .  

Also,  spent  bed l i m e  u t i l i z a t i o n  is  r e l a t e d  t o  both  r e s i d e n c e  t ime and Ca/S feed 
r a t i o ,  reaching  35% wi th  a r e s i d e n c e  t i m e  of 13 hours  a t  a Ca/S of 2.5 (F igu re  5).  

I n c r e a s i n g  t h e  f l u i d i z i n g  v e l o c i t y  t o  1 2  f t / s e c  r e s u l t e d  i n  lower s u l f u r  
c a p t u r e ,  as shown i n  Table  1. We b e l i e v e  t h e  causes  of t h i s  r educ t ion  t o  be: 
1 )  h ighe r  e l u t r i a t i o n  of l imes tone  from t h e  bed, and 2)  i n c r e a s e d  f r eeboa rd  
combustion of c o a l  and i t s  v o l a t i l e  ma t t e r .  The t a b l e  shows t h a t  carbon and 
l imes tone  ca r ryove r  l o s s e s  were 12% and 55%,  r e s p e c t i v e l y .  
34% more than  t h e  l o s s  a t  8 f t / s e c ,  r e s p e c t i v e l y .  

These a r e  about  50% and 

Reducing f l u i d i z i n g  v e l o c i t y  t o  about 5 f t / s e c  g e n e r a l l y  r e s u l t e d  i n  an  
improvement i n  s u l f u r  cap tu re .  Th i s  was due t o  s m a l l e r  l imes tone  f eed  s i z e  and 
lower e l u t r i a t i o n  l o s s  (Table  2).  
40%. 

I n  a d d i t i o n ,  spen t  bed l ime u t i l i z a t i o n  reached 
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Table 1 

Comparison of  Sulfur Capture Efficiency and NOK Emissions 
for 8 ftlsec and 12 ftlsec Fluidizing Velocities 

Under Similar Conditions of: 1) Non-Recycle and 2) Ca/S : 2.4 - 2.8 

Item - 
%SO2 Capture 

Combustion Efficiency - Z 
NOx - ppm 
co - ppm 

Bed Voidage 

Limestone Feed Sire 
(weight mean average) 

Spent Bed Sire 
(weight mean average) 

Spent Bed Lime Utilization - X 

Elutriation of Available 
Lime Per Limestone Feed 

Elutriation of Carbon 
Per Carbon Feed From Coal 

Fluidizing Velocity 

8 ftlsec 1 2  ftlsec 

78.5 4 6 . 2  

9 2  88 

2 8 5  158 

1 0 6  1 6 9 6  

0 . 6 2  0 . 7 2  

2 9 0 8 p  9 8 4 P  

233711 127911 

29  31 

41 55 

8 I 2  

Table 2 

for 5 ftlsec and 8 ft/sec Fluidizing Velocihs 
Under Similar Conditions of: 1) Non-Recycle and 2) Ca/S : 1.6 - 1.8 

Comparison of Sulfur Capture Efficiency and NO Emissions 

Item - 
XS02  Capture 

Combustion Efficiency - % 

Spent Bed Lime Utilization - X 

Z Carbon in Carryover 
Per Carbon Feed 

NOx - 1bIHKb 
Bed Voidage 

Limestone Feed Size 
(weight mean average) 

Spent Bed Size 
(weight mean average) 

CO in Stack Gas - ppm 

Fluidizing Velocity 

5 ftlsec 8 ftlsec 

58 54 

9 4  9 2  

40 3 3  

7.7 9 . 6  

0 . 2 2  0 . 3 9  

0.55 0.66 

815p 1 2 o o p  

9 2 3 p  82411 

173 1 2 6  

I 
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Fly  Ash Recycle 

Opera t ion  of t h e  6 '  x 6 '  s i n c e  May 1979 has  emphasized f l y  a s h  r e c y c l e  
ope ra t ion .  Recycle  has  g e n e r a l l y  improved s u l f u r  c a p t u r e  as shown on F igu re  6. 
Gene ra l ly  speaking ,  f o r  a g iven  test c o n d i t i o n  and  a narrow range  of l imes tone  t o  
c o a l  f eed  r a t e ,  one e x p e c t s  t h e  t o t a l  a v a i l a b l e  mole of ca l c ium t o  each  mole of c o a l  
s u l f u r  t o  i n c r e a s e  a s  t h e  r e c y c l e  r a t i o  ( r e c y c l e  r a t e / c o a l  r a t e )  i n c r e a s e s  (F igu re  
7a) .  The t o t a l  a v a i l a b l e  ca l c ium o x i d e  i s  d e f i n e d  as t h e  combined ca lc ium ox ide  
from t h e  l imes tone  f eed  and t h e  u n r e a c t e d  ca l c ium o x i d e  i n  t h e  r e c y c l e  stream; i t  i s  
d e s i g n a t e d  a s  (CaO)R + (CaO)L. 
t h e  l imes tone  f e e d  rate or t h e  r e c y c l e  r a t i o .  

The a v a i l a b l e  ca l c ium ox ide  can  change by va ry ing  

F igu re  7b is a p l o t  of t h e  expec ted  t r e n d  o f  t h e  e f f e c t  of r e c y c l e  r a t i o  on 
s u l f u r  c a p t u r e  f o r  two d i f f e r e n t  Ca/S f eed  ra t ios .  I d e a l l y ,  f o r  a g iven  set  of 
c o n d i t i o n s ,  s u l f u r  c a p t u r e  shou ld  i n c r e a s e  w i t h  i n c r e a s i n g  r e c y c l e  r a t i o  due t o  an  
i n c r e a s e  i n  t h e  t o t a l  a v a i l a b l e  ca l c ium- to - su l fu r  r a t i o .  The rate of i n c r e a s e  i n  
s u l f u r  c a p t u r e  ( s l o p e  of t h e  c u r v e )  w i l l  g r a d u a l l y  d imin i sh  as t h e  r e a c t i v i t y  of t h e  
r e c y c l e d  lime d e c r e a s e s  due t o  h i g h e r  ca lc ium u t i l i z a t i o n .  As t h e  cu rve  beg ins  t o  
l e v e l  o f f ,  a p o i n t  is reached  beyond which any f u r t h e r  i n c r e a s e  i n  t h e  r e c y c l e  r a t e  
h a s  l i t t l e  b e n e f i t  on s u l f u r  c a p t u r e .  The r e c y c l e  r a t i o  f o r  which t h i s  o c c u r s  
shou ld  i n c r e a s e  a s :  

1. The p a r t i c l e  s i z e  of t h e  r e c y c l e  s t r eam d e c r e a s e s  s i n c e  t h e  smaller 
lime s i z e  r e s u l t s  i n  b e t t e r  r e a c t i v i t y  a t  h i g h e r  ca lc ium u t i l i z a t i o n  
l e v e l s .  

2. The l i m e s t o n e  f eed  ra te  i n c r e a s e s  ( h i g h e r  Ca/S r a t i o ) .  High 
l i m e s t o n e  f e e d  r a t e s  g e n e r a l l y  r e s u l t  i n  g r e a t e r  e l u t r i a t i o n  of 
f r e s h l y  c a l c i n e d  l imes tone .  T h i s  h e l p s  t o  i n c r e a s e  t h e  r e a c t i v i t y  of 
t h e  r e c y c l e  stream, t h u s  promot ing  SO2 cap tu re .  

3. The r e a c t i v i t y  of r e c y c l e d  lime improves.  The improvement can be 
ach ieved  through e i t h e r  g r i n d i n g  o r  p a r t i a l  hydra t ion .  

The r e c y c l e  a n a l y s i s  was conducted  by f i r s t  choos ing  a l l  tests w i t h  and  wi thout  
The d a t a  were compared by r e s t r i c t i n g  t h e  Ca/S f e e d  r a t i o s  t o  narrow r e c y c l e .  

ranges .  F igu re  8 shows t h a t  t h e  a v a i l a b l e  ca lc ium-to-su l fur  r a t i o ,  [(CaO) + 
(CaO),l/S, i n c r e a s e s  d r a m a t i c a l l y  as the  recyc le- to- feed  r a t i o  i s  inc reaseh .  
9 shows the e f f e c t  o f  r e c y c l e  on s u l f u r  c a p t u r e  a t  t h r e e  Ca/S r a t i o s .  F igu re  10 
shows t h a t  90% s u l f u r  c a p t u r e  can  be  ob ta ined  a t  a recyc le- to-coa l  r a t i o  of about  
1.3 w i t h  a Ca/S f e e d  r a t i o  of 2.5 - 2.9. 

F igure  

By e x t r a p o l a t i o n ,  a r e c y c l e  r a t i o  of abou t  4 - 5 w i l l  be r e q u i r e d  a t  a Ca/S 
f e e d  r a t i o  of 1.5 - 2.0. 

F igu re  1 1  shows s u l f u r  c a p t u r e  as a f u n c t i o n  of f l u i d i z i n g  v e l o c i t y  f o r  both 
t h e  non-recyc le  and r e c y c l e  o p e r a t i n g  c o n d i t i o n s .  Note t h e  s i g n i f i c a n t  dec rease  
(approximate ly  20 percen tage  p o i n t s )  i n  s u l f u r  c a p t u r e  f o r  t h e  h igh  f l u i d i z i n g  
v e l o c i t y  ( 1 2  f t / s e c )  tests as compared t o  t h e  8 f t / s e c  tests. 
t h i s  r e d u c t i o n  i s  a t t r i b u t e d  t o  t h e  i n c r e a s e d  f r e e b o a r d  combustion. Th i s ,  of 
c o u r s e ,  causes  more s u l f u r  release i n  t h e  f r eeboa rd .  

The major r eason  f o r  
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NITROGEN O X I D E  REDUCTION 

Single-Stage  Combustion 

The mechanism of NO fo rma t ion  i n  a n  AFBC u n i t  is ex t r eme ly  compl ica ted ,  
i n v o l v i n g  t h e  format ion  2nd d e s t r u c t i o n  of NO th rough v a r i o u s  chemica l  r e a c t i o n s  
t h a t  occu r  i n  the  bed and i n  t h e  f r eeboa rd .  
d e v o l a t i z a t i o n  ra te  and i t s  v o l a t i l e  c o n t e n t ,  e x c e s s  a i r ,  bed t empera tu re ,  CO and 
SO2 c o n c e n t r a t i o n s  i n  t h e  emuls ion  phase ,  and t h e  bed hydrodynamics. 

Thus, it depends upon t h e  c o a l  

A t  0 f t / s e c  f l u i d i z i n g  v e l o c i t y ,  N O  emis s ions  were g e n e r a l l y  i n  t h e  300 ppm - 
was found t o  change w i t h  t h e  Ca/S f e e d  400 ppm range. However a t  5 f t / s e c ,  t h e 5 0  

f o l l o w i n g  mechanisms as noted  by Exxon [ I ] :  
\ r a t i o  a s  shown on  F igure  12. It  is b e l i e v e 3  t h a t  t h i s  e f f e c t  i s  a r e s u l t  of t h e  

3 C a O  + S O 2  -+ CaSO 

CaS03 + 2NO -+ CaS03 (NO)2 

CaS03 -+ CaS04 + N 2  + 1 / 2  O 2  

I 

As po in ted  ou t  by Exxon's s tudy ,  t h e  above mechanisms cou ld  only  occur  i n  t h e  
presence  of s u l f a t e d  lime and wi th  a d e f i c i t  of oxygen. The ra te  of NO r e d u c t i o n  
was found t o  be d i r e c t l y  p r o p o r t i o n a l  t o  c o n c e n t r a t i o n s  of bo th  NO and 50, i n  t h e  
gas  phase  as fo l lows :  

- = K (S02)m 
W d t  

Where W is t h e  bed weight  and n has  a v a l u e  between 0.53 - 0.67 f o r  t h e  
t empera tu re  range  of 1400' - 1600°F. 
t o  provide  an e x p l a n a t i o n  t o  our o b s e r v a t i o n  f o r  t h e  low v e l o c i t y  tests. I t  i s  
g e n e r a l l y  be l i eved  t h a t  t h e  r e l a t i v e l y  s m a l l e r  s p e n t  bed s i z e  i n  t h e s e  t es t s  
r e s u l t e d  i n  a f a s t  bubbl ing  bed wi th  t h e  r e l a t i v e  e x c e s s  gas  v e l o c i t y  (U - U 
r ang ing  from 8 t o  1 2 .  
bypass  t h e  emuls ion  phase  v i a  t h e  bubble  phase ,  r e s u l t i n g  i n  a reducing  atmosphere 
i n  t h e  emulsion phase t h a t  enhanced t h e  N O  r e d u c t i o n  through t h e  mechanisms 
proposed  by Exxon. 

The proposed mechanisms q u a l i t a t i v e l y  appea r  

) / u  rnf ' Consequently,  a m a j o r i t y  of oxygen a l o n g  wi th  a i r  W O U ~  

The NO emis s ion  d a t a  t aken  from non-recyc le  t e s t s  w i t h  Ohio t 6  c o a l  and  
8 f t / s e c  f l c i d i z i n g  v e l o c i t y  appeared  r e l a t e d  t o  t h e  o p e r a t i n g  excess  a i r .  However, 
t h e  r e s u l t s  were q u i t e  s c a t t e r e d ,  e s p e c i a l l y  a t  l e v e l s  below 25% excess  a i r  (F igu re  
13).  These s c a t t e r e d  NO d a t a  were found t o  be a s s o c i a t e d  s t r o n g l y  t o  t h e  e x t e n t  of 
t h e  reducing  c o n d i t i o n  1:: AFBC where t h e  NO l e v e l  was u s u a l l y  below 200 ppm i f  the  
CO c o n c e n t r a t i o n  i n  t h e  s t a c k  gas  exceeded 200 ppm ( F i g u r e  14) .  F u r t h e r  a n a l y s i s  of 
t h e  d a t a  i n d i c a t e d  t h a t  t h e  h igh  NO emis s ions  were a s s o c i a t e d  c l o s e l y  w i t h  t h e  bed 
voidage ,  where t h e  e f f e c t  became mole pronounced a t  h i g h e r  o x i d i z i n g  c o n d i t i o n s  
( F i g u r e  15). 

The e f f e c t  of carbon l o a d i n g  i n  t h e  f r e e b o a r d  on NOx r e d u c t i o n  was q u i t e  
e v i d e n t  a t  a h igh  f l u i d i z i n g  v e l o c i t y  ( 1 2  f t / s e c )  and a r e c y c l e  r a t i o  o f  1.0 - 1.4. 
A r e d u c t i o n  Of NO 
16) as carbon l o a 2 i n g  i n c r e a s e d  from 14% t o  19%. 

emiss ions  from 0.43 t o  0.23 l b / m i l l i o n  Btu was observed  (F igu re  
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Two-Stage Combustion 

S taged  combustion has been proposed a s  a means of reducing  NO from an AFBc 
u n i t .  
r e d u c t i o n  wi th  s t ag ing .  However, t h e s e  tests were run i n  sma l l  u n i t s  and only 
o v e r a l l  e f f e c t s  were measured. 
r e d u c t i o n  and performance v a r i a b l e s ,  t h e  6 '  x 6 '  AFBC f a c i l i t y  was modified t o  aylow 
a i r  i n j e c t i o n  a t  an e l e v a t i o n  of 96 i n c h e s  above t h e  d i s t r i b u t o r  p l a t e .  
e l e v a t i o n  was chosen based on d a t a  from p rev ious  tests [21.  Two i n j e c t i o n  p o r t s  -- 
on oppos i t e  w a l l s  of t h e  u n i t  -- were i n s t a l l e d  wi th  v a l v e s  t o  c o n t r o l  flow and a n  
o r i f i c e  t o  measure flow. 

Seve ra l  i n v e s t i g a t o r s  [ 2 ,  3, and 41 have conducted t e s t s  to 'quantify t h e  NO 

To a i d  i n  e v a l u a t i n g  t h e  e f f e c t  of s t a g i n g  on NO 

This 

Tes t s  were conducted a t  t h e  c o n d i t i o n s  l i s t e d  i n  Table  3. 

Table 3 

Summary of  Operating Conditions and Measured Performance Variables 

ConditionIVariable 

Bed Temp, *F 

Bed Height - inches 

Superficial  Velocity - f t l s e c  

Coal Feed - lb lhr  

CaIS Ratio 

Recycle - lb lhr  

In-Bed Air Flov - lb lhr  

Overbed Air Plov - lblhr 

Flue Gas 

o2 - x 
SO2 - ppm 

NOx - ppm 

CO - ppm 

Sulfur Capture - 2 

Combustion Eff ic iency - I 

la 

1564 
51.8 
7.3 

1887 
2.7 

2560 

19500 
0 

- 

2.9 
170 
208 
416 

91.6 
98.1 

Ib 

1546 
52.5 
8.0 

2042 
2.7 

2680 
21500 

0 

- 

2.9 
265 
185 

372 
86.1 
97.4 

2a 

1544 
50.0 
7.1 

2070 
2.1 

2800 
19400 
2300 

- 

2.9 
562 
247 
195 

77.1 

96.8 

Test - 
2b 

1547 
49.8 
7.1 

2064 
2.5 

2920 
19400 
2300 

- 

3.1 
527 
203 
175 

75.1 
96.7 

3a 

1512 
47.7 
6.5 
2192 
2.7 
2280 
18300 
4850 

- 

2.9 
46 1 

248 
88 

74.9 
96.0 

3b 

1553 
47.8 
7.0 

2228 
2.5 

2280 
18900 
4670 

- 

2.7 
458 
248 
117 

76. I 
96.1 

A t  each t e s t  c o n d i t i o n ,  g a s  t r a v e r s e s  were made a t  s i x  h e i g h t s  a long  t h e  
c e n t e r l i n e  of t h e  u n i t .  The gas  c o n c e n t r a t i o n  p r o f i l e s  ob ta ined  in-bed (16 inches  
above t h e  d i s t r i b u t o r  p l a t e )  a r e  shown on F igure  17. 
d rop  i n  o t h e r  gas  c o n c e n t r a t i o n s  n e a r  t h e  36-inch i n s e r t i o n  depth.  This  i s  probably 
due t o  the  r e c y c l e  s t ream which is be ing  i n j e c t e d  wi th  t r a n s p o r t  a i r  a t  t h e  36-inch 
d i s t a n c e .  P r o f i l e s  above t h e  bed ( i n  t h e  f r e e b o a r d )  were cons ide rab ly  more uniform. 

An i n t e g r a t e d  average  of t h e  p r o f i l e  ob ta ined  a t  each  e l e v a t i o n  was c a l c u l a t e d .  

Note t h e  peak i n  O2 and the  

Th i s  average  was then  p l o t t e d  ve r sus  d i s t a n c e  above t h e  d i s t r i b u t o r  p l a t e  f o r  CO, 
SO2, and NO 
r e a d i l y  appz ren t  from t h e s e  f i g u r e s .  

a s  shown on F igures  18, 19,  and 20. There a r e  s e v e r a l  p o i n t s  t h a t  a r e  

0 With z e r o  overbed a i r ,  t h e r e  is a s i g n i f i c a n t  r e a c t i o n  o c c u r r i n g  i n  
t h e  f r eeboa rd ,  e.g., r e d u c t i o n  of CO and NO 

Two-stage combustion produces  t h e  expec ted  t r e n d s  i n  reducing  NO 
wh i l e  i n c r e a s i n g  SO2 and CO i n  t h e  bed. 

X. 

0 
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0 The a d d i t i o n  of a i r  a t  t h e  96-inch e l e v a t i o n  a l l o w s  f u r t h e r  
Combustion t o  occur  i n  t h e  f r e e b o a r d ,  t h u s  i n c r e a s i n g  SO2 and  
r educ ing  CO and  NOx. 

Reducing t h e  NOx l e v e l  i n  t h e  bed r educes  NOx t h roughou t  t h e  process .  0 

0 Gas c o n c e n t r a t i o n s  measured a t  t h e  240-inch e l e v a t i o n ,  u s ing  t h e  
f r eeboa rd  sampl ing  system and a n a l y s e r s ,  a g r e e  remarkably  w e l l  w i th  
t h e  similar, bu t  comple t e ly  s e p a r a t e ,  fu rnace  o u t l e t  sys tem and 
a n a l y s e r s .  

F igu re  21 shows a p l o t  of t h e  fu rnace  o u t l e t  NO and  SO gas  c o n c e n t r a t i o n s  a t  2 
t h e  t h r e e  test  c o n d i t i o n s  -- 0%, lo%, and  20% overbe8  a i r .  

CONCLUDING REMARKS 

Twenty-three t es t  series have been completed on t h e  6 '  x 6 '  AFBC Development 
F a c i l i t y  cove r ing  o v e r  7100 hour s  of ope ra t ion .  Data o b t a i n e d  t h u s  f a r  have  c l e a r l y  
shown t h a t  f l y  a s h  r e c y c l e  can  improve combustion e f f i c i e n c y  t o  t h e  l e v e l  needed f o r  
commercial  ope ra t ion .  Recycle a l s o  improves s o r b e n t  u t i l i z a t i o n ,  t hus  r educ ing  the 
l imes tone  needed f o r  s u l f u r  cap tu re .  Measured N O  emis s ion  l e v e l s  from t h e  6' x 6 '  
AFBC u n i t  are well  below c u r r e n t  EPA l i m i t s .  Howgver, two-stage combustion t es t s  
have shown t h a t  NO c a n  be reduced t o  abou t  0.15 l b / m i l l i o n  Btu. A d d i t i o n a l  work 
needs  t o  be complered t o  improve S u l f u r  c a p t u r e  and combustion e f f i c i e n c y  w i t h  
two-stage combustion. 

In fo rma t ion  ob ta ined  t h u s  f a r  has  a l lowed a s i g n i f i c a n t  improvement i n  ou r  
unde r s t and ing  of t h e  AFBC process  and  should  prove u s e f u l  t o  r e s e a r c h e r s  i n  t h i s  
f i e l d .  Fu r the r ,  d e s i g n  of p r o t o t y p e  hardware and o t h e r  equipment deve loped  and 
t e s t e d  on t h e  6 '  x 6 '  should  prove u s e f u l  f o r  commercial  des ign .  
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PARTICLE ENTRAINMENT AND NITRIC OXIDE REDUCTION 
IN THKFREEBOARD OF A FLUIDIZED COAL COMBUSTOR 

p. M. Walsh, T. Z. Chaung, A. Dutta, J. M. Begr, and A. F. Sarofim 

The Energy Laboratory and Department of Chemical Engineering 
Massachusetts Institute of Technology, Cambridge, MA 02139 

1.0 Introduction 

Economic design of fluidized bed combustors requires a combination of fluidizing 
velocities and particle sizes which result in the unavoidable carry over of bed 
solids, coal char particles and unburned gaseous combustion products into the free- 
board. 
will burn, and also 
freeboard of the fluidized combustor - between the top of the bed and the first row 
of the convective tube bank. 
cient and clean operation of fluidized combustors,until recently little attention 
was paid to the understanding of the freeboard reactions. Pereira et a1 (1) and 
Gibbs et a1 ( 2 )  have determined chemical species concentration variation along the 
height of a 30 x 30 cm cross section fluidized bed and found that significant reduc- 
tion of NO, takes place above the bed surface. Okada et a1 ( 3 )  have shown that the 
fine sorbent particles entrained into the freeboard will enhance sulfur capture and 
that the entrained char particles will react with NO, and reduce its emission. 

Depending upon the design parameter% the last 5 to 10% of the combustibles 
significant reduction of SO2 and NOx will take place, in the 

Despite the importance of the freeboard to the effi- 

In earlier designs of fluidized combustors the problem posed by unacceptably 
high carbon carry over at fluidizing velocities was resolved by the introduction of 
the fines precipitated from the flue gas into a "carbon burn-up cell," an uncooled 
fluidized bed operating at lower fluidizing velocity. In recent designs, instead of 
the carbon burn-up cell the method of fines reinjection into the fluidized bed is 
adopted. In order to achieve operational simplicity the fines 'in most practical 
applications are added to fresh feed and returned into the bed. Fines reinjection 
significantly increases the fine particle concentration in the bed and in the free- 
board with the consequence of further enhancing the rate of the heterogeneous reac- 
tions of char oxidation, and SO2 and NO reduction in the freeboard. 

Modeling of the freeboard reactions has been hindered by incomplete understand- 
ing of the processes which govern the entrainment of bed solid particles into the 
freeboard and the mixing of these solids with the reactant gas. Entrainment models 
by George and Grace (4), Wen and Chen (5) and Horio et a1 ( 6 )  have fulfilled an 
important role in predicting solids concentration in the freeboard,but due to a 
dearth of experimental information on entrainment rate as a function of the fluidiza- 
tion parameters of the bed, these models could not be rigorously tested and developed 
to the stage where they can be incorporated into FBC combustion models with suffi- 
cient confidence. 

The importance of the NO-carbon reaction for the reduction of NO in fluidized 
combustion of coal was recognized and experimentally demonstrated by Pereira and 
Be& (7), Gibbs et a1 (2)  and Furusawa et a1 (8). Kinetic parameters for this reac- 
tion were reported by Be& et a1 (9), 
found that the NO-char reaction can be significantly enhanced in the presence of CO. 

The problems of predicting NO, reduction in the freeboard with sufficient accu- 
racy are not only due to uncertainties about solids entrainment but also about the 
relative significance that CO, coal volatiles, volatile nitrogen compounds,or hydro- 
carbons may have on NO reduction (Sarofim and Begr ( 1 2 ) ,  Yamazaki et a1 (13)). In 
recent experimental studies at MIT detailed hydrocarbon species concentration mea- 
surements by Walsh et a1 (14) have shown that CO and hydrocarbon concentrations are 
high in the "splash zone" immediately above the bed so that their effect on NO reduc- 

Kunii et a1 (10) and Chan (11). Chan also 
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t i o n  i n  t h i s  r eg ion  may no t  be neg lec t ed .  

In  t h e  fo l lowing ,  model c a l c u l a t i o n s  are presented  of t h e  r educ t ion  of NO along 
t h e  he ight  of t h e  f reeboard  of t h e  MIT 0.6 x 0.6m c r o s s  s e c t i o n ,  4.5m high  f lu id i zed  
bed. In t h e  model a new approach is made t o  t h e  p r e d i c t i o n  of s o l i d s  concent ra t ion  
i n  t h e  f reeboard  (Chaung (15))which is a s s i s t e d  by measurement d a t a  on t h e  descend- 
ing  f l u x  of p a r t i c l e s .  The NO r educ t ion  a long  t h e  h e i g h t  above t h e  bed i s  then pre- 
d i c t e d  from exper imenta l  i n fo rma t ion  on t h e  carbon con ten t  of bed s o l i d s  and the  
chemical k i n e t i c  r a t e  equa t ion  on t h e  NO-carbon r e a c t i o n .  The NO r educ t ions  so ca l -  
cu la ted  are then compared wi th  measurement d a t a  ob ta ined  burning bituminous and sub- 
bituminous c o a l s  i n  t h e  0 . 6  x 0.6m M I T  exper imenta l  f a c i l i t y .  

2.0 P a r t i c l e  Entrainment i n  t h e  Freeboard 

2 . 1  Theory of Par t ic le  Entrainment 

A model has  been developed f o r  t h e  en t ra inment  of p a r t i c l e s  from t h e  bed i n t o  
t h e  f reeboard  of a f l u i d i z e d  combustor. Its purpose is t o  provide  an e s t ima te  of 
t h e  t o t a l  s u r f a c e  a r e a  of each s o l i d  s p e c i e s  p a r t i c i p a t i n g  i n  chemical r eac t ions  i n  
t h i s  zone. The model i s  based on t h e  fo l lowing  assumptions: 

1. Burs t ing  bubbles eject p a r t i c l e s  i n t o  t h e  f r eeboa rd .  

2 .  P a r t i c l e - p a r t i c l e  i n t e r a c t i o n s  and w a l l  e f f e c t s  a r e  n e g l i g i b l e .  

3 .  The changes i n  m a s s  and s i z e  of a p a r t i c l e  due t o  chemical r e a c t i o n  while 

4 .  I n t e r a c t i o n  of t h e  concen t r a t ion ,  tempera ture ,  and v e l o c i t y  g r a d i e n t s  

5. The i n i t i a l  v e l o c i t i e s  of p a r t i c l e s  e j e c t e d  from t h e  bed a r e  g iven  by a 

i n  t h e  f reeboard  are n e g l i g i b l e .  

sur rounding  each p a r t i c l e  a r e  n e g l i g i b l e .  

semi-empirical  log-normal d i s t r i b u t i o n  having a geometric mean va lue  pro- 
p r o t i o n a l  t o  bubble v e l o c i t y .  

bubble growth model of Mori and Wen (16) .  
6 .  Bubble d iameters  are determined by t h e  h e a t  exchanger tube  spac ing  and the  

The sequence of s t e p s  i n  t h e  c a l c u l a t i o n  of p a r t i c l e  d e n s i t y  (mass of par- 
t i c l e s /vo lume  of g a s - p a r t i c l e  mixture)  is a s  fo l lows :  

1. The i n i t i a l  v e l o c i t i e s  of t h e  p a r t i c l e s  l eav ing  t h e  bed are g iven  by the  

2 .  

assumed semi-empirical  v e l o c i t y  d i s t r i b u t i o n .  

The i n i t i a l  f l u x  o f  p a r t i c l e s  is p r o p o r t i o n a l  t o  t h e  f l u x  of bubbles a t  t h e  
top  of t h e  bed. The p r o p o r t i o n a l i t y  f a c t o r  is determined by equat ing  t h e  
k i n e t i c  ene rg ie s  of  a b u r s t i n g  bubble  and t h e  p a r t i c l e s  which i t  e j e c t s .  

The equat ion  of motion is so lved  f o r  each p a r t i c l e  s i z e  and i n i t i a l  velo- 
c i t y  t o  determine t h e  p a r t i c l e  t r a j e c t o r i e s .  

4 .  The p a r t i c l e  d e n s i t y  is determined from t h e  r a t i o s  of f l u x  t o  v e l o c i t y  a t  
each  f reeboard  h e i g h t .  T o t a l  d e n s i t y  is found by summing t h e  con t r ibu t ions  
from a l l  s i z e s  and i n i t i a l  v e l o c i t i e s .  

3 .  

Because s o l u t i o n  of t h e  equa t ions  of motion is time-consuming, f o r  t h e  r equ i r ed  
range of p a r t i c l e  s i z e s  and i n i t i a l  v e l o c i t i e s ,  a s i m p l i f i e d  v e r s i o n  of t h e  model 
was a l s o  developed, based on two a d d i t i o n a l  assumptions: 

7. Small p a r t i c l e s ,  having  ut < ug, ascend w i t h  cons t an t  v e l o c i t y ,  vs = ug - 
U t '  

The d rag  f o r c e  i s  n e g l i g i b l e  on p a r t i c l e s  having u 8. 
t L ug. 
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I. 

Chaung (15) showed t h a t  t h e  d e v i a t i o n  of t h e  par t ic le  f l u x e s  p red ic t ed  by t h e  two 
models w a s  less than  t h e  u n c e r t a i n t y  i n  t h e  r e s u l t s  of t h e  more a c c u r a t e  ve r s ion .  

De ta i l ed  d e s c r i p t i o n  of t h e  e s s e n t i a l  f e a t u r e s  of t h e  model. 

I n i t i a l  v e l o c i t y  d i s t r i b u t i o n .  

A log-normal f i t  w a s  made t o  t h e  d i s t r i b u t i o n  of e j e c t e d  p a r t i c l e  v e l o c i t i e s  
g iven  by George and Grace ( 4 ) .  which were normalized t o  the  a b s o l u t e  bubble velo- 
c i t ies ,  Ub. The geometr ic  mean p a r t i c l e  v e l o c i t y  and s t anda rd  d e v i a t i o n  were 2.44 
Ub and 1.43, r e spec t ive ly .  

I n i t i a l  Entrainment 

George and Grace ( 4 ) ,  def ined  a parameter ,  5, equa l  t o  t h e  r a t i o  of t h e  
volumes of en t r a ined  p a r t i c l e s  and b u r s t i n g  bubble.  Using t h i s  parameter ,  t h e  en- 
t ra inment  from t h e  bed s u r f a c e ,  Eo, can be  expressed  by 

Glicksman e t  a l .  (17)  g ive  an expres s ion  f o r  t h e  v i s i b l e  bubble flow r a t e ,  Qb. v a l i d  
over t h e  e n t i r e  range  of bubble volume f r a c t i o n ,  6 :  

2) 

The t o t a l  energy of a bubble be fo re  b u r s t i n g  can be  equated t o  t h e  energy of 
t h e  en t r a ined  p a r t i c l e s  and t h e  energy of t h e  bubble through-flow gas .  The t o t a l  
energy of t h e  bubble is given  by t h e  fo l lowing  equa t ion  from Davidson and 
Harr i son  (18) : 

3)  
1 2 (KE)b = - 2 % , e f f  "b 

where t h e  e f f e c t i v e  mass of a bubble ,  % ,e f f ,  i s  

1 %,eff  = 7 (mass of f l u i d  d i sp laced  by t h e  bubble) 

Def in ing  t h e  root-mean-square v e l o c i t y  of t h e  en t r a ined  p a r t i c l e s  as v t h e  t o t a l  
k i n e t i c  energy of t h e  p a r t i c l e s  e j e c t e d  by t h e  bubble is: P '  

where 

The k i n e t i c  energy of bubble through-flow gas  is approximately 

which i s  usua l ly  n e g l i g i b l e  compared wi th  o r  (KE) The energy ba lance ,  i . e . ,  
P'  (KE)b S (KE)p, then  y i e l d s :  2 

U. 
b 

2 7  

5 =- 
2 

P 
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The abso lu te  bubble v e l o c i t y  i s  g iven  by 

The bubble d i ame te r ,  d b , . a t  t h e  top of t h e  bed was found by assuming an i n i t i a l  d i -  
ameter equal t o  t h e  spac ing  of  t h e  h e a t  exchanger t u b e s ,  and growth accord ing  t h e  
c o r r e l a t i o n  of Mori and Wen (16 ) .  Th i s  r e s u l t ;  wi th  t h e  assumed v e l o c i t y  d i s t r i -  
bu t ion ;  Equations 2 ,  8,  and 9 ;  and t h e  a p p r o p r i a t e  exper imenta l  d a t a ;  p rovide  t h e  
informat ion  r equ i r ed  t o  c a l c u l a t e  t h e  i n i t i a l  en t ra inment  by Equation 1. No assump- 
t i o n  has been made r ega rd ing  t h e  sou rce  of t h e  p a r t i c l e s ,  i . e . ,  whether they  or ig-  
i n a t e  i n  the  wake or  t h e  cap of  a bubble.  

Ca lcu la t ion  of P a r t i c l e  Dens i ty  

The equa t ion  of motion of  t h e  p a r t i c l e s  is 

Sub jec t  t o  t h e  i n i t i a l  c o n d i t i o n s  

v = v  a t Z = O  11) s s i  

The t o r a l  p a r t i c l e  d e n s i t y  p r o f i l e  a long  t h e  f r eeboa rd  i s  obta ined  by summing 
up a l l  the c o n t r i b u t i o n s  from ascending  and descending p a r t i c l e s .  

( a l l  p a r t i c l e  s i z e s )  

( a l l  i n i t i a l  v e l o c i t i e s )  

The c a l c u l a t i o n  must be r epea ted  6000 times i f  t h e  p a r t i c l e  s i z e  range  i s  d iv-  
ided i n t o  60 i n t e r v a l s  and t h e  i n i t i a l  v e l o c i t y  d i s t r i b u t i o n  i n t o  100 i n t e r v a l s .  

The S impl i f i ed  Model 

I n  order  t o  save computer t i m e  t h e  model was s i m p l i f i e d  by neg lec t ing  the 
t r a n s i e n t  t e r m  f o r  s m a l l  p a r t i c l e s  and t h e  d rag  f o r c e  term f o r  l a r g e  p a r t i c l e s .  
equa t ions  t o  be  so lved  are then :  

The 

< ug) ,  vs = ug - u t f o r  sma l l  p a r t i c l e s  (u 

f o r  l a r g e  p a r t i c l e s  (u > u ), 
t -  g 

which gives f o r  ascending p a r t i c l e s  

v =  S J.’ s i  - 2gz (PS - Pg) 

PS 
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The maximum height  t h a t  a l a r g e  p a r t i c l e  can reach  is 
z 

' s  vsi Hmax = 2 ( P s  - Pg)g 

f o r  descending p a r t i c l e s  

v S = -  J-) = 

Since t h e  l o c a l  v e l o c i t y  of each p a r t i c l e  i s  obta ined  i n  a n a l y t i c  form, t h e  p a r t i c l e  
d e n s i t y  (Equation 12) y i e l d s  a closed-form express ion:  

(Large p a r t i c l e s  
P ( Z )  = 2(1-Yc)Eo fidvsi no t  e l u t r i a c t e d )  

J 
I 

(1-y )E f . d v  (Large p a r t i c l e s  
e l u t r i a t e d )  c 0 1  s i  

2 
vsi -2€!Z(Ps-Pg)/Ps 

(Small p a r t i c l e s  
e l u t r i a t e d )  18) 

I > y(d  ) 
u (d ) < u i s  t h e  m a s s  f r a c t i o n  of sma l l  p a r t i c l e s ,  and f i  d vsi 

YC 
where 

r e p r e s e n t s  t h e  mass f r a c t i o n  of p a r t i c l e s  wi th  an  i n i t i a l  v e l o c i t y  between v a n d v  . 
+ dv .. The v a l i d i t y  of t h e  approximations made i n  s impl i fy ing  t h e  nodel  wasSi 

by comparing t h e  par t ic le  c e n s i t i e s  p red ic t ed  by t h e  two methods (15) .  The 
maximum discrepancy  was less than  30% of the  p a r t i c l e  d e n s i t y  p red ic t ed  by t h e  com- 
p l e t e  model, and t h e  s i g n i f i c a n t  f e a t u r e s  of bo th  d e n s i t y  p r o f i l e s  were i d e n t i c a l .  
The r e s u l t s  presented  h e r e  were obta ined  us ing  t h e  s i m p l e r  model. 

Two Component Bed 

t P i  g 

s1 
s1 

When t h e  bed :,as two components, f o r  example a very sma l l  amount of char  mixed 

Assuming t h a t  t h e  s t r a t i f i c a t i o n  f a c t o r  is equal  t o  t h e  
wi th  s t o n e ,  t h e  i n i t i a l  en t ra inment  of t h e  c h a r ,  Eo 
t o t a l  i n i t i a l  en t ra inment .  
d e n s i t y  r a t i o .  

, is  a sma l l  f r a c t i o n  of t h e  

The i n i t i a l  v e l o c i t y  d i s t r i b u t i o n  f o r  t h e  char  i s  t h e  same as €or  t h e  s t o n e ,  and the  
t o t a l  char  d e n s i t y  is found by t h e  same procedure as b e f o r e ,  wi th  p i n  p l a c e  

s ,c 
of Ps.  
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2.2  Measurement of P a r t i c l e  F lux  

A l l  of t h e  experiments desc r ibed  i n  the  p re sen t  paper were performed using t h e  
M.I .T .  F lu id i zed  Combustion Research F a c i l i t y ,  shown i n  F igu re  1. The combustor 
h a s  a square  c ros s - sec t ion ,  0.6m x 0.6m; and t h e  t o t a l  h e i g h t ,  from d i s t r i b u t o r  t o  
e x i t ,  of 4.5m. The system has been desc r ibed  i n  d e t a i l  e l sewhere ,  (Be& e t  a l .  
(19)) 

The mass f l u x e s  of p a r t i c l e s  e x t r a i n e d  i n  t h e  f r eeboa rd  a t  v a r i o u s  s u p e r f i c i a l  
g a s  v e l o c i t i e s  w e r e  measured i n  co ld  flow experiments by c o l l e c t i n g  descending par- 
t i c l e s  a t  v a r i o u s  h e i g h t s  above t h e  s u r f a c e  of  t h e  f l u i d i z e d  bed. The p a r t i c l e  
c o l l e c t i n g  probe w a s  formed by c u t t i n g  a 22mm diameter  tube  i n  h a l f  l engthwise ,  SO 
t h a t  i t  c o l l e c t s  p a r t i c l e s  f a l l i n g  through a narrow s t r i p  on one a x i s  of t h e  com- 
b u s t o r  c ros s - sec t ion .  The bed w a s  a s i n g l e  ba t ch  of Ottawa S i l i c a  Sand (grade t20).  
Fine  p a r t i c l e s  w e r e  removed from t h e  bed by running  f o r  s e v e r a l  hours  p r i o r  t o  
making t h e  f l u x  measurements. During t h e  experiments a t t r i t i o n  of bed p a r t i c l e s  and 
e l u t r i a t i o n  of f i n e s  were n e g l i g i b l e .  The bed p a r t i c l e  s i z e  d i s t r i b u t i o n  had a geo- 
m e t r i c  mean d iameter  of 720 2 50um, determined by s i e v e  a n a l y s i s .  The bed was f lu -  
i d i z e d  by ambient a i r  supp l i ed  by fo rced -d ra f t  blowers.  Bed tempera ture  (average) 
and p res su re  ( a t  t h e  d i s t r i b u t o r )  were 330 2 20 K and l l l k  2 kPa, r e s p e c t i v e l y .  
S u p e r f i c i a l  v e l o c i t y ,  c a l c u l a t e d  f o r  t h e  empty tude  a t  t h e  bed tempera ture  and pres- 
s u r e ,  was va r i ed  from 0.42 t o  0.86 m / s .  
a t  minimum f l u i d i z a t i o n  were 0.37 5 0.02 m / s  and 0.50 2 0.01, r e s p e c t i v e l y .  

The s u p e r f i c i a l  v e l o c i t y  and void  f r a c t i o n  

For measurement of t h e  p a r t i c l e  f l u x e s ,  t h e  probes were f i r s t  o r i e n t e d  upside- 
down u n t i l  s t e a d y  bed c o n d i t i o n s  were achieved a t  t h e  d e s i r e d  s u p e r f i c i a l  ve loc i ty ;  
t h e  probe w a s  t hen  r o t a t e d  t o  f a c e  upward and c o l l e c t  t h e  descending p a r t i c l e s .  
A f t e r  s u f f i c i e n t  t i m e  had e l apsed  t o  approximately h a l f - f i l l  t h e  probe ,  t h e  blowers 
were stopped, and t h e  p a r t i c l e s  removed and weighed. Sampling t imes  v a r i e d  from 1 
minute  t o  10 hour s ,  depending on  he igh t  and s u p e r f i c i a l  v e l o c i t y .  The method r e l i e s  
upon t h e  assumption t h a t  t h e  pa ths  of p a r t i c l e s  i n  t h e  v i c i n i t y  of t h e  probe, moving 
e i t h e r  upward o r  downward, a r e  n o t  s i g n i f i c a n t l y  a f f e c t e d  by t h e  motion of t h e  gas 
around the  probe. 

2 . 3  Comparison o f  t h e  Measured and P red ic t ed  P a r t i c l e  Flow Rates 

The complete set of exper imenta l  p a r t i c l e  flow d a t a  were r epor t ed  by Mayo (20) .  
An exponent ia l  decay of t h e  p a r t i c l e  f low rate wi th  h e i g h t  w a s  observed ,  having a 
c h a r a c t e r i s t i c  l e n g t h  which inc reased  wi th  inc reas ing  gas  v e l o c i t y .  

Some r e p r e s e n t a t i v e  d a t a  p o i n t s  are shown i n  F igure  2 ,  t oge the r  w i th  t h e  cor- 
responding flow rates c a l c u l a t e d  us ing  t h e  en t ra inment  model. The p red ic t ed  pro- 
f i l e s  show a sma l l  r eg ion  of approximate ly  cons t an t  p a r t i c l e s  flow rate j u s t  above 
t h e  bed, followed by an approximately exponen t i a l  decay h ighe r  i n  t h e  f reeboard .  
The model t h u s  d i s p l a y s  a p rope r ty  analogous t o  t h e  " sp la sh  zone" observed a t  the  
top  of bubbling f l u i d i z e d  beds.  Agreement between t h e  c a l c u l a t e d  and experimental  
p r o f i l e s  is b e s t  f o r  t h e  in t e rmed ia t e  gas  v e l o c i t i e s ,  w i t h  t h e  p red ic t ed  flow r a t e s  
g e n e r a l l y  l a r g e r  t han  t h e  observed v a l u e s .  

The f luxes  of  ascending  and descending p a r t i c l e s ,  and t h e  p a r t i c l e  d e n s i t y  f o r  
t h e  c a s e  wi th  gas v e l o c i t y  equa l  t o  0.53 m / s ,  are shown i n  F igu re  3. 
d i c t s  a maximum i n  t h e  d e n s i t y  nea r  t h e  bed s u r f a c e ,  where most of t h e  l a r g e  p a r t i c l e s  
change d i r e c t i o n  and r e t u r n  t o  t h e  Le2. 
become cons tan t  a t  a he igh t  of about  2 m ,  where only sma l l  p a r t i c l e s ,  moving a t  con- 
s t a n t  v e l o c i t y  equa l  t o  u 
" t r anspor t  d i sengaging  heFght". 

The model pre- 

Ascending p a r t i c l e  f l u x  and d e n s i t y  

- u t ,  con t inue  upward. This  p o i n t  is t h e  so-ca l led  
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3.0 N i t r i c  Oxide Reduction i n  t h e  Freeboard 

3.1 The Mechanism of N i t r i c  Oxide Reduction 

The model f o r  NO r educ t ion  i n  t h e  f reeboard  has  been under development f o r  some 
time. An earlier ve r s ion ,  having a less complete d e s c r i p t i o n  of p a r t i c l e  e n t r a i n -  
ment, was employed by Beer e t  a1 (21) f o r  t h e  p r e d i c t i o n  of  NO p r o f i l e s .  Des t ruc-  
t i o n  of NO i n  t h e  f reeboard  is  assumed t o  occur by he terogeneous  r e a c t i o n s  wi th  t h e  
coa l  char  en t r a ined  from t h e  bed: 

NO + C = CO + 112 N2 

2 NO + C = C02  + N2 

P lug  flow i s  assumed f o r  t he  gas phase,  and t h e  char  p a r t i c l e  d e n s i t y  i s  c a l c u l a t e d  
us ing  t h e  model f o r  p a r t i c l e  en t ra inment  descr ibed  i n  Sec t ion  2, above. 
change of NO concen t r a t ion  w i t h  he ight  is given  by: 

The rate of 

20) 

where A i s  t h e  s p e c i f i c  s u r f a c e  a r e a  of cha r  a v a i l a b l e  f o r  r e a c t i o n ,  and p is t h e  
ca l cu la t ed  char  p a r t i c l e  d e n s i t y .  
i n t e r e s t  have been r epor t ed  by Chan (11). 

Rate c o e f f i c i e n t s  i n  t h e  tempera ture  rang8 of  

k = 5.95 T exp(- Ea/RoT) m / s  

Ea = 81.6 x l o 6  J/lur,ol 

T 5 1016 K 

and by Song (22): 

3 k = 4 . 1  x 10 T exp(- Ea/RoT) m / s  

Ea = 

T > 1016 K. 

136.8 x lo6 J/kmol 

The s u r f a c e  a r e a  assumed f o r  t h e  subbituminous c o a l  cha r  w a s  based on t h e  C02- 
BET s u r f a c e  a r e a s  r epor t ed  f o r  l i g n i t e  and brown c o a l  c h a r s  by Guerin e t  a l .  ( 2 3 ) ,  
Smith and Tyler  (24),  and Ashu e t  a1 ( 2 9 .  These workers r epor t ed  s p e c i f i c  s u r f a c e  
a r e a s  ranfin! from 5 t o  7 x l o 5  m2/kg f o r  p a r t i c l e  s izes  from 89 t o  2000 pm. A va lue  
of 6 x 10 
bituminous cha r  was taken  n e a r  t h e  lower l i m i t  of t h e  range  r epor t ed  by Smith (26): 
1.5 x 105 m2/kg. 
exposed t o  NO a t  t h e  concen t r a t ion  and tempera ture  found a t  t h e  e x t e r i o r  of t h e  par- 
t i c l e s  ( e f f e c t i v e n e s s  f a c t o r  of u n i t y ) .  

m / kgwas  used i n  t h e  p re sen t  c a l c u l a t i o n s .  The s u r f a c e  a r e a  of t h e  

The char i s  t r e a t e d  a s  if a l l  of i t s  i n t e r n a l  s u r f a c e  area were 

N i t r i c  oxide p r o f i l e s  a r e  found by i n t e g r a t i n g  Equation 20, s t a r t i n g  wi th  t h e  
exper imenta l ly  measured concen t r a t ion  a t ,  o r  n e a r ,  t h e  s u r f a c e  of t h e  bed. 

3.2 Measurement of Gas Composition and Char P r o p e r t i e s  

Gas samples were withdrawn from the  combustor through s t a i n l e s s  s teel  probes .  
With t h e  except ion  of t he  continuous sampling probe 4 . l m  above t h e  d i s t r i b u t o r ,  a l l  
t h e  probes were water cooled. 
q u a r t z  f i l t e r s  having pore  s i z e s  vary ing  from 90 t o  150 u m  and sample openings 
14 .3  mm i n  diameter.  Those loca ted  i n  t h e  f reeboard  had qua r t z  ~ r o o l f i l t e r s .  The 

: Probes l o c a t e d  i n  t h e  bed were equipped wi th  s i n t e r e d  
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accuracy  of t h e  r epor t ed  a x i a l  p o s i t i o n s  o f  t h e  probes  is  s u b j e c t  t o  a n  unce r t a in ty  
of f 40 mm; the probe t i p  I o c a t i Q n s  r e l a t i y e  t o  t h e  c e n t e r l i n e  of t h e  combustor 
i e d  from 50 t o  170 mm. The gas  sample con t inuous ly  withdrawn a t  z = 4.lm passed 
through a KF 310 Heated Bypass F i l t e r  (Permapure Products ,  Oceanport ,  N . J . )  to  a 
hea ted  l i n e ,  and was d r i e d  by permeat ion d i s t i l l a t i o n .  Th i s  sample w a s  analyzed 
us ing  Beckman Model 865 non-dispers ive I R  a n a l y z e r s  f o r  CO and C O 2 ,  a thermoelectron 
Model 10 Chemiluminescent NOx a n a l y z e r ,  and a Beckman Model 755 Paramagnetic oxygen 
ana lyze r .  The gas  sample 
from t h e  o t h e r  probes  were d r i e d  by permeation d i s t i l l a t i o n ,  c o l l e c t e d  i n  250 cm 
bu lbs  f o r  a n a l y s i s  on a HI? 5830 A g a s  chromatograph. 
d e t e c t e d  u s i n g  flame i o n i z a t i o n ,  and  C O ,  Cog, N2, and 02 by thermal conduc t iv i ty .  A 
thermoelec t ron  Model 10 NOx a n a l y z e r ,  w a s  a l s o  used t o  measure t h e  NO mole f r a c t i o n  
i n  t h i s  sample. The flow ra te  was 2 t o  20 x 

3 The t o t a l  sample f low ra te  w a s  about  loF4 m3/s  (NTP). 

Hydrocarbons C 1  through C3 were 

m 3 / s  (NTP). 

A gas sample withdrawn from t h e  bed and mixed i n  a bu lb  i s ,  i n  a s i m p l i f i e d  
p i c t u r e ,  a mixture  of gases  withdrawn from t h e  emulsion and bubble phases .  A t  
t y p i c a l  ope ra t ing  cond i t ions  t h e  composi t ion i s  h e a v i l y  b i a sed  toward t h e  emulsion 
(Walsh e t  a1 (27) ) .  I n  o r d e r  t o  d i s t i n g u i s h  t h e  NO con ten t s  of t h e  emulsion and 
bubble phases,  t h e  l eng th  and d i ame te r  of t h e  sample l i n e  t o  t h e  NO ana lyze r  were 
minimized s o  t h a t  a time-dependent NO mole f r a c t i o n  was observed. The measured NO 
mole f r a c t i o n s  are shown i n  F igu res  4-9, w i t h  b a r s  i n d i c a t i n g  t h e  maximum and minimum 
va lues  recorded. An a n a l y s i s  by P e r e i r a  e t  a1 (28) concluded t h a t ,  i n  t h e  presence 
of excess  a i r ,  NO i s  greater i n  t h e  emulsion than  i n  bubbles ;  and t h a t  under s to i ch i -  
ome t r i c  or sub-stoichiometr ic  c o n d i t i o n s  t h e  NO concen t r a t ions  i n  the  two phases a r e  
i d e n t i c a l .  To determine t h e  mixed-mean NO mole f r a c t i o n  a t  t h e  t o p  of t h e  bed, the  
average  of t h e  re la t ive maxima observed i n  t h e  time-dependent NO s i g n a l  w a s  assigned 
t o  t h e  emulsion, and t h e  ave rage  of t h e  r e l a t i v e  m i n i m a  w a s  ass igned  t o  t h e  bubbles.  
The two averages  w e r e  then  weighted acco rd ing  t o  t h e  r e l a t i v e  f low rates of  bubble 
and emulsion gas:  

Th i s  weighted va lue  is shown as a d a t a  po in t  at t h e  top of t he  bed i n  F igu res  6-8; 
i t  is t h e  i n i t i a l  v a l u e  used when Equat ion 2 0  i s  i i i t eg ra t ed  s t a r t i n g  a t  Z=O. 

Bed s o l i d  samples were withdrawn us ing  a probe loca ted  0.66m above t h e  d i s t r i b -  
u t o r .  The probe  was s t a i n l e s s  s tee l ,  wa te r  cooled ,  and had a N2 quench stream co- 
c u r r e n t  with t h e  sample. The o u t e r  and  i n n e r  d iameters  of t h e  probe  were 44mm and 
19m, respec t ive ly .  
water cooled cyc lone  and c o l l e c t e d  i n  a cooled v e s s e l .  The i n e r t  bed mater ia l  w a s  
O t t a w a  s i l i c a  sand. 
l e c t e d  i n  Runs C25-28 i n  o rde r  t o  determine t h e  cha r  p a r t i c l e  s i z e  d i s t r i b u t i o n .  
Th i s  was done by f r o t h  f l o t a t i o n .  A r e p r e s e n t a t i v e  sample of  t h e  bed s o l i d s  w a s  
i n t roduced  i n t o  a f l o t a t i o n  c e l l  which conta ined  a s t i r r e d  kerosene-water emulsion 
toge the r  wi th  4-methyl-2-pentanol. The s t i r rer  keeps  t h e  s o l i d s  i n  suspens ion ,  
b reaks  t h e  kerosene i n t o  f i n e  d r o p l e t s ,  and d i s p e r s e s  i t  uniformly. 
i n t roduced  through a s i n t e r e d  s t a i n l e s s  steel  f i l t e r  a t  t h e  bottom of a c e l l ,  form- 
i n g  bubbles  which adhere  t o  t h e  cha r  p a r t i c l e s  and l i f t  them up forming a f r o t h ,  
wh i l e  t h e  sand and a sh  p a r t i c l e s  were s e l e c t i v e l y  depressed .  
i n  a f i l t e r i n g  funne l  and t h e  c h a r  p a r t i c l e s  c o l l e c t e d  on t h e  f i l t e r .  
a i r  d r i e d  f o r  24 hours  and i t s  s i z e  d i s t r i b u t i o n  determined us ing  a Joyce Leobl 
"Magiscan" Image Analyzer.  
t h e  s p h e r e  with volume equa l  t o  t h e  volume of t h e  sphero id  genera ted  by r o t a t i o n ,  
about  t h e  major a x i s ,  of t h e  e l l i p s e  d e f i n e d  by t h e  l e n g t h  and b read th  of t h e  par- 
t i c l e .  
t h e  p a r t i c l e s  and t h e  t o t a l  mass of r h a r ;  t h e  r e s u l t s  are g iven  i n  Table  2 .  
s i z e  d i s t r i b u t i o n  f o r  Run C22 w a s  found by s i e v i n g  t h e  bed sample and measuring t h e  
weight l o s s  on i g n i t i o n  of  each  s i z e  f r a c t i o n ;  i n  Run A14 t h e  d i s t r i b u t i o n  w a s  

The e x t r a c t e d  p a r t i c l e s  w e r e  s epa ra t ed  from t h e  gas  stream i n  a 

The c o a l  c h a r  w a s  s epa ra t ed  from ash  and sand p a r t i c l e s  co l -  

Nitrogen w a s  

The f r o t h  was co l lapsed  
The char  was 

The s i z e  of  each p a r t i c l e  was def ined  as t h e  d iameter  of  

A n  apparent  c h a r  d e n s i t y ,  ps c ,  was determined from t h e  c a l c u l a t e d  volume of 
The char 
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assumed t o  be  i d e n t i c a l  t o  t h a t  of t h e  feed  coa l .  The s o l i d  d e n s i t i e s  of t he  char  
i n  Runs A14 and C22 were e s t ima ted  from publ i shed  d a t a .  

Two coa l s  were used i n  t h e  p r e s e n t  experiments:  bituminous coa l  from t h e  Ark- 
Wright mine i n  the  P i t t s b u r g h  seam and subbituminous c o a l  from t h e  C o l s t r i p  mine i n  
the  Rosebud seam i n  Rosebud County, Montana. The composition of t hese  c o a l s  i s  
given i n  Table 1. 

The s i z e  d i s t r i b u t i o n  of t h e  f u e l  and bed p a r t i c l e s  were determined by s i e v e  
a n a l y s i s .  A l l  of t h e  s i z e  d a t a  f o r  f u e l ,  bed, and char p a r t i c l e s  were f i t  by log- 
normal d i s t r i b u t i o n  func t ions .  The geometric means (mass b a s i s )  and s tandard  devia- 
t i o n  a r e  l i s t e d  i n  Table 2.  The s i z e s  were converted t o  a s p e c i f i c  s u r f a c e  a r e a  
b a s i s  f o r  t h e  computations. The f l u i d i z e d  combustor ope ra t ing  cond i t ions  and r e l -  
evant experimental  da t a  a r e  a l s o  l i s t e d  i n  Table 2 .  The da ta  from Runs A 1 4  and C22  
were f i r s t  repor ted  by Beer et  a1 (19).  

3 .3  Comparison of t h e  Measured and P red ic t ed  N i t r i c  Oxide P r o f i l e s  

The NO p r o f i l e s  p red ic t ed  by t h e  model a r e  shown i n  F igures  4-9, t oge the r  wi th  
the  experimental  da t a .  When t h e  c a l c u l a t i o n  is  s t a r t e d  a t  t h e  bed s u r f a c e  ( s o l i d  
l i n e  i n  Figures 4 and 5,  do t t ed  l i n e  i n  F igures  6 - 8 )  t h e  agreement wi th  experiment 
i s  good f o r  Runs A 1 4 ,  C22,  and C 2 5 ;  bu t  very poor f o r  Runs C 2 6  and C28, i n  which 
t h e r e  i s  a very r ap id  decrease  i n  NO j u s t  above t h e  bed, and a d iscrepancy  of about 
200 mole ppm between t h e  p red ic t ed  and observed NO mole f r a c t i o n s .  There a r e  not  
enough da ta  t o  suppor t  a c o r r e l a t i o n  of t h i s  behavior wi th  ope ra t ing  cond i t ions ,  
however, i t  can be seen from t h e  d a t a  i n  Table 2 t h a t  C26 and C28 have t h e  lowest 
bed temperatures and lowest gas  v e l o c i t i e s .  When c a l c u l a t i o n  of t h e  NO concentra- 
t i o n  f o r  t hese  two runs  i s  s t a r t e d  a t  t h e  next  h igher  da t a  p o i n t ,  e x c e l l e n t  agree- 
ment wi th  experiment i s  obta ined  from t h a t  p o i n t  upward ( s o l i d  l i n e s ) .  

I n  Run C27 the  combustor was opera ted  us ing  two-stage a d d i t i o n  of t h e  combustion 
a i r ,  wi th  t h e  secondary a i r  i n j e c t o r  l oca t ed  1 . 7 m  from t h e  d i s t r i b u t o r .  The a i r / f u e l  
r a t i o  i n  the  bed was sub - s to i ch iomet r i c ,  g iv ing  very low NO near  t h e  top of t he  bed. 
The i n c r e a s e  i n  NO mole f r a c t i o n  on a d d i t i o n  of t h e  secondary a i r  i n d i c a t e s  t h a t  
some f u e l  n i t rogen  s p e c i e s ,  n o t  de t ec t ed  i n  t h e  NO mode of t h e  NOx ana lyze r ,  a r e  
p re sen t  i n  the  gas l eav ing  t h e  bed. When t h e  c a l c u l a t i o n  of t h e  NO p r o f i l e  is begun 
a f t e r  mixing of t h e  secondary a i r ,  t h e  mechanism of t h e  cha r  entrainment/NO-char 
r educ t ion  model is s t i l l  c o n s i s t e n t  wi th  t h e  exper imenta l  da t a .  

The p red ic t ions  of t he  combined model f o r  char  en t ra inment  and NO r educ t ion  a r e  
i n  good agreement wi th  t h e  observed NO p r o f i l e s  a t  d i s t a n c e s  above 0.5m from t h e  bed, 
i n  t h e  absence of s t aged  a i r  a d d i t i o n ;  t h e  model i s  no t  a b l e  t o  account f o r  t h e  rap id  
reduct ion  of NO observed i n  t h e  s p l a s h  zone under some cond i t ions .  There a r e  s e v e r a l  
phenomena, no t  incorpora ted  i n  t h e  model, which might account f o r  a steep g r a d i e n t  i n  
NO concen t r a t ion  i n  t h e  s p l a s h  zone. F i r s t ,  t h e  r educ t ion  of NO may only  be an  ap-  
pa ren t  one due t o  u n c e r t a i n t y  i n  t h e  de te rmina t ion  and weight ing  of t h e  bubble and 
emulsion gas compositions.  The estimate of t he  mixed mean gas  composition i n  t h e  bed 
(Equation 21)  depends on t h e  model used t o  e s t i m a t e  p a r t i t i o n i n g  of t h e  gas between 
bubble and emulsion. 
composition, f o r  example, v a r i a t i o n  i n  t h e  sample flow r a t e  wi th  the  concen t r a t ion  of 
s o l i d s  a t  t he  probe t i p ;  and mixing of t h e  sample i n  t h e  probe ,  sample l i n e ,  and re -  
a c t i o n  chamber of t h e  NO ana lyze r .  A second s e t  of phenomena which might account f o r  
r ap id  r educ t ion  of NO i n  t h e  s p l a s h  zone is  t h e  a l t e r n a t e  r e a c t i o n  pathways f o r  de- 
s t r u c t i o n  of NO, i nc lud ing  r educ t ion  by CO,  hydrocarbons,  and NH3. Chan (11) has 
shown t h a t  t he  NO-char r e a c t i o n  i s  enhanced i n  t h e  presence  of CO, t h e  e f f e c t  in -  
c r eas ing  wi th  dec reas ing  tempera ture .  
is a l s o  p o s s i b l e .  
ppm/s .m2  on alumina, i n  t h e  presence  of 1000 mole ppm CO a t  1041 K. 
a c t i o n  was approximately f i r s t  o r d e r  i n  CO and ze ro th  o rde r  i n  NO, f o r  NO above 300 
mole ppm. 

Other f a c t o r s  may c o n t r i b u t e  t o  t h e  u n c e r t a i n t y  i n  bed gas  

Reaction of NO and CO, ca ta lyzed  by c o a l  a s h ,  

The r a t e  of re- 
Mori and Ohtake (29)  measured an NO decomposition r a t e  of  273 mole 
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Nitric oxide reduction by methane, with reduction of up to 700 mole ppm NO in 
0.5 s ,  was observed in NO-CH4-02-CO2-Ar mixtures at 1323 K by Yamazaki et a1 (13). 
The temperature dependence of the rate is not reported so the possible contribu- 
tion of this process at 1040-1100 K cannot be determined. Although the reduction 
of NO was only significant for O2/CH4 mole ratios of about 0.5 to 2 . 0 ,  such condi- 
tions might exist locally during mixing of gases in the splash zone of the fluid- 
ized bed. 

Reactions of NO with NH3 such as: 

NO -I NH3 = H20 -I N2 -I 1/2H2 

(Duxbury and Pratt (30)) are another possible contribution to the rapid NO disappear- 
ance at the top of the bed. Neither ammonia nor NOx was measured in the present 
experiments, so the contribution of this reaction cannot be precisely estimated. 
However, the increase in NO observed in run C27 on addition of secondary air is 
evidence that N-containing species other than NO may be present in the freeboard at 
least under sub-stoichiometric conditions. De Soete (31) determined an overall 
rate expression for the homogeneous reaction between NO and NH3 giving N2 from mea- 
surements in ethene/oxygen flames over the temperature range 1800 to 2400 K. 
reaction is first order with respect to both NO and NH3. 
range is far from fluidized combustor conditions, however, the rate expression pre- 
dicts an initial NO destruction rate of 140 mole ppm/s at 1040 K in a mixture con- 
taining 600 mole ppm each of NO and NH3. 
utes to NO reduction in the splash zone. If it does contribute, the optimum (from 
the point of view of NO emissions) primary stoichiometric ratio in a configuration 
with staged air addition, may be one at which some NO is left unreduced at the top 
of the bed, providing a reactant for direct conversion of NH3 to N2 in the splash 
zone. 

The 
The applicable temperature 

It is possible that this reaction contrib- 

4.0 Conclusions 

A mechanistic model for particle entrainment into the freeboard has been de- 
veloped and used in conjunction with a chemical kinetic description of the NO-char 
reaction for prediction of the reduction of NO along the height of the freeboard in 
fluidized c o a l  combustion. Bed conditions, including the mass fraction of char in 
the bed, are input to the model. Predicted NO profiles showed good agreement with 
experimental data obtained while burning bituminous and subbituminous coals under a 
variety of operating conditions. The steep reduction in NO observed in the splash 
zone immediately above the bed in some cases could not be adequately explained by 
the present model. This result points to the importance of the reactions in the 
splash zone, where it is thought that NO reducing reactions other than the NO-char 
reaction will have to be taken into account for satisfactory prediction of the 
NO profile under all conditions. The model is now in a form in which it can be 
integrated into system models for predicting NO emissions as a function of operating 
conditions. 
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Nomenclature 

A 

*t 

cD 

$3 

% y  dc’ df 

Ea 

Ed’ E~ 

‘NO 

_ _ _  

0,c Eo, E 

Hf 

Lf 

k 

m 
P 

‘b 

RO 

% 

TB 

T 

T 
g 

‘b 

ug 

Umf 

Ut 

Vd’ vu 

vs* vsi 

- 
V 
P 

2 Specific BET surface area of char (m /kg) 
2 Cross sectional area of the bed. (m ) 

Drag coefficient 

NO concentration (kmole/m ) 

Bubble diameter (m) 

Geometric mean diameters of bed particles, char particles, and fresh 
coal particles, respectively (m) 

Activation energy (J/kmol) 

Mass flow rates of downward and upward moving particles, respectively 

3 

(kg/s) 

Initial entrainment rates of stone and char particles from the bed 
surface, respectively (kg/s) 

Total freeboard height (m) 

Rate coefficient (units variable) 

Expanded bed height (m) 

Mass of a single particle (kg) 

Visible bubble volume flow rate (m / s )  

Gas constant = 8314 J/kmol * K 

Bubble radius (m) 

Temperature (K) 

Bed temperature (K) 

Gas temperature (K) 

Absolute bubble velocity (m/s) 

Superficial gas velocity ( m / s )  

Minimum fluidization velocity (m/s) 

Particle terminal velocity ( m / s )  

Downward and upward particle velocities, respectively (m/s) 

3 

Particle local velocity and particle initial velocity, respectively 
( m / s )  

Root-mean-square particle initial velocity ( m / s )  
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xk 
y C  

z 

Z 

5 

Mole f r a c t i o n  of s p e c i e s  k 

Mass f r a c t i o n  of cha r  i n  t h e  bed 

Dis tance  above t h e  d i s t r i b u t o r  (m) 

Dis tance  above t h e  bed s u r f a c e  (m) 

Volume f r a c t i o n  of p a r t i c l e s  ejected per  b u r s t i n g  bubble  

Bed voidage a t  minimum f l u i d i z a t i o n  

Local d e n s i t y  of s t o n e  and cha r  p a r t i c l e s ,  r e s p e c t i v e l y ,  a t  f ree-  
board he igh t  Z ,  (kg/m3) 

3 Gas d e n s i t y  (kg/m ) 

Sol id  d e n s i t i e s  of S tone  and c h a r ,  r e s p e c t i v e l y  (kg/m ) 

Bubble volume f r a c t i o n  

Geometric s t anda rd  d e v i a t i o n s  of f r e s h  c o a l  p a r t i c l e s ,  bed p a r t i c l e s  
and char  p a r t i c l e s ,  r e s p e c t i v e l y  

3 

TABLE 1. ANALYSIS OF COALS 

Analysis Bituminous,  Arkwright, Subbituminous, C o l s t r i p  Mine, 
(wt % )  P i t t s b u r g h  Seam Rosebud Seam, Rosebud County, MT 

Proximate ( a s  r e c e i v e d )  

moi s t u  r e  1 .6 

ash 8 .01  

v o l a t i l e  matter 33.93 

fixed carbon 56.46 

U 1 ti mat e 

C 

H 

N 

S 

0 

ash 

( d a f )  

76 .36  

5.23 

1.47 

2 .61  

5.26 

( a s  r ece ived)  

19.19 

8.29 

2a .74 

43.78 

( d r y )  

67.80 

4.45 

1 .oo 
.59 

15 .91  

10.25 
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TABLE 2. OPERATING CONDITIONS AND EXPERIMENTAL DATA 
(pressure = 101 kPa) 

* *  
R u n  Number A14 c2 2 C25 C2 6 C2 7 C2 8 

Coal Type B i t u m -  Sub b i t  u- Su bbi tu- Subbitu- Subbi t u -  Subbi t u -  
minous minous minous minous minous minous 

a, ( u r n )  674 1000 1750 1750 2100 2100 

a f  1.87 1.8 1 .83 1.83 2.12 2.12 

Stoichiometric 1 . l g  1.22 1.21 1 .E5 1.02 1.07 
a i r / fue l  r a t i o  

1105 1134 1110 1050 1095 1040 

- - 1002 9 32 1043 988 

0.98 1.46 1 .oo 0 .80 0.94 0.86 

6 8 4 .1  1.7 2 .3  - 

Xo ( 2 ~ 4 . 1  m )  

(mole %) 
2 3.2 4 .O 3.5 1.5 

0.9 

0.14 

2 0.9 1.5 0.25 2.1 

X ( ~ ~ 4 . 1  m )  

(mole I )  
co < O  .005 <0.005 0.11 

XHc(z=0.9 m )  

(mole %) 

0.2 0.02 0.32 0.03 0.78 

8 15 

1.42 

1300 

1 .32 

800 800 7 60 

1 . 4 4  1.44 1.35 

720 

1.37 
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Table 2 Cont'd 

Run Number A14 c22 C25 C2 6 C27* C28 

Coal Type Bitum- Su bbi tu- Subbitu- Subbitu- Subbitu- Subbi t u -  
minous minous minous minous minous minous I 

1 
I 

1.55 J 

ac ( M )  674* 1123 2300 2300 2300 240 0 
1 

0 1.87 1.41 1.55 1.54 1.52 

Apparent char 1400 1200 915 909 9 30 920 
so l id  den i t y  
P (kg/m ) 3 

s , c  
Estimated bubble 0.2 0 . 2  0.125 0.128 0.226 0.196 
f r ac t ion .  6 

Carbon mass 0.01 0.0012 0.00 15 0.0011 0.0056 0.0023 
f r ac t ion  i n  
t h e  b e d ,  Y c  

surface 
(mole ppm) 

= 
XNn a t  bed 38 0 50 0 7 17 56 1 - 2  595 

BET spec i f ic  1 . 5 ~ 1 0 ~  6x105 6x  l o 5  6x105 6x105 
su face of char 
( m  /kg) 5 

6x105 

*The char s ize  d i s t r ibu t ion  in the bed f o r  Run No. A14 is assumed t o  be the  same a s  the  
feed s i z e  d is t r ibu t ion .  

**Run No. C27 used staged addi t ion of the  combustion a i r .  

256 



i 
', References 

1. 

2. 

( 3. 
1 

4. 

5. 
1 

6. 
\ 

7. 

8. 

9. 

10. 

11. 

' 12. 

13. 

14. 

15. 

16. 

17. 

F. J. Pereira, J. M. Bee<, B. Gibbs, and A. B. Hedley, Fifteenth Symposium 
(Int'l) on Combustion, The Combustion Institute, Pittsburgh, PA, 1975, ~1149. 

B. M. Gibbs, F. J. Pereira, and J. M. Be&, Inst. Fuel, Symposium.Series No.  1, 
Fluidized Combustion Paper D.6, 1975, ppl-13. 

Y. Okada, J. Tatebayashi, and R. Yamamura, "Experimental Emission Control on 
Fluidized Bed Combustion of Coal," presented at AIChE Annual Meeting, San 
Francisco, CA, 1979. 

S. E. George and J. R. Grace, AIChE Symposium Series, No. 176, Vol. 74, 1978, 
p67. 

C. Y. Wen and L. H. Chen, The Proceedings of the Sixth International Conference 
on Fluidized Bed Combustion, USDOE, CONF-800428-Vol. 3, ~1115. 

M. Horio, A. Taki, Y. S. Hsieh, and I. Muchi, in Fluidization, Grace and Matsen, 
eds., Plenum, N.Y., 1980, p509. 

F. J. Pereira and J. M. Behr, Deuxihe Symposium Europgen sur la Combustion, 
Orlgans, France, 1975, p339. 

T. Furusawa, D. Kunii, A. Oguma, and N. Yamada, Proc. SOC. Chem. Eng., Japan, 4 
(1978)562. 

J. M. Begr, A. F. Sarofim, L. K. Chan, and A. M. Sprouse, The Proceedings of 
the Fifth International Conference on Fluidized Bed Combustion, The MITRE 
Corporation, Vol. 11, McLean, VA, 1978, p577. 

D. Kunii, T. Furusawa, and K. T. Wu, in Fluidization, Grace and Matsen, eds., 
Plenum, N.Y., 1980, p175. 

L. K. Chan, Kinetics of the Nitric Oxide-Carbon Reaction Under Fluidized Bed 
Combustor Conditions, Dissertation, MIT, Cambridge, MA, 1980. 

A. F. Sarofim and J. M. Be&, Seventeenth Symposium (Int'l) on Combustion, The 
Combustion Institute, Pittsburgh, PA, 1979, p189. 

S. Yamazaki, M. Hiratsuka, and Y. Fujitani, Combustion Science and Technology, 
- 20 (1979125. 

P. M. Walsh, M. Nicastro, C. Sundback, J. M. Be&, W. R. Brooks, A. Dutta, C. 
J. Giallombardo, L. R. Glicksman, and M. C. Zhang, "Experimental Studies for 
Testing of Models and for Scale-up of Fluidized Bed Combustion," Technical 
Report for the Period April 14 to August 14, 1981, prepared for the Tennessee 
Valley Authority under Contract No. TV-55783, August 25, 1981. 

T. 2. Chaung, "Further Studies on the Mechanistic Freeboard Model: Simulation 
and Measurements of Solid Flux in the Freeboard," In J. r. Louis and S. E. Tung, 
"Modeling of Fluidized Bed Combustion of Coal, Quarterly Technical Progress 
Report No. 20, prepared for DOE/Morgantown under Contract No. EX-76-A-01-2295, 
1981. 

S. Mori and C. Y. Wen, AIChE Journal21 (1975)109. 

L. R. Glicksman, J. Valenzuela, and W. Lord, "Fluid Dynamics Component Model," 
in "Modeling of Fluidized Combustion of Coal," J. F. Louis and S. E. Tung, 
Quarterly Tech. Progr. Report No. 12, Contract No. E(49-18)-2295, MIT, Aug. 1979. 

257 



18. 

19. 

20. 

2 1 .  

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

3. F. Davidson and D. H a r r i s o n ,  F l u i d i s e d  P a r t i c l e s ,  Cambridge Univers i ty  
P res s ,  1963. 

J .  M. Bee/r, A. F. Sarofim, S .  S. Sandhu, M. Andrei,  D .  Bachovchin, L .  K. Chan, 
T .  Z .  Chaung, and A .  M .  Sprouse ,  "NO, Emission from F lu id i zed  Coal Combustion," 
F ina l  Report  p repared  f o r  USEPA under Grant No. R804978020, 1981. 

J. E. Mayo, "Determination of  So l ids  Loading i n  t h e  Freeboard Sec t ion  of a 
F lu id i zed  Bed Coal  Combustor," B.S. Thes i s ,  Dept. o f  Chemical Engineering, 
M I T ,  Cambridge, MA, 1980. 

J .  M .  Bee>, A. F. Sarofim, P. K .  Sharma, T. Z .  Chaung, and S .  S .  Sandhu, i n  
F l u i d i z a t i o n ,  Grace and Matsen, eds . ,  Plenum, N . Y . ,  1980, p185. 

Y .  H. Song, F a t e  of F u e l  Nitrogen During Pulver ized  Coal Combustion, Disser ta -  
t i on ,  MIT, Cambridge, MA, 1978. 

H. Guer in ,  T .  Siemieniewska, Y .  Gr i l le t ,  and M .  F ranSois ,  Carbon 8 (1970)727. 

I. W. Smith and R .  J. T y l e r ,  Combustion Sc ience  and Technology 9 (1974)87. 

J. T. Ashu, N .  Y .  Nsakala,  0.  P .  Mahajan, P. L .  Walker, F u e l =  (1978)250. 

I .  W. Smith, Fue l  57 (1978)409. 

P. M. Walsh, A. K .  Gupta, J .  M. Bedr, and K. S .  Chiu,  "Proceedings of the  DOE/ 
WU Conference on F lu id i zed  Bed Combustion System Design and Opera t ion ,"  
Morgantown, WV, October 27-29, 1980, p455. 

F. J. P e r e i r a ,  J. M .  Begr, and B. M. Gibbs,  " N i t r i c  Oxide Emissions from Fluid- 
i zed  Coal Combustion," p r e s e n t e d  a t  t h e  C e n t r a l  S t a t e s  Sec t ion ,  The Combustion 
I n s t i t u t e ,  Spr ing  Meeting, A p r i l  5-6, 1976. 

Y.  Mori and K. Ohtake, Combustion Sc ience  and Technology 2 (1977) l l .  

J .  Duxbury and N .  H .  P r a t t ,  F i f t e e n t h  Symposium ( I n t ' l )  on Combustion, The 
Combustion I n s t i t u t e ,  P i t t s b u r g h ,  PA, 1975, p843. 

G. G .  D e  Soe te ,  F i f t e e n t h  Symposium ( I n t ' l )  on Combustion, The CombusZion 
I n s t i t u t e ,  P i t t s b u r g h ,  PA, 1975, p1093. 

258 



\ 

” 
Y) I 

259 



HEIGHT ABOVE BED ( m l  

0: DESCENDING 
PARTICLE DATI 

HEIGHT ABOVE BED (m l  

FIGURE 2. DESCENDING PARTICLE FLOW RATE VS. FIGURE 3. PARTICLE DENSITY, ASCENDING FLUX, 
HEIGHT ABOVE THE BED. COMPARISON AND DESCENDING FLUX VS. HEIGHT 
OF MODEL PREDICTIONS WITH 
EXPERIMENT. 

ABOVE THE BED. 

- 
A 

, I ,  I ,  I ,  I ,  
1100 - I 

I 
looo - - I R u n  No. A14 

- 900 

700 - 

- I .- 

E 500 
$ 400 

500 - 
U 

- 200 

100 

200 - 
I - 

2 3 4  

Run No C22 
SUBBITUMINOUS COAL 
uq = 1.46 r n / s  
Ta = 1134 K 
X o 2 ( z  = 2.25 ml = 5.1 mole 
3, = 1120prn 
Y, = 0.12 w t  % 

i 2 3 4  

Helght Above Distributor (rn) Helght Above Distributor ( m )  

FIGURE 4. MOLE FRACTION NITRIC OXIDE FIGURE 5. MOLE FRACTION NITRIC OXIDE 
VS. AXIAL POSITION VS. AXIAL POSITION I MEASURED I MEASURED 

-CALCULATED -CALCULATED 

260 



t 

, , I  I I I I 1 1  

1100- I - 

I Run No, C26 
1000 - I SUBBITUMINOUS COAL - - 900- I u g  = 0.80 m/s - 

E I Tg = 1 0 5 0 K  
2 BOO- 

100 

'ii 900 

Z 700 

5 8 0 0  
0 

600 

500  -_ 

a 

d 4 0 0  
I 

- 

3 0 0  - - 
200 

100 

- 

- 

I 
I 

- - 
I ] ,  I , I ,  I 

Run No. C28 
SUBBITUMINOUS COAL 
u,, = 0.86 m/s 

100 

T i  = 1040 K 
XO (z 4.1 m l  = 1.5mole% - 2  
dc = 2 4 0 0 p m  
Y, = 0.23 w t  % 

I - I 
I 

- 

I 2 3 4 
0- 

0 
Height Above Distributor (rn) 

1100- 

1000 

- 900 

5 8 0 0  
0 z 700- 

.O 600- 

? 500- 

E 

c 

U 

LL 

c 

4 0 0 -  

300-  

200 

I 

FIGURE 8. MOLE FRACTION NITRIC OXIDE 
VS. AX IAL  POSITION I MEASURED 
K CALCULATED 

1 
I 

I 
I 

-- I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

- 

- 

- 
- 

I 

FIGURE 7. MOLE FRACTION NITRIC OXIDE 
VS. AXIAL  POSITION I MEASURED 

=CALCULATED 

- 
Ln - 
I 

Run No. C27 
SUBBITUMINOUS COAL 
ug = 0.94 m/s 
Tg = 1095 K 
Xo2 (2 = 4.1 m) = 3.5 mole 
8, = 2 3 0 0 p m  
Yc 0.56 W t  % 

I 

Height  Above Distr ibutor (m) 

FIGURE 9. MOLE FRACTION NITRIC OXIDE 
VS. A X I A L  POSITION 

I MEASURED 
-CALCULATED 

2 6 1  



"NOF" Formation and Kine t i c s  of "NOx" Reduction i n  
F lu id ized  Bed Combustion of Carbonaceous Mate r i a l s  

Takehiko Furusawa, Mikio Tsunoda, 
S e i i c h i  Sudo, Shunichi Ishikawa and Daizo Kunii 

Department o f  Chemical Engineering 
Univers i ty  of Tokyo 

Bunkyo-Ku Tokyo 113 JAPAN 

In c o n t r a s t  with t h e  ex tens ive  inves t iga t ions  concerning s u l f e r  
r e t en t ion  i n  t h e  United S t a t e s ,  t h e  i n i t i a l  s t a g e  of development i n  
Japan has focused on t h e  n i t r i c  oxide emission cont ro l .  

The s taged  a i r  f i r i n g  i s  considered t o  be the  most promising 
method f o r  con t ro l .  I n  t h i s  ope ra t ion  the  f lu id i zed  bed is  maintained 
under a de f i c i ency  of a i r  and t h e  des ign  f a c t o r s  in f luenc ing  s u l f u r  
r e t e n t i o n ,  formation and d e s t r u c t i o n  of n i t r i c  ox ide ,  ammonia and o the r  
nitrogeneous compounds, and combustion e f f i c i e n c y  a r e  complex i n t e r -  
ac t ions .  The optimum des ign  o f  a f lu id i zed  bed combustor r e q u i r e s  
sound q u a l i t a t i v e  information concerning the  behavior of n i t r i c  oxide 
formation and q u a n t i t a t i v e  d e s c r i p t i o n s  of the  k i n e t i c s  of "NO" des t ruc-  
t ion .  
concerning " N O x "  formation and the  k i n e t i c s  of "NOx" reduct ion  r eac t ions  
i n  f l u i d i z e d  bed combustion o f  carbonaceous ma te r i a l s .  

The ob jec t ive  o f  t h i s  r e p o r t  i s  t o  desc r ibe  the  r ecen t  f i nd ings  

I. N I T R I C  OXIDE EMISSION FROM FLUIDIZED BED COMBUSTION 

Equipment, Procedure and Mate r i a l s  

The combustors a r e  s t a i n l e s s  steel vesse l s ,  50mm diam. 580mm long 
and 76mm diam. 850 mm long. The lower p a r t  of t h e  ves se l  was packed 
with r e fac to ry  ma te r i a l s  and used f o r  prehea t ing .  F lu id i z ing  a i r  o r  
simulated a i r  c o n s i s t i n g  of oxygen and argon e n t e r s  the  combustor 
through a m u l t i - o r i f i c e  p l a t e  d i s t r i b u t o r  i n t o  a bed of microspher ica l  
p a r t i c l e s  whose chemidal and phys ica l  p r o p e r t i e s  a r e  given i n  Table 1. 
The mul t i -o r i f i ce  p l a t e  w a s  designed so t h a t  a p re s su re  drop s u f f i c i e n t  
t o  achieve homogeneous f l u i d i z a t i o n  could be obtained. In  a series o f  
experiments c a r r i e d  o u t  t o  i n v e s t i g a t e  t h e  in f luence  of a i r  s t ag ing ,  the  
primary s t age  of t h e  bed was maintained a t  subs to ich iometr ic  condi t ions ,  
while t h e  balance of t h e  a i r  was introduced through the  nozz les  i n t o  
the  freeboard.  

The s t a t i c  bed h e i g h t  w a s  spec i f i ed  t o  be 10cm. The f l u i d i z e d  bed 
combustor was e x t e r n a l l y  hea ted  by an e l e c t r i c  furnace.  The temperature 
Of t h e  bed was con t ro l l ed  by a conventional PID electronic c o n t r o l l e r .  
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Feeding of the carbonaceous materials employed was done by means 
Of a solid feeder developed in our laboratory. Thus continuous feed of 
a small flow rate of solids (such as 0.2 g/min) could be realized. The 
solids were sent into the fluidized bed combustor at a point 30-35mm 
above the distributor. 

Ash was removed by elutriation and the elutriated solids were 
removed from the off-gas by a small cyclone separator. 
series of experiments, collected solids were used for chemical analysis 
to obtain the combustion efficiency. 

the combustor) the off-gas was continuously diverted to a gas-analysis 
system. A chemiluminescent NOx analyzer provided continuous measurement 
for NOx while gas chromatography provided intermittent analysis for H2 
Nz, CO, CO2, CH4 and CzHk. Known gas mixtures were used to calibrate 
the gas chromatograph. Kitagawa NH3 low-range ditector tubes were used 
to analyze NH3. the experimantal conditions employed are shown in 
Table 1, while the carbonaceous materials employed for the present 
series of experiments are shown in Table 2. 

In a certain 

Upstream from the cyclone separator, (5cm below the top cover of 

Table 1 Scope of experiment 

Inert particles: Microspherical particles 

Surface mean particle diameter of the inert particles: 

Bulk density: 0.57 g/cm3 
Temperature of fluidized bed: 700-10OO0C 
Static height of bed: lOcm 
Diameter of coal and char particels: 500-710 microns 
Mean diameter of coke particles, 

Si02:8.93%, A1203:90.61%, FezO3: 0.46% 

580 microns for coal and char, 613 microns and 322 microns for coke 

Coke I : 109 microns 
Coke I1 : 191 microns 
Coke 111: 460 microns 

Flow rate of fluidizing air and 
simulated air: 4.2-8.1 €JR/rnin 
Feed rate of fuel particles: 0.5-1.7 g/min 

Flow rate of fluidizing air and 
simulated air: 3.9-10.4 Nk/min 
Feed rate of fuel particles: 0.37-1.27 g/min 

(A) ID 50mm combustor (height 490mm) 

(B) ID 76mm combustor (height SSOMn) 

The effects of volatile components on nitric oxide emission4f6) 

Fundamental investigations concerning the effects of stoichio- 
metric ratio and combustion temperature on "NO" emission were carried 
out by use Of various types of carbonaceous materials indicated in 
Table 2. Typical results are shown in Fig.1 (a) and (b) . Figure 1 (a) 
indicates that a considerably high level of "NO" emission in the pre- 
sence of reducing gas (H2, CO and CH4) was observed under a 
substoichiometric combustion of coal while quite a low level of "NO" 
emission was detected under a starving combustion of char. 
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Table 2 Proximate and ultimate analyses of carbonaceous materials used 

Proximate analysis [wt%l 

Char I *1 
Char 11 *2 
Char 111 *3 
Coal *4 
Coke I *5 
Coke I1 *5 
Coke 11' *5 
Coke I11 *5 
Carbon *6 

Char I *1 
Char I1 *2 
Char I11 *3 
Coal *4 
Coke I *5 
Coke I1 *5 
Coke 11' *5 
Coke I11 *5 
Carbon *6 

*1 Char I: 

Volatile 
matter 
3.83 
2.74 
10.89 
43.3 
1.4 
3.7 
5.3 
10.9 
5.2 

Fixed- 
carbon 
54.09 
66.00 
65.04 
39.1 
96.0 
92.5 
90.9 
85.7 
94.7 

Ash 

19.8 
24.47 
19.84 
12.7 
1.4 
0.2 
0.4 
1.7 
0.1 

Ultimate analysis [dry%] 

C H N S 

96.21 
71.66 
70.99 
66.9 
94.0 
89.2 
91.7 
87.1 
97.2 

0.59 
1.03 
2.77 
5.4 
1.3 
2.1 
2.6 
4.0 
1.4 

0.54 
0.61 
1.27 
1.4 
0.7 
1.5 
2.4 
2.5 
0.1 

0.27 
0.01 
0.02 
0.1 
2.7 
2.9 
2.1 
1.4 
0.1 

Moisture 

22.28 
6.69 
4.32 
4.9 
1.2 
3.6 
3.4 
1.7 
(3.2) 

0 

3.91 
0.34 
4.21 
13.2 

4.1 
0.7 
3.2 
1.1 

- 

produced from Liddell coal/Australia 

Ash 

25.48 
26.35 
20.74 
13.0 
1.3 
0.2 
0.5 
1.8 
0.1 

*2 Char 11: produced from Taiheiyo coal, pyrolysis 

*3 Char 111: produced from Taiheiyo coal, pyrolysis 

*4 Coal: Taiheiyo coal 
*5 Coke: originated from petroleum residue 
*6 Carbon: activated carbon from petroleum residue 

temperature: 800°C 

temparature: 6OO0C 

"NO" emission from char or coke, both of which contained less vola- 
tiles than coal is radically reduced as the stoichiometric ratio is 
reduced. This fact together with the reduced ammonia emission suggests 
that staged air firing may provide advantageous combustion modification 
for the control of "NOx" emission. This is discussed in the forth 
coming sections. 

fuel NO of various carbonaceous materials. 
effect of thermal-NO was elimated by using AR/02 mixture instead of air. 
The level of NO emission under an excess air condition seemed to be 
considerably dependent on the volatile contents of fuel. 

is illustrated in Fig.2 where volatile contents were calculated on 

Figurel(b) demonstrates the conversion ratio of fuel nitrogen to 
In this experiment the 

The fraction of fuel bond nitrogen which formed fuel-NO at A = 1.3 
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ash and moisture free basis. This indicates that the conversion rate of 
fuel bond nitrogen to nitric oxide was reduced with the increased vola- 
tile contents. 

Jonke et a1 . ')reported that "NO" emission under a substoichiometric 
combustion of coal was increased at decreased temperature. This 
behavior was observed in Fig.l(a). Thus "NO" emission level from high 
volatile coal at elevated temperatures, approaches the level of "NO" 
emission from less volatile fuels at lower temperatures. This fact 
together with the decreased ammonia formation at elevated temperatures 
suggests also the efficient combustion modification for the reduction 
of "NO" emission. 

Formation of nitrogenous compounds and staged combustion4' 586) 

A series of experiments were carried out to investigate the influ- 
ence of air staging. In this operation, the primary stage, which was a 
fluidized bed, was maintained at substoichiometric conditions while the 
balance of air, (the secondary air) was introduced through a nozzle 
into the freeboard. A significant reduction of "NO" emission by staged 
air firing can only be realized provided the emission of "NO" as well 
as other nitrogeneous compounds from the primary stage are significantly 
reduced. Thus the ammonia emission from coal and char are measured by 
the detector tube method. Typical results are shown in Fig. 3. Ammonia 
emission was not detected under an excess air condition. Under a sub- 
stoichiometric condition, this could be reduced by elevating the 
combustion temperature, or reducing moisture, or volatile contents. In 
the case of char combustion, the ammonia emission under starving com- 
bustion at 85OOC w a s  approximately 1/7 of the "NO" emission under an 
excess air condition. 

These results suggest that a significant reduction of "NO" emission 
can be achieved by a staged combustion of char. 
ment was carried out to evaluate the possibilities of staged air firing. 
Experimental results indicate that an approximately 90% reduction of 
"NO" emission was attained in the case of staged combustion of char 
where this was evaluated on the basis of an "NO" emission indexobtained 
for conventional operations. However, the maximum level of "NO" reduc- 
tion in this operation for coal remained at 3 3 . 5 % .  

A preliminary experi- 

Effect of in situ formed carbon on "NO" 

Carbonaceous materials within the bed were reported to be effec- 
tive in "NO" destruction. The steady state carbon concentration within 
the bed was measured. After terminating the feed of fuel solids, the 
amount of carbon dioxide and monoxide originating from the remaining 
carbon particles was measured by means of the gas bag method. 
results obtained are compared with the level of "NO" emission in Fig. 4. 
These results indicate that "NO" emission was inversely related to the 
steady state carbon concentration. Furthermore, the steady state car- 
bon concentration within the bed was found to be considerably small. 

The 

' I  
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Fig. 3 Emission of ammonia from combustion of coal and char  

Fig.  4 NO emission decreased with t h e  inc rease  of s teady 
state carbon concentrat ion wi th in  t h e  bed 
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I n t r i n s i c  Ratio of Fuel Nitrogen Conversion t o  N i t r i c  Oxide 

The s i g n i f i c a n t  magnitude of n i t r i c  oxide des t ruc t ion  by char o r  
o the r  reducing gas sugges ts  t h a t  t h e  concent ra t ion  o f  n i t r i c  oxide 
measured a t  t h e  top  of t he  bed or freeboard d i d  no t  r e f l e c t  t he  i n t r i n -  
s i c  evolu t ion  l e v e l  of n i t r i c  ox ide  from t h e  combustion. Thus t h e  
measured value depended on t h e  r e l a t i v e  importance of t h e  r a t e  of "NO" 
formation r eac t ion  and t h e  rate o f  "NO" reduct ion .  The experimentally 
obtained concent ra t ion  p r o f i l e s  along t h e  he igh t  of t h e  bed and f r ee -  
board may v e r i f y  t h i s  mechanism. Information concerning t h e  i n t r i n s i c  
evolu t ion  l e v e l  of "NO" from char p a r t i c l e s  i s  requi red  t o  desc r ibe  the  
above process  q u a n t i t a t i v e l y .  The response curve of "NO" formed wi th in  
t h e  combustor by t h e  p u l s  i npu t  char  was measured so t h a t  t h e  e f f e c t  of 
t h e  subsequent "NO" reduct ion  by char o r  o the r  reducing gas  could be 
minimized. This  i s  shown schemat ica l ly  i n  F i g . 5 ( a ) .  The response peak 
of "NO" formed by t h e  combustion with t h e  reduced i n t e n s i t y  of t h e  inpu t  
p u l s  tends  to  a c e r t a i n  va lue  from which the  i n t r i n s i c  r a t i o n  of f u e l  
n i t rogen  conversion to  n i t r i c  oxide could be eva lua ted .  Typical r e s u l t s  
a r e  i l l u s t r a t e d  i n  Fig. 5 ( b ) .  This va lue  seems t o  be a l i t t l e  smal le r  
than t h e  value obtained by continuous combustion i n  a smal l  experimental  
f a c i l i t y .  This  f a c t  sugges ts  t h a t  t h e  emission l e v e l  of n i t r i c  oxide is  
a f f ec t ed  by the  i n t e n s i t y  of combustion, consequently t h e  s teady  s t a t e  
carbon concent ra t ion  wi th in  t h e  bed. However, these  r e s u l t s  do no t  
reduce the  v a l i d i t y  of t h e  experimental  r e s u l t s  obtained by a small  
s ca l e  combustion f a c i l i t y  concerning the  behavior of n i t r i c  oxide 
emission. 

11. KINETICS OF "NO" DESTRUCTION 

Rate o f  "NO" reduct ion  by char') 

An i so thermal  f ixed  bed  tubular  reactor of d i l u t e d  char  p a r t i c l e s  
and ac t iva t ed  carbon (char  11, carbon i n  table 2) w a s  used t o  measure 
the  r eac t ion  r a t e  over a temperature range which i s  of p r a c t i c a l  impor- 
tance i n  f l u i d i z e d  bed combustion. Since t h e  "NO" concent ra t ions  
employed i n  t h e  experiment were o f  t he  order  of s eve ra l  hundred ppm, the  
amount of carbon could be assumed t o  be cons tan t .  The d e t a i l s  were 
repor ted  elsewhere. 

The reduct ion  of "NO" by char  and ac t iva t ed  carbon was f i r s t  o rde r  
with r e spec t  t o  "NO" concent ra t ion .  
p l o t  f o r  char  where alpha (a )  denotes  t h e  r a t i o  of t h e  concent ra t ion  of 
oxygen t o  t h e  concent ra t ion  of "NO" a t  t he  i n l e t .  Thus t h e  l i n e  cor- 
esponding t o  a=O i n d i c a t e s  t h i s  r a t e .  

16.3 kcal/mol and coincided with the  d a t a  repor ted  previous ly .  Above 
680T t h e  a c t i v a t i o n  energy was 58.6 kcal/mol. The reason f o r  t h e  
increase  i n  t h e  a c t i v a t i o n  energy has no t  been explained. 
temperatures the  desorp t ion  of carbon-oxygen su r face  complex w a s  con- 
s idered  to con t ro l  t h e  o v e r a l l  r a t e .  
N z ,  CO and COz. A s  t h e  temperature was e l eva ted ,  t h e  f r a c t i o n  of CO 
i n  the  r e a c t i o n  product increased .  

Figure 6 r ep resen t s  t h e  Arrhenius 

A t  lower temperature ranges the  a c t i v a t i o n  energy f o r  char w a s  

In t h e  lower 

The gaseous r eac t ion  product w a s  

268 

c 



/I 
Y 

Y 

TIME 
I 

I1 I'..- 8 
V 

TIME 

-100 

1000 1000 
CHAR 

50 50 
0 
0 
LT 

0 

O i '  ' ' ' 1 ' ' ' ' ' 2 ' ' 
WEIGHT OF I MPULSE ( g ) 

(b) 

h 
OO 1 2 

WEIGHT OF IMPULSE ( g ) 

Fig. 5 Intrinsic conversion ratio of fuel nitrogen to 
nitric oxide 

269 



Rate of "NO'! r educ t ion  by char  under an excess a i r  condi t ion 

Kine t ic  information concerning whether o r  not  "NO" can be reduced 
by char i n  t h e  presence of oxygen is  requi red  i n  order  t o  analyze t h e  
mechanism of "NO" d e s t r u c t i o n  wi th in  t h e  bed and freeboard.  The use of 
a f ixed bed of d i l u t e d  char  p a r t i c l e s  was r e s t r i c t e d  t o  a range of lower 
temperatures and lower oxygen concent ra t ions  s i n c e  t h e  char  w a s  con- 
sumed by combustion r e a c t i o n .  
mately a hundred t i m e s  f a s t e r  than t h e  "NO" reducton. 

assumed t o  be f i r s t  o rder  with r e s p e c t  t o  "NO" concent ra t ions .  This  
assumption w a s  v e r i f i e d  under l o w  oxygen and "NO" concent ra t ions .  The 
r e s u l t s  are shown i n  Fig.  6. The r e a c t i o n  was s i g n i f i c a n t l y  acce lara ted  
by adding oxygen. An increased r a t e  w a s  a l s o  observed for "NO" des t ruc-  
t i o n  by a c t i v a t e d  carbon. 

Over a range of higher  temperatures  the  e f f e c t s  of the added oxygen 
on t h e  rate could n o t  be i n v e s t i g a t e d  s i n c e  t h e  carbon concentrat ion 

The r a t e  of char  combustion is  approxi- 

The "NO" d e s t r u c t i o n  accompanied by oxida t ion  of char  was a l s o  
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Fig .  6 Rate of NO reduct ion  by char  and the  e f f e c t  of 
oxygen on "NO" reduct ion  
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could no t  be assumed cons tan t .  Thus a f lu id i zed  bed r e a c t o r  with a con- 
t inuous feed and d ischarge  of carbon (150mm he igh t )  was used t o  analyze 
the  r a t e  f o r  h igher  oxygen concent ra t ion ;  
and a higher temperature.  Furthermore, t h e  reduct ion  of “NO“ i n  a 
Simulated combustion product conta in ing  C02  was s tudied .  
r e s u l t  from these  experiments is t h a t  a s i g n i f i c a n t  reduct ion  of “NO“ 
was r ea l i zed  even under an excess  a i r  condi t ion  i n  which oxygen remained 

namely, a l a r g e  value of a 

A remarkable 

i n  the o u t l e t  flow. 

t o  eva lua te  t h e  r eac t ion  r a t e  i n  the  presence of oxygen. F i r s t ,  t h e  
e f f e c t i v e  bubble diameter was ca l cu la t ed  a s  an ad jus t ab le  parameter by 
c u r v e f i t t i n g  t h e  experimental  da t a  obtained i n  t h e  absence of oxygen to  
the  curve ca l cu la t ed  t h e o r e t i c a l l y  by the  above model and the  k i n e t i c  
da t a  shown previous ly .  Then t h e  increased  r a t e  i n  the  presence of 
oxygen was evaluated by changing the  r a t e ,  bu t  by keeping t h e  o the r  para- 
meter, inc luding  t h e  e f f e c t i v e  bubble d iameter ,  cons tan t .  

the  simultaneously occuring combustion of char  w a s  compensated fo r .  The 
d e t a i l s  are shown elsewhere. The estimated r a t e  is  shown i n  Fig.  5 .  An 
increased r a t e  of “NO“ reduction was observed i n  t h e  presence of oxygen 
a t  both 60OoC and 750°C. The r a t e  w a s  no t  s i g n i f i c a n t l y  reduced by t h e  
presence of oxygen a t  8 O O 0 C .  A t  853’C the  r a t e  of “NO“ des t ruc t ion  was 
reduced by coex i s t ing  oxygen. The ex ten t  of “NO“ reduct ion  by both char  
and ac t iva t ed  carbon i n  both the  absence and presence of oxygen was mea- 
sured over a temperature ronge of 700Q990O0C where t h e  he iyh t  of t he  bed 
was 150mm. The r e s u l t s  toge ther  with t h e  ex ten t  of oxygen consumption 
is  shown i n  Fig.  7 .  The increased  rate f o r  char was v e r i f i e d  up t o  
approximately 75OoC and t h a t  f o r  t he  ac t iva t ed  carbon up t o  95OoC. 

The s impl i f i ed  bubbling bed model by Kunii and Levenspiel was used 

In t h i s  eva lua t ion  of t he  r a t e ,  t he  e f f e c t  of f u e l  “NO” formed by 

Reduction of “NO” i n  t he  presence of carbon monoxide and hydrogen8’12) 

The pre l iminary  inves t iga t ion  concerning the  reduct ion  of n i t r i c  
oxide by char i n  the  presence of hydrogen o r  carbon monoxide was c a r r i e d  
o u t  over a temperature range o f  700-800°C i n  a f ixed  bed r e a c t o r  men- 
t ioned previous ly .  
oxide.  Ammonia w a s  formed in  t h e  n i t r i c  oxide hydrogen-char system. 
The presence of hydrogen and carbon monoxide decreased the  consumption 
of carbon t o  near ly  zero,  as :  

The r eac t ion  w a s  f i r s t  o rder  wi th  r e spec t  t o  n i t r i c  

NO + C O + C O z  + % N 2  
NO .+ H g + H 2 0  + ‘/2 Nz 
NO t V 2 H 2 - + N H B  + H 2  0 

(1) 
( 2 )  
( 3 )  

The r a t e s  and a c t i v a t i o n  energ ies  obtained f o r  t h e  above c a t a l y t i c  reac- 
t i o n s  f o r  (1) o r  ( 2 )  + (3) agreed with the  r a t e  of nonca ta ly t i c  reduct ion  
of n i t r i c  oxide by char wi th in  t h e  experimental  e r r o r .  This s t rong ly  
suggested t h a t  t h e  ac t iva t ed  adsorption of n i t r i c  oxide on t h e  char  su r -  
face  cont ro l led  t h e  o v e r a l l  r a t e s .  The r a t i o  of ammonia formed by 
r eac t ion  ( 3 )  t o  t h e  consumed n i t r i c  oxide which is found t o  be cons tan t  
a t  each temperature is  decreased with an increased  temperature.  

2 7 1  
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Fig.  7 Increased e x t e n t  of  "NO" reduct ion  caused by oxygen 

Concluding Remarks 

This  paper  desc i rbed  t h e  r e c e n t  f ind ings  concerning the  behavior of  
"NOx" formation i n  a f l u i d i z e d  bed combustor obtained by use of a v a r i e t y  
of carbonaceous mater ia l s .  The "NO" emission under an excess  a i r  condi- 
t i o n  was decreased with an increase  i n  t h e  v o l a t i l e  conten ts  of f u e l s .  
The emission of "NO" and o t h e r  ni t rogeneous conten ts  formed under a sub- 
s to ich iometr ic  combustion was a l s o  s t r o n g l y  dependent on the v o l a t i l e  
contents .  
vided a r a d i c a l  reduct ion  of "NO" emission. 
concentrat ion was measured and "NO" emission w a s  found to  be inverse ly  
r e l a t e d  t o  t h e  carbon concentrat ion.  The i n t r i n s i c  conversion r a t i o  of 
fue l  n i t rogen  t o  "NO" w a s  measured. 
char i n  both the  absence and presence of oxygen w a s  inves t iga ted .  
r a t e  f o r  char  was increased  up t o  75OOC. 
by carbon monoxide and hydrogen over a char  s u r f a c e ,  b u t  the r a t e  was not  
increased.  

The s taged  combustion of l e s s  v o l a t i l e  char and coke pro- 
The s teady s t a t e  carbon 

The k i n e t i c s  of "NO" d e s t r u c t i o n  by 

"NO" w a s  reduced c a t a l y t i c a l l y  
The 
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Abstract 

The fluidized-bed combustion process, due to its ability to control pollutant 
emissions and its inherent capability to accommodate a wide variety of fuels, has 
been the subject of accelerating development for industrial and utility applica- 
tions. However, fluidized-bed combustion boilers based on the current design and 
operation may not be able to meet the future stringent standards on nitrogen oxides 
emissions without additional provisions. In this paper, a preliminary study on the 
reduction reactions of nitric oxide with three different carbonaceous solids using a 
9.6-centimeter diameter, electrically heated, batch fluidized-bed reactor operated 
at various design and operating conditions is discussed. Results of this investiga- 
tion indicates that the NO reduction reaction appears to be dependent upon not only 
the operating variables such as bed temperature, carbonaceous solid loading in the 
bed, but also on the physical properties of the carbonaceous solids as well. Pre- 
diction of NO reduction by one of the carbonaceous solids using a two-phase bubble 
model shows good agreement with experimental data within the range of experimental 
conditions. 

Introduction 

Among the various techniques for direct conversion of the chemical energy in 
coal to thermal energy, the fluidized-bed combustion (FBC) process appears to be one 
of the most attractive means due to its inherent features. The higher heat capacity 
of the solid bed material leads to good combustion stability which, consequently, 
permits use of essentially all fossil fuels including low-grade fuels high in ash 
and/or moisture content and low in heating value, such as coal refuses, peat, oil 
shales, etc. The use of a sulfur-accepting sorbent affords in situ capture of the 
sulfur dioxide evolving from the burning of sulfur-bearing fuels. Bed temperature 
is maintained sufficiently low and, thus, results in relatively low emissions of 
nitrogen oxides and less slagging and fouling problems than in conventional coal- 
fired boilers. Lastly, the presence of vigorous particle mixing in the fluidized 
bed provides higher bed-to-surface heat transfer rates which results in less heat 
exchange surface relative to conventional coal-fired boilers. As a consequence, 
fluidized-bed combustion boilers fueled by coals and low-grade fuels have been the 
subject of accelerating developments f o r  industrial and utility applications both in 
the U . S .  and abroad. In recent years a number of fluidized-bed boilers have been 

'Visiting scholars from People's Republic of China. 
'Benedum Profess or. 
3Division Deputy Director. 
4Mechanical Engineer. 
5Division Director. 
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constructed and operated to demonstrate a variety of industrial and utility applica- 
tions and process reliability; for examplel’z’3 the commercial prototype fluidized- 
bed boiler at Georgetown University, 
boiler at Great Lakes Naval Training Station, and the prototype anthracite culm 
fluidized-bed combustion boiler at the industrial park in Shamokin, PA. In addition, 
a 20 MWe fluidized-bed boiler pilot plant is currently under construction by TVA for 
the utility application3. 

the industrial application of a fluidized-bed 

At present, the EPA nitrogen oxides emission standard is 0.6 lb N02/million Btu 
input; most of the fluidized-bed combustion boilers, which are based on the current 
design and operation principles, can meet the standard without additional efforts. 
However, it is anticipated that nitrogen oxides emission standard may become more 
stringent in the future. The fluidized-bed boilers using the current design and 
operation principles may not be able to meet the stringent standards for NO emis- 
sions without additional provisions. 
ect to investigate and determine the pertinent design and operational variables 
which affect NO emissions from fluidized-bed combustion boilers. Results of this 
investigation mgy enable further insight to be gained into the mechanism of NO 
destruction in the bed and provide design and operational information for the future 
development of low-NO fluidized-bed combustion boilers to meet the anticipated 
stringent EPA nitroge; oxides emission standards. 

Experimental Facility 

It is, therefore, the objective of th?s proj- 

Experiments on nitrogen oxides reduction were conducted using an electrically 
heated, laboratory-scale, fluidized-bed reactor, which is shown schematically in 
Figure 1. This laboratory-scale batch fluidized-bed reactor consists of a 9.6-cm 
diameter, 47 cm tall, stainless steel cylindrical vessel. The lower section of the 
vessel is surrounded by a 20-cm tall, 1.36 KW electric heater, such that the bed can 
be heated to about 1000°C. The stainless steel cylindrical vessel is also heavily 
insulated with Fiberfrax. The bed is supported on a 6.35 mm thick stainless steel 
perforated gas distributor with fifty-six (56), 0.8-mm diameter orifices. 

Bed temperature was regulated and controlled by a transformer. Reaction Lem- 
perature was measured by a chromel-alumel thermocouple with a Hastalloy sheath of 
3.175 nun diameter. Readings were displayed in degrees on a digital thermometer. 
The thermocouple was suspended at a point which was 5 cm from the distributor; the 
axial temperature distribution in the bed and freeboard was measured by moving the 
thermocouple. 

Temperature recordings in the bed above 2.5 cm from the distributor indicated 
that the bed temperatures were essentially uniform. However, a temperature gradient 
of approximately 18OC/cm was observed in the freeboard section of the reactor. The 
bed was fluidized by pure nitrogen gas; carbon monoxide, methane, and nitric oxide 
could also be introduced into the fluidizing gas stream in controlled amounts. All 
gas flow rates were measured by rotameters. Exit gas composition was continuously 
monitored by preset gas analyzers as shown below: 

Compound Principle of Operation Instrument’ 

NO Chemiluminescence 
co IR 
co2 IR 
0 2  Paramagnetic 
Total HC Flame Ionization 

Thermo-Electron, Series 10 
MSA-LIRA, Model 303 
MSA-LIRA, Model 303 
Leeds and Northrup 
Beckman, Model 400 

‘The use of brand names is for the identification purposes only and does not 
constitute endorsement by the Department of Energy. 
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The analyzed f l u e  gas  c o n c e n t r a t i o n s  w e r e  r e g i s t e r e d  on a s ix -channe l  s t r i p  c h a r t  
r e c o r d e r .  

M a t e r i a l s  Used f o r  t h e  Exper imen t s ,  Chars and Coke 

N i t r i c  oxide r e d u c t i o n  expe r imen t s  were conducted using two d i f f e r e n t  cha r s  and 
a coke.  Char 1 was produced from Wyoming sub-bi tuminous c o a l  by Occ iden ta l  Research 
C o r p o r a t i o n ' s  (OCR) F l a s h  P y r o l y s i s  p r o c e s s ,  w i t h  BET (Brunauer-Emmett-Teller) sur- 
f a c e  a rea  of  290 m2/g, a s i z e  cange of 30 x 70 mesh, 
I t s  chemical composi t ion i s  l i s t e d  i n  Tab le  1. Char 2 was made i n  s i t u  from P i t t s -  
wick bituminous c o a l  (8 x 12 mesh i n  s i z e ) .  The P i t t s w i c k  c o a l  was f e d  a l i t t l e  a t  
a t i m e  i n t o  t h e  bed where sand was f l u i d i z e d  and hea ted  t o  a t empera tu re  of 850°C by 
t h e  p rehea ted  n i t r o g e n  g a s  t o  p r e v e n t  t h e  c o a l  from c l i n k e r i n g .  The c o a l  was then 
pyrolyzed i n  a n i t r o g e n  atmosphere f o r  h a l f  a n  hour  t o  produce Char 2 .  The chemical 
composi t ion o f  Char 2 and i t s  p a r e n t  c o a l  a r e  a l s o  l i s t e d  i n  Tab le  1. Char 2 had a 
BET s u r f a c e  a r e a  o f  2.4683 m2/g and a d e n s i t y  o f  2 .288 g/cm3. 
n o t e  t h a t  t h e  a n a l y t i c a l  d a t a  f o r  Char 2 on a weight  b a s i s ,  such  a s  i t s  chemical 
composi t ion and s u r f a c e  a r e a ,  a r e  n o t  a s  p r e c i s e  a s  d e s i r e d  because  t h e  cha r  samples 
con ta ined  a c e r t a i n  amount of  sand which could n o t  be completely s e p a r a t e d  from the  
c h a r  b e f o r e  a n a l y s i s .  

and a d e n s i t y  of  2.010 g/cm3. 

I t  i s  impor t an t  t o  

M e t a l l u r g i c  coke ,  o b t a i n e d  from Mercury Coal  and Coke, I n c . ,  n e a r  Morgantown, 
was a l s o  used i n  t h e s e  t e s t s .  I t  was ground and sc reened  t o  o b t a i n  coke p a r t i c l e s  
of  12 t o  20 mesh s i z e .  The coke p a r t i c l e s  were t h e n  f l u i d i z e d  w i t h  n i t r o g e n  i n  the 
h o t  f l u i d i z e d  bed a t  900°C f o r  one hour .  A f t e r  t h e  m a t e r i a l  was coo led ,  t h e  t e s t  
f eeds tock  coke was o b t a i n e d .  The BET s u r f a c e  a r e a  of t h i s  coke was 0.8668 m2/g and 
i t s  d e n s i t y  was 2.067 g/cm3. I ts  chemica l  compos i t ion  i s  l i s t e d  i n  Tab le  1. 

Bed M a t e r i a l  

Glass sand w i t h  a mean p a r t i c l e  d i ame te r  o f  0.286 mm was used a s  t h e  bed mate- 
r i a l .  The  s i z e  d i s t r i b u t i o n  of  t h e  sand i s  l i s t e d  i n  Tab le  2 .  The BET s u r f a c e  a rea  
was 0.846 m2/g and i t s  d e n s i t y  was 2.664 g/cm3. 

The m i n i m u m  f l u i d i z a t i o n  v e l o c i t y  of t h e  sand was determined expe r imen ta l ly  a t  
e l e v a t e d  t empera tu re .  A p r e s s u r e  d r o p  v e r s u s  g a s  v e l o c i t y  is  p l o t t e d  i n  F igu re  2. 
As c a n  be s e e n ,  t h e  minimum f l u i d i z a t i o n  v e l o c i t y  i s  approx ima te ly  5 .5  cm/sec a t  a 
bed t empera tu re  of 822OC. 

Experimental  Procedure 

The expe r imen ta l  p rocedures  f o r  NO r e d u c t i o n  by Char 1 and by m e t a l l u r g i c  coke 
w e r e  p r e c i s e l y  t h e  same. F i r s t ,  t h e  r e a c t o r  c o n t a i n i n g  1164 g of  sand was hea ted  
w h i l e  t h e  sand was s i m u l t a n e o u s l y  f l u i d i z e d  w i t h  p rehea ted  n i t r o g e n .  When t h e  
d e s i r e d  r e a c t i o n  t empera tu re  was r e a c h e d ,  t h e  f l u i d i z i n g  gas was tu rned  o f f  and a 
f eed  hopper w i t h  a l o n g  d i p l e g  was i n s e r t e d  r a p i d l y  i n t o  t h e  r e a c t o r  t h rough  a s top-  
cock i n  t h e  f e e d l i n e  on t o p  of  t h e  r e a c t o r .  A weighed amount o f  c h a r  ( o r  coke) was 
t h e n  poured i n t o  t h e  hopper from which i t  dropped on to  t h e  ho t  s and .  The hopper was 
t h e n  removed, t h e  cock c l o s e d ,  and t h e  n i t r o g e n  s w i t c h  was tu rned  on immediately 
such  t h a t  t h e  cha r  was d i s t r i b u t e d  e v e n l y  th roughou t  t h e  bed. When t h e  bed tempera- 
t u r e  had r e s t a b i l i z e d  a t  t h e  d e s i r e d  l e v e l ,  a measured f low of n i t r i c  o x i d e  was 
a d m i t t e d .  The c o n c e n t r a t i o n s  of e a c h  component i n  t h e  e x i t  gas  were con t inuous ly  
monitored and recorded on a s i x - c h a n n e l  s t r i p  c h a r t  r e c o r d e r .  

I n  o rde r  t o  r e a c h  t h e  r e q u i r e d  s t e a d y - s t a t e  c o n d i t i o n s  i n  a s h o r t  d u r a t i o n  of 
t ime ,  t h e  expe r imen t s  t o  de t e rmine  NO r e d u c t i o n  c a p a b i l i t y  of Char 1 and coke were 
conducted i n  sequence from low t e m p e r a t u r e  (6OOOC) t o  h i g h  t empera tu re  (85OOC) a t  
t h e  same carbon l o a d i n g .  
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The experimental procedure for the reduction of nitric oxide by Char 2 was simi- 
lar to the procedure for Char 1 and metallurgic coke as described above, except that 
the tests were carried out in a temperature sequence from 85OOC (highest) to lower 
temperatures, since Char 2 was produced "in situ'' under a nitrogen atmosphere at 
850°C which was the highest chosen reaction temperature for an experiment. 

Experimental Results and Discussion 

Experiments on the reduction of NO by carbonaceous solids were carried out at 
various operating conditions. Results of these experiments and their corresponding 
operating conditions are presented in Tables 3 ,  4, and 5 for Char 1, Char 2, and 
metallurgic coke respectively. A discussion of these data is presented below. 

Effect of Char Surface Area and Porosity on Nitric Oxide Reduction 

Experimental results of NO reduction by a batch of carbonaceous solids in the 
absence of oxygen were plotted in Figure 3 at identical operating conditions. 
Results shown in Figure 3 indicate that heterogeneous reduction of NO by Char 1 and 
Char 2 are significantly higher than that achieved with metallurgic coke. The 
reactivities of the three carbonaceous solids are compared in Table 6 .  Differences 
in the reduction of NO by these carbonaceous solids may be attributed to the dif- 
ferences in physical properties, such as specific surface area and porosity. 
Char 1, which gives the highest NO reduction, poses the highest specific surface 
area, although its carbon content is less than the metallurgic coke. Scanning 
Electron Microscope (SEMI porosity measurement also indicates that Char 1 exhibits 
the highest porosity. As can be seen in Figure 4, micropores with size ranging from 
100 pm to 0.3 pm cover nearly 100 percent of its surface. Although the metallurgic 
coke has the highest carbon content among the three tested carbonaceous solids, its 
specific surface area is the smallest. The coke also has comparatively smaller 
pores which range in size from 10 pm to 1.5 pm and cover only about 1 percent of its 
surface as can be seen in Figure 5. Figure 6 shows the porosity measurement of 
Char 2, which has pore sizes ranging from 40 pm to 1 pm and covering 45 percent of 
its surface. A comparison of the data presented in Table 6 and the porosity measure- 
ments given by SEN indicates that the low NO conversion rate achieved by metallurgic 
coke may be attributed to its small BET surface area as well as its low porosity. 
Interpretation of these data suggests that internal diffusion may also play an 
important role in determining the overall reaction rate of a large porous solid 
particle, which has relatively low porosity and small BET surface area, with a 
reactant gas. 

Effect of Bed Temperature in Nitric Oxide Reduction by Chars 

The reduction reaction between NO and char was found to be strongly influenced 
by operating bed temperature. Figures 7 and 8 show the effect of bed temperature on 
NO reduction by Char 1 and Char 2. As can be seen, nitric oxide concentration in 
the exit gas decrease with increasing bed temperature of both Char 1 and Char 2. 
Within the range of operating conditions, NO reductions of 90 percent or better were 
attainable provided that the bed temperature was maintained at or above 800OC. As 
the bed temperature was raised, further, NO outlet concentration decreased continu- 
ously, but at a decreasing rate. However, thermodynamic calculations indicated that 
at a temperature o r  900°C, equilibrium concentrations of thermal NO may reach 
500 ppm for a mixture of 2 percent oxygen and 75 percent nitrogen4. In view of the 
current practice in design and operation of fluidized-bed combustion boilers, the 
use of excess oxygen at higher bed temperatures may promote the formation of thermal 
NO. The higher bed temperature is also unfavorable to the sulfation reaction of 
natural sorbents in the atmospheric pressure fluidized bed. Therefore, an optimum 
temperature range for NO and SO, emission control appears to be 800° to 850OC. 
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E f f e c t  of  Char Loading on N i t r i c  Oxide Reduct ion  

The e f f e c t  o f  c h a r  l o a d i n g  i n  t h e  f l u i d i z e d  bed on NO r e d u c t i o n  by c h a r  i s  
i l l u s t r a t e d  in F i g u r e  9 .  As can  b e  s e e n ,  t h e  r e d u c t i o n  of NO i n c r e a s e s  w i t h  i n c r e a s e  
i n  c h a r  l o a d i n g .  A t  bed t e m p e r a t u r e  o f  75OoC, t h e  e f f e c t  o f  c h a r  l o a d i n g  i s  most 
i m p o r t a n t  around 1 p e r c e n t  where it r e s u l t s  i n  a NO r e d u c t i o n  of 87 p e r c e n t .  A t  
h i g h e r  c h a r  l o a d i n g ,  t h e  r e d u c t i o n  of NO i s  g e n e r a l l y  h i g h e r ;  however, t h e  e f f e c t  of , 
t h e  c h a r  loading  becomes less  s i g n i f i c a n t .  The same t r e n d  can a l s o  be observed a t  
t h e  tempera tore  range  below 75OoC, even though t h e  r e d u c t i o n  of  NO f a l l s  below 
60 p e r c e n t  d u e  t o  t h e  s t r o n g  t e m p e r a t u r e  dependence o f  t h e  r e d u c t i o n  r e a c t i o n .  
Higher  c h a r  l o a d i n g  i n  t h e  bed may i n c r e a s e  t h e  chances  of c l i n k e r  format ion  which 
i s  caused  by l o c a l  t e m p e r a t u r e  e x c u r s i o n  a s  a consequence of t h e  poor s o l i d  mixing 
and t h e  i n a b i l i t y  t o  d i s s i p a t e  t h e  h e a t  of  combust ion.  I n  a d d i t i o n ,  t h e  loss of 
unburnt  carbon i n  t h e  d r a i n e d  spent -bed  m a t e r i a l  may become unacceptab le  i f  t h e  char  
l o a d i n g  i n  t h e  bed becomes t o o  h i g h .  However, r e c e n t  developments i n  f l u i d i z e d - b e d  
combust ion technology have i n d i c a t e d  t h a t  two-stage combustion systems w i t h  t h e  
i n c r e a s e d  char  l o a d i n g  i n  t h e  f i r s t  s t a g e  enhances t h e  o v e r a l l  r e d u c t i o n  of  n i t r i c  
o x i d e  emiss ion  s i g n i f i c a n t l y 5 .  

P r e d i c t i o n  o f  NO Reduct ion  by Char 1 

I 

I 

Recent  e x p e r i m e n t a l  s t u d i e s 6  on t h e  r e d u c t i o n  r e a c t i o n  of n i t r i c  o x i d e  w i t h  char  
have concluded t h a t  t h e  r e a c t i o n  is f i r s t  o r d e r  w i t h  r e s p e c t  t o  t h e  NO c o n c e n t r a t i o n .  
T h i s  p r a c t i c e  i s ,  hence ,  adopted  i n  t h e  p r e s e n t  s t u d y .  The r e a c t i o n  r a t e  c o n s t a n t s  
of  t h e  r e a c t i o n  of NO w i t h  Char 1 a t  t h e  c o r r e s p o n d i n g  tempera tures  and c h a r  load-  
i n g s  w e r e  c a l c u l a t e d  based  on t h e  e x p e r i m e n t a l  d a t a  p r e s e n t e d  a t  Table  3. The 
a c t i v a t i o n  energy  and t h e  f requency  f a c t o r  w i t h i n  t h e  range of o p e r a t i n g  c o n d i t i o n s  
a r e  31.7 kcal /mol  and 9 . 6 6  x 10' sec-' r e s p e c t i v e l y .  The r a t e  c o n s t a n t s  of  NO-char 
p l o t t e d  a s  a f u n c t i o n  of  i n v e r s e  t e m p e r a t u r e s  f o r  s e v e r a l  exper imenta l  s t u d i e s '  a r e  
compared wi th  t h e  p r e s e n t  r e s u l t s  i n  F i g u r e  10. As can  be s e e n ,  t h e  r e a c t i o n  r a t e  
c o n s t a n t s  o b t a i n e d  from t h e  p r e s e n t  exper iment  show good agreement w i t h  prev ious  
i n v e s t i g a t i o n s .  The NO-char r e a c t i o n  k i n e t i c s  can be r e p r e s e n t e d  by t h e  fo l lowing  
c o r r e l a t i o n  and t h i s  was employed i n  t h e  NO emiss ion  model ing.  In view of  t h e  low 

r 

31,700) sec-l  , 
RT 

k = 9.66  x loa exp (- 

s u p e r f i c i a l  v e l o c i t y ,  t h e  s h a l l o w  b e d ,  and r e l a t i v e l y  s m a l l  bed d i a m e t e r ,  a two- 
phase  bubble  model' w i t h  b o t h  t h e  b u b b l e  and emuls ion  phases  t r e a t e d  a s  p l u g  f low 
was employed f o r  t h e  p r e d i c t i o n  of  NO convers ion .  The NO r e d u c t i o n  by Char 1 was 
c a l c u l a t e d  u s i n g  t h i s  approach over  t h e  range  of  e x p e r i m e n t a l  c o n d i t i o n s .  The com- 
p a r i s o n  of c a l c u l a t e d  v e r s u s  t e s t  d a t a  v a l u e s  may b e  observed  i n  Table  3 ,  a s  w e l l  
a s  F i g u r e  7 .  As can  b e  s e e n  in F i g u r e  7, t h e  c a l c u l a t e d  v a l u e s  f o r  NO r e d u c t i o n  show 
e x c e l l e n t  agreement w i t h  e x p e r i m e n t a l  d a t a .  

Conclus ions  

T e s t s  t o  de te rmine  t h e  NO r e d u c t i o n  c a p a b i l i t y  of  two d i f f e r e n t  c h a r s  and a 
m e t a l l u r g i c  coke were conducted i n  an e l e c t r i c a l l y  h e a t e d ,  b a t c h ,  f l u i d i z e d - b e d  
r e a c t o r  i n  t h e  absence  of  oxygen. Based on t h e  e x p e r i m e n t a l  r e s u l t s ,  t h e  fo l lowing  
c o n c l u s i o n s  c a n  be drawn. 

o Reduct ion  of n i t r i c  o x i d e  depends s t r o n g l y  on t h e  p h y s i c a l  p r o p e r t i e s  of t h e  
carbonaceous s o l i d s  such  a s  s p e c i f i c  s u r f a c e  a r e a  and pore  s i z e  d i s t r i b u t i o n ;  
a n d ,  t o  a l e s s e r  e x t e n t ,  on t h e  carbon c o n t e n t .  

0 Reduct ion  r e a c t i o n  between NO and carbonaceous s o l i d s  was found t o  be s t r o n g l y  
i n f l u e n c e d  by bed t e m p e r a t u r e .  Within t h e  range  of  o p e r a t i n g  c o n d i t i o n s ,  t h e  
degree  of NO r e d u c t i o n  i n c r e a s e s  w i t h  bed t e m p e r a t u r e .  However, t h e  format ion  
o f  thermal  NO and t h e  u n f a v o r a b l e  s u l f a t i o n  r e a c t i o n  f o r  n a t u r a l  s o r b e n t s  i n  an 
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atmospheric pressure fluidized bed at higher temperature posts an upper limit 
on temperature range for NO and SO emission control. A preferred operating 
temperature range from thisxstandpo?nt appears to be 80Oo-85O0C. 

NO reduction by char increases with char loading in the bed. With 1 percent of 
char loading in the bed, 90 percent or better NO reduction is attainable for 
both Char 1 and Char 2 provided that bed temperature is maintained at or above 
8OOOC. 

Reaction rate cotstants based on the present experimental data show good agree- 
ment with the previous investigations. The rate constant can be represented by 
the following correlation: 

k = 9.66 x l o8  exp ( -  31 AT 700) see-' 
Prediction of nitric oxide reduction by Char 1 using a two-phase bubble model 
gives good agreement with the experimental data within the range of experi- 
mental conditions. 
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TABLE 1 

Chemical Analysis of Carbonaceous Solids 

Pittswick 
Bituminous Metallurgic 

Char 1 Char 2 Coal Coke 

Ultimate Analysis, Wt % 

Moisture 2.09 0.63 1.35 
Ash 16.79 60.05 14.15 
Sulfur 0.83 1.64 3.85 
Hydrogen 1.35 0.40 5.04 
Nitrogen 0.96 0.66 0.98 
Total Carbon 75.24 37.90 69.10 
Oxygen (by difference) 2.74 1.28 5.53 

Elemental Analysis, Wt % 

Silicon, SiO, 
Aluminum, A1,0, 
Iron, Fe20, 
Calcium, CaO 
Magnesium, MgO 
Sodium, NapO 
Potassium, K,O 
Phosphorus, P,OB 
Titanium, TiO, 
Sulfur, SO, 

35.06 
16.91 
14.84 
11.32 
4.48 

0.70 
0.73 
0.85 
6.50 

-- 

84.51 
7.62 
5.38 
0.49 
0.01 

0.62 
0.05 
0.34 
1.63 

-- 

49.16 
23.66 
17.72 
1.55 
0.85 
1.23 
2.59 
0.05 
1.21 
1.72 

44.19 
19.34 
17.76 
5.75 
0.98 
2.20 
1.53 
0.32 
1.21 
4.06 

0.09 
10.07 
0.83 
0.53 
0.84 
87.40 
0.23 

1 : sw:515f7 280 



TABLE 2 

Screen Analysis of  Sand 

Size Range, m W t  % 

-0.589.+ 0.419 2.2 

-0.419 + 0.249 72.7 

-0.249 + 0.179 18.9 

-0.179 + 0.150 4.2 

-0.150 1.0 

Hean Diameter, d = 0.286 mm 
P 

TABLE 3 

Experimental Results of NO Reduction by Char 1 

Run Char sand T "'in Noout 'mf U Ld Lf 
No. 8 Ut % * -c p p  DP. V l h r  m / S  " I S  n o em.  c.1. l l l e c  

1' 

1-28-1 12 0.01031 1164 600 965 765 0.85 5.5 10.6 IO 12.065 0.42 0.172 0.837 15.471 
5-2.3-2 12 0.01031 1164 650 9h5 615 0.85 5.5 11.2 LO 12.065 0.42 0.631 0.637 28.622 
5-28-3 12 0.01031 1164 700 965 360 0.85 5.5 11.8 IO 12.065 0.42 0.373 0.360 61.269 
5-28-4 12 0.01031 1164 750 965 125 0 . 8 5  5.5 12.4 10 12.065 0 . 4 2  0.130 0.128 155.295 
5-28-5 12 0.01031 1164 800 965 25 0.85 5.5 13.0 10 12.065 0.42 0.026 0.030 341.263 

6-5-1 26 
6-5-2 24 
6-5-3 26 
6 -54  24 

6-8-1 36 
6-8-2 36 
6-8-3 36 

6-9-1 48 
6-9-2 48 

0.02062 
0.02062 
0.02062 
0.02062 

0,03093 
0.03093 
0.03093 

0.04124 
o.o!l124 

1164 600 980 
1164 650 980 
1164 700 980 
1164 750 980 

1164 600 975 
1164 650 975 
1164 700 975 

1164 6on 985 
1164 643 9115 

660 
390 
150 

10 

580 
300 
60 

475 
215 

0.85 5.5 10.6 10 12.065 0 .42  0.673 0.701 11.842 
0.85 5.5 11.2 10 12.065 0 . 4 2  0.397 0.409 29.532 
0.85 5.5 11.8 IO 12.065 0 . 4 2  0.153 0.131 65.716 
0.85 5.5 1 2 . 4  IO 12.065 0 . 4 2  0.010 0.023 199.890 

0.85 5.5 10.6 IO 12.065 0.02 0.595 0.588 10.389 
0.85 5.5 11.2 10 12.065 0 . 4 2  0.308 0.264 25.311 
0.85 5.5 11.8 IO 12.065 0 . 4 2  0.062 0.055 67.035 

0.85 5.5 10.6 IO 12.065 0.42 0.482 0.496 10.969 
0.85 5.5 -: -- -- -- 0.218 -- _ _  
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TABLE 4 

Experimental Resu l t s  of NO Reduction by Char 2 

6-1-1 12.85 1164 850 955 0 0.85 13.6 5.5 0 
.6-1-8 12.85 1164 800 955 15 0.85 13.0 5.5 0.019 
6-1-Y 12.85 1 1 1 4  150 955 250 0.85 12.4 5.5 0.262 
6-1-10 12.85 1164 '100 955 52s 0.85 11.8 5.5 0.550 
6-1-11 12.85 1164 650 955 700 0.85 11-2 5.5 0.133 
6-1-12 12.15 1164 600 955 190 0.85 10.6 0.821 

6-4-1 25.7 1164 850 940 30 0.85 13.6 5.5 0.031 
6-3-2 Z5.1 1164 8 0 0  9 U  62 0.85 13.0 5.5 0.064 
6-1-3 25.7 I164 150 940 165 o.as 12.4 5.5 0.116 
6-34 15.7 1164 100 940 490 0 .85  11.8 5.5  0.521 
6-3-5 25.1 1164  650 440 665 0.85 11.2 5.5 0.701 
6-3-6 25.1 1164 600 940 160 P.85 10.6 L.5 0.809 

% k ~ l . ~ e A  r.lue. bascd om tbc .ssurpLlou t:r.L ro lar i l c s  in One c-1 cscapcd ~YCLY,  
cb.c 1 o r u r i o o .  

TABLE 5 

Experimental Resul ts  of NO Reduction by Metal lurgic  Coke 

W."t Bum Coke 8a.A T ~ 0 " '  u u.i - 
Ma. I a *C PPP PP. H1/hr cm/S r=/S 

6-S-1 24 1160 700 940 900 0.85  11.8 5 . 5  0.951 

6-2-0 14 1160 750 940 855 0.85 11.4 5.5 0.910 

b-1-Y 24 1164 800 940 770 0.85 13.0 5.5 .0.819 

m - i a  16 ii6c o a  940 610 0.1s 11.6 5.5 0.- 

TABLE 6 

Comparison of Reac t iv i ty  f o r  D i f f e ren t  Carbonaceous Sol ids  

h a c t l r l r y  SILE Bm Surface Area Cbrr  &A h c - r l a l  Y, T Wio Wour ~ - o l - N O - B . A u c . l  
ncril .'Is I (S.nJ) 1 n'lhr *C PIU Plu e o r - c h r  - br  

Q.r I 30 I 70 190 I4 11bC 0.85  100 980 150 1.31 ; lo-' 

0.05  100 940 490 6.64 a lo-' 

0.85 100 940 Y o 0  b.32'1 10')' 

B a r  1 8 I 12 2.4683 25.1  1164 

C 4 .  12 s 20 0 .9  24 l lb4  
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FIGURE 3 .  Comparison of NO Reduct ion  by D i f f e r e n t  Carbonaceous S o l i d s  
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The e f f e c t  of c o a l  p a r t i c l e  s i z e  on t h e  performance 

of a f l u i d i s e d  bed coa l  combustor 

by 

M. Br ikc i -Nigassa ,  E.S. Garbe t t  and A.B. Hedley 

S h e f f i e l d  Coal Research Unit, Department of Chemical 
Engineer ing and Fuel  Technology, Univers i ty  of S h e f f i e l d  

S h e f f i e l d  S1 3 J D ,  United Kingdom. 

In t roduct ion  

The technology of f l u i d i s e d  bed coa l  combustion (FBC) and i t s  advantages 
over  convent ional  c o a l  burning systems i s  now w e l l  e s t a b l i s h e d  and i s  
extens ive ly  repor ted  i n  t h e  l i t e r a t u r e  C1,2,3,4). A common way of in t roducing  
coa l  t o  t h e  bed is  v i a  coa l  feed  p o i n t s  i n  t h e  d i s t r i b u t o r  p l a t e  and f o r  t h i s  
method it i s  usua l  t o  use crushed coa l  of p a r t i c l e s  less then 6 mm. Problems 
assoc ia ted  wi th  t h i s  method inc lude  the  determinat ion of t h e  c o r r e c t  number and 
spacing of feed  p o i n t s ,  blockages and t h e  obvious expense i n  coa l  prepara t ion .  
Crushed c o a l  i s  used because i r .  w a s  thought necessary  t o  keep t h e  coa l  p a r t i c l e  
s i z e s  approximately equal  t o  those  making up t h e  bulk  of bed and so maintain good 
f l u i d i s a t i o n  c h a r a c t e r i s t i c s .  However, Highley e t  a l .  (5) showed t h a t  l a r g e  coa l  
p a r t i c l e s  (< 50 mm) could be burn t  q u i t e  e a s i l y  i n  an FBC w h i l s t  a t  t h e  same time 
overcoming the coa l  feed  problems o u t l i n e d  above by overbed feeding.  Also, using 
uncrushed c o a l  a l lows the  bed and f reeboard  h e i g h t s  t o  be reduced (5) making 
obvious savings i n  c a p i t a l  and running c o s t s .  An i n c r e a s e  i n  t h e  s ize  of coal 
p a r t i c l e  f e d  t o  t h e  combustor r e s u l t s  i n  an i n c r e a s e  i n  the  bed carbon loading 
(6) which i n f l u e n c e  such important  phenomena as NO emissions and e l u t r i a t i o n  ( 7 ) .  
However, t h e r e  is l i t t l e  informat ion  on the  e f f e c t  on the  performance of an FBC 
due t o  a v a r i a t i o n  of p a r t i c l e  s i z e  i n  t h e  coa l  feed.  
r e p o r t s  a s tudy  of t h e  combustion of  monosized coa l  f r a c t i o n s  f e d  continuously to  
the  bed v i a  an overbed feeder .  
and combustion e f f i c i e n c y  a r e  presented .  Measurements us ing  crushed c o a l  
(< 1.5 mm) f e d  pneumatical ly  t o  the bed are inc luded  f o r  comparison. 

2. Experimental procedure 

This  paper ' therefore ,  

Data showing the e f f e c t  of coa l  s i z e ,  excess  a i r  

T'ne f l u i d i s e d  bed combustor shown schemat ica l ly  in Fig.  1, was 0.3 m square 

The bed which was 0.6 m deep, cons is ted  of sand of mean 
F l u i d i s i n g  a i r  was in t roduced  t o  t h e  bed through a bubble 

Crushed c o a l  (< 1.5 mm) was f e d  pneumatical ly  i n t o  the 
Large 

s e c t i o n  and 1.83 m high and cons t ruc ted  from s t a i n l e s s  steel ,  t h e  wal l s  be ing  
i n s u l a t e d  w i t h  kaowool. 
p a r t i c l e  s i z e  600 pm. 
cap d i s t r i b u t o r  p l a t e .  
bed from a s e a l e d  hopper v i a  a c a l i b r a t e d  r o t a r y  valve f e e d e r  (Fig.  1). 
c o a l  (N.C.B. 501) prev ious ly  s i e v e d  t o  give monosized f r a c t i o n s  (6.3, 9.5 and 
12.5 mm) was f e d  by a v i b r a t o r y  f e e d e r  from a p r e s s u r i s e d  hopper t o  the  s u r f a c e  
of t h e  bed. 
feed  occurred when a screw f e e d e r  w a s  i n i t i a l l y  used. 
two g r i d s  which allowed any f i n e s  p r e s e n t  t o  f a l l  through. 
was achieved us ing  an overbed gas  b u r n e r  which preheated t h e  bed t o  725 K before  
c o a l  was i n j e c t e d .  
removed by a two-stage cyclone. S o l i d s  separa ted  by the cyclones dropped i n t o  
ca tchpots  (Fig. 1). I n  order  t o  measure t h e  r a t e  of e l u t r i a t i o n  of m a t e r i a l  
during s teady-s ta te  combustion, the  car ry  over  from the combustor was d i v e r t e d  
i n t o a  sepera te  catchpot .  The temperature  of t h e  bed was c o n t r o l l e d  by a cool ing 
c o i l  immersed i n  t h e  bed. Thermocouples were loca ted  i n  t h r e e  p o s i t i o n s  i n  the  
bed: top,  middle and bottom and a l s o  i n  the  f reeboard  (Fig. 1). A l l  bed and 
f reeboard  temperatures  and the cool ing  water  temperature were recorded 
cont inuously on char t  recorders .  

A v i b r a t o r y  feeding  system was adopted a f t e r  degradat ion of t h e  coa l  
The l a r g e  coa l  passed over 

S t a r t  up of t h e  bed 

P a r t i c u l a t e  c a r r y  over i n  the  gaseous combustion products  was 
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Durin a l l  t h e  experimental  runs  t h e  f l u i d i s i n g  v e l o c i t y  was kept  cons tan t  f 
(% 0.8 ms- ) and changes i n  s to ich iometry  w e r e  achieved by vary ing  the  coa l  feed 
r a t e  t o  the combustor. G a s  samples were obta ined  from the  bed, f reeboard and 
e x i t  f l u e  by means of sampling p o r t s  l o c a t e d  along one w a l l  of t h e  combustor. 
Water cooled s t a i n l e s s  s t ee l  probes l i n e d  wi th  s i l i c a  were used f o r  gas sampling. 
An on-line chemiluninescent a n a l y s i s  (TECO Model 10A)  w a s  used t o  determine the  
n i t r i c  oxide conten t  of t h e  combustion gas. 

3. Experimental r e s u l t s  

3.1 NO emissions 

N O  concent ra t ions  throughout the. bed and f reeboard  f o r  t h e  crushed coa l  
(< 1.5 mm) a r e  shown in Fig.  2 f o r  bed temperatures  ranging between 1043 and 1193 
K. A sharp increase  i n  NO concent ra t ion  is observed from 400 t o  1300 ppm f o r  a 
bed temperature of 1043 K and concent ra t ions  r i s e  t o  1500 ppm a t  the  top of t h e  
bed f o r  Tb = 1193 K. For a l l  t h e  bed temperatures  t h e r e  i s  a sharp  decrease i n  
N O  concentrat ion through t h e  freeboard g iv ing  exit  va lues  of 375 ppm f o r  
Tb Simi la r  t rends  a r e  seen i n  Fig.  3 f o r  
the la rge  coals  (6.3, 9.5 and 12.5 mm). The concent ra t ions  of NO a t  the top of 
t h e  bed a r e  of t h e  order  of 1400 pprn and a t  t h e  e x i t  they have f a l l e n  t o  500 ppm 
f o r  a bed temperature of 1143 K. These measurements were repea ted  f o r  d i f f e r e n t  
va lues  of excess a i r  (XSA) and Fig. 4 shows t h e  v a r i a t i o n  of NO concent ra t ion  a t  
the  e x i t  f l u e  (cor rec ted  t o  3% 02) f o r  XSA values  of between 6 and 47% f o r  a l l  
t h e  la rge  coals  at Tb = 1043 and 1093 K. For t h e  6.3 mm coa l  a t  10% XSA and 
Tb = 1043 t h e  NO concent ra t ion  i s  360 ppm; t h e  corresponding value at Tb = 1093 K 
i s  475 ppm. Af te r  these  i n i t i a l  va lues  the NO concent ra t ions  a t  both 
temperatures  show a sharp  increase  t o  about XSA = 25% followed by a l e v e l l i n g  off 
f o r  higher  values  of XSA. These t rends  a r e  repea ted  f o r  t h e  9.5 mm coa l  but  with 
reduced concent ra t ions  throughout. It w a s  expected t h a t  the  12.5 mm would show a 
f u r t h e r  o v e r a l l  decrease i n  NO concent ra t ion  b u t  as can be seen i n  Fig. 4 the  
12.5 mm curve f a l l s  between those of t h e  6.3 and 9.5 mm c o a l s  s t i l l ,  however, 
showing the  same t rends  as the  l a t t e r  two s i z e s .  

1043 K and 700 ppm f o r  Tb = 1193 K. 

3.2 E l u t r i a t i o n  r a t e s  

The measured e l u t r i a t i o n  r a t e s  under s t e a d y s t a t e  condi t ions  a r e  shown i n  
Figs .  5, 6 and 7. Fig. 5 shows the t o t a l  car ry  over  Ci.e. ash and carbon) 
leav ing  the  combustor f o r  t h e  9.5 mm coa l  at d i f f e r e n t  l e v e l s  of excess  air  and 
temperature. A sharp  decrease i n  e l u t r i a t e d  m a t e r i a l  i s  observed when the l e v e l  
of excess  a i r  i s  increased  from 10% t o  about 20%; t h i s  rate of decrease reduces 
a s  the excess a i r  i s  increased  beyond 20%. The carbon content  of the c a r r y  over  
m a t e r i a l  f o r  the  9.5 m c o a l  i s  p l o t t e d  a g a i n s t  t h e  excess  a i r  f o r  the  four  bed 
temperatures  (Fig. 6) .  The propor t ion  of carbon i n  t h e  c a r r y  over  decreases  with 
increas ing  temperature and excess  a i r .  The same t r e n d  is observed f o r  a l l  the  
c o a l  s i z e s  s t u d i e d  (17) .  

The e f f e c t  of coa l  p a r t i c l e  s i z e  on t h e  car ry  over  and carbon loss at  20% 
excess  a i r  is i n d i c a t e d  i n  Fig.  7. A sharp  decrease i n  c a r r y  over  i s  observed 
when coa l  s i z e s  of i n c r e a s i n g  diameters  a r e  used i n  t h e  f l u i d i s e d  bed combustor. 
Beyond the  9.5 mm c o a l  s i z e ,  e l u t r i a t i o n  rates l e v e l  of f  and as  t h e  bed 
temperature  i n c r e a s e s ,  show an upturn (Fig. 7 ) .  This  unexpected behaviour of the 
car ry  over due t o  t h e  12.5 mm coa l  i s  i n  p a r a l l e l  w i t h  the  NO r e s u l t s  f o r  t h e  
same coa l  as d iscussed  above. 

3.3 Combustion e f f i c i e n c y  

The q u a n t i t y  of h e a t  l o s t  as  carbon e l u t r i a t e d  from the  combustor is the  
major f a c t o r  a f f e c t i n g  t h e  e f f i c i e n c y  of f l u i d i s e d  bed coa l  combustors. 
Combustion e f f i e n c y  has  been determined f o r  each coa l  p a r t i c l e  s i z e  a t  about 20% 
excess  a i r .  
combustion e f f i c i e n c y .  

The r e s u l t s  a r e  shown i n  t a b l e  1 i n  terms of carbon percentage 
Loss of carbon occurred almost e n t i r e l y  hy e l u t r i a t i o n .  
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Table 1. Combustion E f f i c i e n c y  a s  a f u n c t i o n  
of c o a l  s i z e  and bed temperature.  

Temp (K) j Combustion e f f i c i e n c y  
@ 20% XSA 

12.5 nun 

9 3  

An i n c r e a s e d  carbon combustion e f f i c i e n c y  i s  achieved wi th  the  increase  of 
a i r  up t o  about 20-25%, a f u r t h e r  i n c r e a s e  i n  excess  a i r  beyond t h i s  va lue  does 
n o t  improve t h e  carbon combustion e f f i c i e n c y  s i g n i f i c a n t l y .  The combustion 
e f f i c i e n c y  i s  observed t o  i n c r e a s e  w i t h  bed temperature f o r  t h e  6.3 and 9.5 nun 
coals  ( t a b l e  1) .  The 12.5 mm r e s u l t s  show only  a s l i g h t  s e n s i t i v i t y  t o  bed 
temperature (1043 K - 1193 k ,  20% excess  a i r ) .  The h i g h e s t  carbon combustion 
e f f i c i e n c y  of 95% is achieved wi th  t h e  9.5 nun a t  a bed temperature of 1193 K 
( t a b l e  1). 

4 .  Discussion 

The l e v e l s  of N O  a t  t h e  e x i t  of an FBC may be expressed  as  a sum of t h e  
r a t e s  of formation and r e d u c t i o n ,  wi thout  s p e c i f y i n g  any mechanisms, a s  follows 

Rate of Rate of Rate of Rate of 
formation - reduct ion  + formation - reduct ion  
i n  t h e  i n  t h e  i n  t h e  i n  t h e  
bed bed f reeboard  f reeboard  

A B C D 

Rate of NO 
emitted a t  = 
t h e  f l u e  

1) 

i t  i s  c l e a r  from Figs .  2 z d  3 t h a t  A > B and D : C f o r  a l l  t h e  cools  used i n  
these  experiments.  There a r e  many experimental  d a t a  a v a i l a b l e  which show t h a t  NO 
reduct ion i n  an FBC can take  p lace  via NO-char r e a c t i o n s  (8,9,10) and s o  t h e  
l e v e l  of NO reduct ion  may be expected t o  be p r o p o r t i o n a l  t o  t h e  carbon loading i n  
t h e  bed, which i n  t u r n  i s  p r o p o r t i o n a l  t o  the diameter of t h e  coa l  p a r t i c l e s  i n  
t h e  feed. When l a r g e  c o a l  is f e d  t o  the  bea t h e  r a t e  of NO formation w i l l  be 
slower and lower than f o r  crushed c o a l  b u t  t h e  r a t e  of reduct ion  w i l l  a l s o  be 
lower even f o r  l a r g e r  carbon loading  because of t h e  low carbon s u r f a c e  a r e a  per  
uni t  mass. 

This could e x p l a i n  why, a s  shown i n  F igures  2 and 3 ,  approximately the  same 
l e v e l s  of N O  concent ra t ion  a r e  observed a t  t h e  top of t h e  bed f o r  both crushed 
and la rge  coa ls .  These s i m i l a r  l e v e l s  of NO a l s o  c o n t r a d i c t  t h e  sugges t ion  (11) 
t h a t  overbed feeding  of l a r g e  c o a l  may i n c r e a s e  NO reduct ion  a t  t h e  t o p  of the 
bed due t o  an increased  carbon loading i n  t h a t  region.  The NO concent ra t ions  i n  
t h e  0 . 3  m square FBC, t h e r e f o r e ,  appear t o  be independent of coa l  f e e d  p o s i t i o n  
and s i z e  of  coa l  fed .  
p lace  i n  the  f reeboard  (F igs .  2 and 3 ) .  
occurs  i n  t h e  reg ion  immediately above t h e  bed where t h e  char  concent ra t ion  i s  
h igh  due t o  sp lash ing .  I t  i s  i n  t h e  f reeboard  then t h a t  the  e f f e c t  of carbon 
loading i n  t h e  bed on NO reduct ion  i s  most ev ident  s i n c e  t h e  l e v e l  observed f o r  
t h e  9.5 mn coa l  a r e  lower than f o r  t h e  6 .3  m and crushed c o a l s .  The NO l e v e l s  
i n  t h e  f reeboard  a r e  seen t o  decrease  
i n  the  same manner a s  t h e  s o l i d s  popula t ion  decreases  ( 1 2 ) .  

The major p o r t i o n  of NO reduct ion  repor ted  h e r e ,  takes  
I n  p a r t i c u l a r  t h e  h i g h e s t  reduct ion  r a t e  

exponent ia l ly  wi th  h e i g h t  (Figs .  2 and 3) 
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Assuming t h a t  la rge  coa l  p a r t i c l e s  do n o t  break when introduced t o  the bed 
then i t  would be expected t h a t  t h e  e l u t r i a t i o n  r a t e  would be s i g n i f i c a n t l y  
reduced compared t o  when crushed coa l  i s  fed t o  the bed. F igure  5 shows a 
reduct ion i n  the  e l u t r i a t i o n  r a t e  of carbon as t h e  c o a l  feed p a r t i c l e  s i z e  
increases  b u t  the  d i f f e r e n c e  i s  n o t  as g r e a t  a s  would be expected bear ing  i n  mind 
t h a t  the la rge  c o a l  i s  a monosized feed and does n o t  include any f i n e s .  
p a r t i c u l a r  the carbon e l u t r i a t i o n  r a t e  f o r  t h e  12.5 mm coa l  although i n i t i a l l y  
(Tb = 1043 K) less than t h a t  measured f o r  the  9.5 mm subsequent ly  becomes g r e a t e r  
f o r  Tb > 1093 K. 
p a r t i c u l a r  s u f f e r s  from breakage due t o  thermal shock when introduced t o  the  bed. 
This a l s o  expla ins  why the  NO concent ra t ions  f o r  t h i s  coa l  f a l l  between those 
measured f o r  t h e  6 .3  and 9.5 nun coals  (Fig.  4) .  P a r t i c l e  a t t r i t i o n  may a l s o  be 
s i g n i f i c a n t  wi th in  the  bed (13,14,15) p a r t i c u l a r l y  f o r  the  l a r g e r  coa ls .  Merrick 
and Highley (16) der ive  an expression f o r  p a r t i c l e  s i z e  reduct ion  due t o  
a t t r i t i o n  based on R i t t i n g e r s  Law of abrasion and showed t h a t  the  shr inkage r a t e  
was propor t iona l  t o  the p a r t i c l e  s i z e  v i z :  

I n  

This  may be explained by the f a c t  t h a t  t h i s  coa l  (12.5 mm) i n  

Thus the e l u t r i a t i o n  r a t e  f o r  t h e  l a r g e r  coa ls  could be s i g n i f i c a n t l y  enhanced 
due t o  a t t r i t i o n  phenomena. The lowest e l u t r i a t i o n  r a t e s  observed (Fig.  7) a r e  
f o r  the  9.5 mm coa l  a t  1193 K and 20% XSA. 
temperature and excess  a i r  w i l l  be t o  i n c r e a s e  t h e  combustion r a t e  with a 
consequent reduct ion i n  t h e  amount of carbon thrown i n t o  the freeboard.  Thus the 
e l u t r i a t i o n  r a t e s  w i l l  decrease f o r  an i n c r e a s e  i n  both Tb and XSA. 
can be seen i n  Figs .  5 and 6 .  

The e f f e c t  of  increas ing  t h e  bed 

This  t rend  

5. Conc.lusions 

The measurements of n i t r i c  oxide concent ra t ions  i n  t h e  bed and freeboard of 
the 0.3 m square f l u i d i s e d  bed have shown t h a t  n i t r i c  oxide i s  produced wi th in  
the bed and a r e  reduced i n  t h e  f reeboard .  E l u t r i a t i o n  r a t e s  and NO 
concentrat ions measured a t  t h e  e x i t  of t h e  f reeboard both decrease with 
increas ing  coal  p a r t i c l e  s i z e  up t o  a s i z e  of 9.5 mm f o r  most condi t ions .  The 
combustion of monosized coa l  p a r t i c l e s  i n  t h e  f l u i d i s e d  bed has h i g h l i g h t e d  the 
interdependence of e l u t r i a t i o n  r a t e ,  bed carbon content ,  carbon concent ra t ion  i n  
the freeboard and n i t r i c  oxide emissions.  The r e s u l t s  a l s o  i n d i c a t e  t h a t  an 
optimum opera t ing  condi t ion  f o r  t h i s  p a r t i c u l a r  f l u i d i s e d  bed combustor may e x i s t  
f o r  the  9.5 mm coa l  s i z e  a t  20% XSA. However, f u r t h e r  experimental  r e s u l t s  a re  
necessary,  i n  p a r t i c u l a r  wi th  respec t  t o  t h e  complex phenomena occurr ing  i n  the 
freeboard region. 
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7. Nomenclature 

d coa l  p a r t i c l e  d i a .  

f ( d p )  
H t o t a l  bed h e i g h t .  

K abrasion constant .  

U s u p e r f i c i a l  f l u i d i s i n g  v e l o c i t y .  

The views expressed here  a r e  

P 
f r a c t i o n  of coa l  p a r t i c l e s  i n  bed smal le r  than d 

P '  

minimum f l u i d i s i n g  v e l o c i t y .  
Umf 
Y v e r t i c a l  co-ordinance. 

E dimensionless h e i g h t  (=  y/H). 
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The inf luence  of p a r t i c l e  s i z e  d i s t r i b u t i o n  on t h e  
combustion r a t e s  i n  a ba tch  fed f l u i d i s e d  bed 

E.S .  Garbett  and A.B. Hedley 

She f f i e ld  Coal Research Unit, Department of Chemical Engineering and 
Fuel Technology, University of S h e f f i e l d ,  S h e f f i e l d ,  s1 3JD 

United Kingdom. 

In t roduct ion  

The advantages of burning coal i n  f l u i d i s e d  bed combustors (FBC) have been 
repeatedly demonstrated over the p a s t  few years  and commercial u n i t s  a r e  now 
being b u i l t  and supplied t o  indus t ry  (1 ) .  
the p r a c t i c a l  experience gained from p i l o t  p l an t  s tud ie s  and a l s o  on the  predic- 
t i ons  of mathematical models. 
i s  the  r a t e  a t  which p a r t i c l e s  burn i n  the  bed which determines the  carbon 
loading and hence po l lu t an t  emission% hea t  r e l e a s e  r a t e s ,  coa l  feed r a t e s  and 
e l u t r i a t i o n  r a t e s  ( 2 ) .  P a r t i c l e  s i z e  and temperature usua l ly  ind ica t e  the  
con t ro l l i ng  mechanism of combustion; l a r g e  p a r t i c l e s  and high temperature suggest 
t h a t  d i f fus ion  i s  dominant whereas chemical k i n e t i c s  became important f o r  small  
p a r t i c l e s  and low temperatures ( 3 ) .  In a typ ica l  FBC t h e  p a r t i c l e  s i z e s  range 
from t h a t  of the maximum of the  inpu t  feed down t o  t h a t  of p a r t i c l e s  which a re  
about to  be e l u t r i a t e d  and p a r t i c l e  temperatures can have a va lue  anywhere 
between the  bed temperature Tb and T b assume the re fo re ,  t h a t  the combustion of p a r t i c l e s  can be con t ro l l ed  by a 
combination of d i f f u s i o n a l  and chemical processes a c t i n g  simultaneously.  Indeed, 
the  da ta  of Avedesian and Davidson ( 7 ) ,  where the  combustion of char p a r t i c l e s  
i n  a batch fed f l u i d i s e d  bed was assumed t o  be d i f f u s i o n  con t ro l l ed ,  has 
r ecen t ly  (6 )  been shown t o  be cons i s t en t  with the  a l t e r n a t i v e  s i t u a t i o n  descr ibed  
above where both processes a r e  ac t ing  toge ther .  The e f f e c t  on the  carbon loading 
i n  an FBC where the  combustion i s  e i t h e r  cont ro l led  by d i f fus ion  o r  by a 
combination process has been inves t iga t ed  by Garbe t t  and Hedley (8) who a l s o  
showed the  importance of p a r t i c l e  sur face  temperatures.  The p a r t i c l e  s i z e  
d i s t r i b u t i o n  of the  coa l  feed i s  a parameter which i s  important i n  the  des ign  
of FBC's bu t  whose inf luence  on the  combustion r a t e s  i n  t h e  bed has not  been 
s tudied .  I t  is the purpose of t h i s  paper t he re fo re ,  t o  develop a theory to 
p red ic t  the burnaway, burnout time and p a r t i c u l a t e  phase oxygen concentra- 
t i on  i n  a batch fed FBC and show t h e i r  dependence on the  input  p a r t i c l e  s i z e  
d i s t r i b u t i o n  which i s  accu ra t e ly  known. 

The design of such F B C ' s  is based on 

Central  t o  any model of coa l  combustion i n  FBC's 

+ 200K ( 4 , 5 , 6 ) .  I t  i s  no t  unreasonable t o  

The Model 

The model of t he  ba tch  fed FBC employed here i s  e s s e n t i a l l y  the two-phase 
bubbling bed model of Avedesian and Davidson ( 7 )  where a bed of i n e r t  p a r t i c l e s  
a t  a temperature Tb i s  f l u i d i s e d  by a i r  a t  a s u p e r f i c i a l  v e l o c i t y  U 
minimum f l u i d i s e d  v e l o c i t y  U . 
cont ro l led  by a combination d i f fus ion  and chemical k i n e t i c s ,  i s  t r ans fe r r ed  
t o  the  char p a r t i c l e s  i n  the  p a r t i c u l a t e  phase from the  bubbles and the  r eac t ion  
i s  given by C + O2 The batch i s  assumed t o  comprise s o l e l y  of char 
p a r t i c l e s  so t h a t  devo la&l i sa t ion  i s  negl,?cted. I t  i s  a l s o  assumed t h a t  
the p a r t i c l e s  do no t  swel l  o r  break up when introduced t o  the bed and so r e t a i n  
t h e i r  o r i g i n a l  s i z e  d i s t r i b u t i o n .  

and a 
The oxygen requi red  f o r  combustionOwhich is 

-+ CO . 

The Theory 

The r eac t ion  r a t e  of a s ing le  p a r t i c l e  of char of mass m i n  a f lu id i sed  bed 
where both d i f fus iona l  and chemical k i n e t i c s  a r e  considered Eimultaneously, can 
be expressed i n  terms of d i f f u s i o n a l  and chemical r e s i s t a n c e s  a s  follows ( 3 ) .  
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K KD C 

Kc + KD 
R =  

where % = -k x 1 
Kc = -k2x 2 

(See equat ions  28) and 31) f o r  va lues  of k l  and k2) )  C 
concent ra t ion  (moles/m3) i n  t h e  p a r t i c u l a t e  phase of t ge  bed and i s  a func t ion  
of t i m e .  

i s  the  oxygen 

The r a t e  of consumption of carbon a t  the  p a r t i c l e  su r face  i s  the re fo re  given 
by 

3 -k k X -  Mo C 5 = 1 2 p  
2 

d t  k x  + k x  
I P  2 P  

leading  t o  

dx -2M C 
p = O P  
d t  TP 

4 )  

5) 

where x i s  the diameter of a p a r t i c l e  of mass m and M i s  the  molecular weight 
of oxyggn. P 

k l a n d f  = - 1 
For convenience l e t  F(C) = 2M C , e = - 

op 2 kl 
TP 

I f  a f t e r  a time t a p a r t i c l e  whose o r i g i n a l  diameter was x b u m s  t o  g ive  
a diameter x t ,  then t 

6 )  t f  

L e t  the o r i g i n a l  s i z e  d i s t r i b u t i o n  o f  a batch of carbon de l ivered  t o  the  
f l u i d i s e d  bed be given by an equat ion  of the  form. 

w. = e(x) 7 )  

where W .  i s  the  i n i t i a l  weight of t he  ba t ch  which c o n s i s t s  of p a r t i c l e s  whose 
diamete? i s  g r e a t e r  than o r  equal  t o  X. 
t he  range x1<x<x2 
e(x,) = 1 and e(x2) = 0 a r e  s a t i s f i e d .  

It w i l l  be assumed t h a t  x must l i e  i n  
such t h a t  whatever t h e  form of the  func t ion  8 the  condi t ions  

The i n i t i a l  mass of t he  ba tch  which has  p a r t i c l e s  whose diameters l i e  between 
x and x +dx is t he re fo re ,  m. dW., where mi i s  the  mass of t he  o r i g i n a l  batch.  
Af te r  a time t the  mass w i l l  rehuce t o  mi dWi x:/x3. 

Therefore the  mass of carbon i n  the  bed a f t e r  a t i m e  t i s  

where $(x) dx = -dWi and the  lower l i m i t s  of t he  i n t e g r a l  a r e  chosen t o  i n d i c a t e  
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a l l  t he  i n i t i a l  va lues  of x f o r  which x t  > 0. 
def ined  s o  t h a t  a l l  p a r t i c l e s  with an i n i t i a l  diameter x < yo would have b u z e d  
away completely a f t e r  a time t ,  then the  mass f r a c t i o n  of  carbon i n  the  bed a t  
t h i s  time t i s  

Suppose an i n i t i a l  diameter y i s  

x=x, 
m 

m. - = ' $ $(x)dx 
X x= z 

where z = x1 i f  yO&xl 

and z = y i f  yo>xl 

By s u b s t i t u t i n g  y i n  equation 6 )  we have 

t 

f 2  F(C)dt = eyo + - y i 2 0  

0 

Combining equations 6 ) ,  8) and 10) g ives  

x= z .J 
X 

Burnout time 

To de r ive  an express ion  f o r  t he  burn-out time we need t o  i n v e s t i g a t e  
dm/dt o r  d(m/mi)/dt. From an oxygen balance on the  bed (7)  we have 

3 where C i s  the  i n l e t  oxygen concent ra t ion  (mole/m ) .  

dm/dt Therefore C = Co + - 
P F(Uo) 

where F(Uo) = 12A[Uo -(Uo-Umf) (exp(-B)) 3 

It can the re fo re  be  shown tha t  

Also, from equat ion  13) 
r 1 

dm/dyo can be found us ing  the  mathematical i d e n t i t y ,  
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Applying t h i s  t o  equat ion  11) g ives  

where 

Subs t i t u t ing  dm/dy from equation 17) i n t o  equat ion  14) 

re-arranging and i n t e g r a t i n g  the  r e s u l t  gives 

t m m 

2 
I t  can be shown t h a t  equation 19) reduces t o  

m .  (l-mlmi) ITP yo np Yo 
t =  I. + - + -  

F(Uo)Co 1 2  8Cokl 64Cok2 

T h e  form of the  i n i t i a l  s i z e  d i s t r i b u t i o n  

Assume t h a t  the o r i g i n a l  carbon sample before  any s i ev ing  i n t o  l imi ted  s i z e  
range f r a c t i o n s ,  can be descr ibed  by a Rosin-Rammler d i s t r i b u t i o n  

W = exp (-bxn) 21) 

where b and n a r e  cons tan ts .  
l imi ted  s i z e  f r a c t i o n s  and only p a r t i c l e s  with diameters i n  the  range 
x <x<x2 are  r e t a ined  then the weight f r a c t i o n  W .  of the sieved ma te r i a l  i s  (9) 

If the  o r i g i n a l  ma te r i a l  i s  then sieved i n t o  

1 

exp(-bxn) - exp(-bx n, 

exp(-bxln) -exp(-bx 2 ") 

2 w. = 

Therefore 

bnxn-' exp ( -bxn) 

exe(-bxln) -exp(-bx2") 
Jl(x) = 

and the  i n i t i a l  weighted mean p a r t i c l e  s i z e  x. i s  (9)  
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\ - + 1) x. = 
1 

bL/n 

Y O  

2 2 )  we ge t  X .  X .  
Defining dimensionless parameters X = 3 and Y = then from equation 

n a 3 - l  exp (-ax") 

exp(-aXln) -exp(-aXZn) 
JI(Xi'X) = 

where a = [ (+ +1d 

Subs t i t u t ion  of @(x. ,x)  from equation 24)  i n t o  equat ion  11) and making o ther  
appropr ia te  terms dimensionless g ives  

where 

F (x X,Y) = 2 i' 

N = exp(-aXln) - exp(-ax n, and Z = 2 
X. 

2 

The lower l i m i t  of i n t e g r a t i o n  i n  equation 25) i s  given by 

1 Z = X  i f Y , c X  

2 = Y  i f Y > X 1  

1 
and 

S imi l a r ly  equation 20) f o r  the burn-out time, becomes 

mi ( l - m h i )  w ( x i  - 2 2  Y ) sp(Xiy) 

+ 128Cokl +- F(Uo)Co 64C0 k2 
t =  

and equation 15), the  p a r t i c u l a t e  phase oxygen concent ra t ion ,  becomes 

2 7) 

1 
P F(Uo) np 

x2 - 

i 
192klmi fF3(xi ,X,Y) d 

2 

= c o [  I -  

where 
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I Numerical C a l  cu 1 a t i  on s 
I 

The d i f f u s i o n  cons tan t  kl from equation 2) can be expressed as follows (7 )  

k l  = 2nkD 2 8) E 

where k i s  a cons tan t  r e l a t i n g  the mass of carbon consumed t o  the  mass of O2 
t ranspor ted  t o  the p a r t i c l e  sur face .  It i s  assumed here t h a t  t he  carbon- 
oxygen r e a c t i o n  can be represented  by C + O2 -f co2 so  t h a t  k = 12/32 

% is  the e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  and can be represented  by ( 7 )  

where Sh i s  the l o c a l  p a r t i c l e  Sherwood Number and Dc i s  the  d i f fus ion  
c o e f f i c i e n t  ca l cu la t ed  from ( 3 )  

(Pi) 
1.75 

DG = D. - 

The chemical cons tan t  k,, can be represented  by (10,ll) 

k 2  = k’ Tbf exp(- E / R  T ) 
g P  

The above d a t a  i s  summarised i n  Table 1. The bed d a t a  used i n  the  
ca l cu la t ions  a r e  t h a t  of Avedesian and Davidson ( 7 ) .  

Table 1 

Data used i n  ca l cu la t ions  

Symbol Value 

k 

T. 

D. 

Tb 

T 
P 

k’ 

Sh 

E 

PIPi 

0 . 3 7 5  

1000 K 

1.61 

1173 K 

1173 K 

1034 

1 .8  

15 K cal/mole K 

1 

Reference 

The t h r e e  d i s t r i b u t i o n s  used i n  the c a l c u l a t i o n s  a r e  summarised i n  Table 2 .  
I n  a l l  t he  r e s u l t s  presented here t h e  top and bottom s i z e  of each d i s t r i b u t i o n  

were cons t an t  a t  3 and 0.3mm r e spec t ive ly .  
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$ 
m. 
1 

1.5 

0.1813 

0.9033 

0 . 3 m  

3mm 

5gm 

Table 2 

P a r t i c l e  s i z e  d a t a  

4 

0.1813m 

0.9064 

0 . 3 m  

3m 

5gm 

b=11.12 b=625 

4 

0.0906m 

0.9064 

0 .3m 

3mm 

5 gm 

Resul t s  and Discussion 

Evaluation of m/mi- 

To demonstrate the  type of r e s u l t s  t o  be expected from the  theory 
equation 25) was numerically in t eg ra t ed  t o  give va lues  of m/m. f o r  increas ing  
va lues  of Y us ing  the  va lues  of kl and k2 ind ica ted  i n  Table and the  
d i s t r i b u t i o n s  i n  Table 2 .  
d i f f u s i o n a l  and chemical cases  were ca l cu la t ed  us ing  a method s imi l a r  t o  t h a t  
described by Leesley and S i d d a l l  (9) f o r  pu lver i sed  f u e l .  Figures 1, 2 and 
3 show the v a r i a t i o n  of m / m i ,  the  unburnt f r a c t i o n  of carbon remaining, with 
the dimensionless p a r t i c l e  diameter Y f o r  the  th ree  o r i g i n a l  d i s t r i b u t i o n s .  
I n  every case the combined curve mC+D/m; f a l l s  i n s i d e  t h e  envelope of t he  two 
extreme condi t ions  of pure d i f f u s i o n a l  (mD/mi) and of pure chemical (mc/m;). 
The curves represented  i n  these f i g u r e s  (1 ,2 ,  and 3) a r e  no t  burnaway r a t e s  
bu t  i nd ica t e  the  changing p a r t i c l e  s i z e  d i s t r i b u t i o n  a s  the  ba tch  disappears.  
For example, i n  f i g u r e  I, when 50% of the  ba tch  has burn t  away ( i . e .  m / m i  = 0.5) 
the  combined case r equ i r e s  tha t  a l l  p a r t i c l e s  of a s i z e  below 18% of t h e  
maximum p a r t i c l e  s i z e  i n  the  o r i g i n a l  ba tch  must have disappeared. 
va lues  f o r  t he  pure d i f f u s i o n  case and pure chemical ca se  a r e  34% and 12% respec t -  
ive ly .  Thus f o r  a given carbon loading the carbon p a r t i c l e  s i z e  d i s t r i b u t i o n  
i n  the  bed w i l l  be d i f f e r e n t  f o r  d i f f e r e n t  combustion mechanisms and t h i s  w i l l  
obviously inf luence  important phenomena such as  e l u t r i a t i o n ,  and NO reduct ion  
by char .  To cambine Figures 1 t o  3 f o r  comparison purposes the da t a  have been 
represented i n  Figure 4 as a r a t i o  of unburnt f r a c t i o n  f o r  the  combined case (m 
t o  t h a t  f o r  t he  d i f f u s i o n  case (%) as a func t ion  of t h e  p a r t i c l e  diameter 
Y .  I t  is c l e a r l y  seen t h a t  as the  o r i g i n a l  s i z e  d i s t r i b u t i o n  moves from a wide 
one (n=1.5, b=11.12) t o  a f i n e  one (n=4.0, b=10,000) the  d i f f e rence  between 
mC+D and % i nc reases  

Evaluation of t 

For comparison the  va lues  of m/m; f o r  the pure 

Corresponding 

C+D) 

The burnawayra tesof  t h e  batch f o r  each o r i g i n a l  s i z e  d i s t r i b u t i o n  and f o r  a 
combustion mechanism where both d i f f s u i o n  and chemical k i n e t i c s  a r e  ac t ing  
simoultaneouslywere ca l cu la t ed  from equation 26) and a r e  shown i n  Figure 5. 
burnaway r a t e  i s  higher f o r  the d i s t r i b u t i o n  represented  by n=4.0, b=10,000 
than f o r  the o t h e r  two d i s t r i b u t i o n s  as would be expected. What i s  not  ev ident  

The 
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from Figure 5,  due t o  the  s c a l e ,  i s  t h a t  the t i m e  f o r  t o t a l  burnaway i s  the  same 
f o r  each d i s t r i b u t i o n  s ince  they a l l  have the same maximum p a r t i c l e  s i z e  of 3 m .  

Evaluation of C 
P 

concent ra t ion  C f o r  the  three  d i s t r i b u t i o n s .  The r e s u l t s  a r e  shown i n  
Figure 6 .  An i g t e r e s t i n g  f e a t u r e  of these  r e s u l t s  i s  the  va lue  of Cp a t  t=o. 
According to Avedesian and Davidson 1 7 )  the  va lue  of 5 should be almost zero 
f o r  the  batch fed  system bu t  i t  i s  c l e a r  from Figure 6 t h a t  t h i s  i s  n o t  t h e  case.  

Equation 27) was numer ica t ly  in t eg ra t ed  t o  g ive  the  p a r t i c u l a t e  oxygen 

Equations 25), 26) and 27) a r e  v a l i d  only f o r  cons tan t  temperature and 
pressure .  
temperature Tp can vary during burnaway and can be apprec iab ly  higher than 
the  bed temperature ( 4 , 5 , 6 ) .  
the  value of k2 r e l a t i v e  t o  k l  and the  con t ro l l i ng  mechanism would tend 
towards t h a t  of d i f fus ion .  Inc reas ing  the  pressure  of the  system would only 
have a s i g n i f i c a n t  e f f e c t  i f  t he  combustion r a t e  was i n i t i a l l y  dominated by 
chemical k i n e t i c s .  

These condi t ions  a r e  u s u a l l y  met i n  F B C ' s  except t h a t  t he  p a r t i c l e  

The e f f e c t  of i nc reas ing  Tp would be t o  increase  

Conclusions 

A t h e o r e t i c a l  model has been developed which p red ic t s  the change i n  s i z e  
d i s t r i b u t i o n  dur ing  burnaway, burn-out times and p a r t i c u l a t e  phase oxygen 
concent ra t ions  a s  a func t ion  of o r i g i n a l  p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  a batch 
fed  f l u i d i s e d  bed. 
batch fed experiment could be devised  t o  determine the  r o l e  of chemical k i n e t i c s  
f o r  a given type of coa l  and would thus  be an a id  t o  modelling of f l u i d i s e d  bed 
combus t i on .  
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Nomenclature 

Constant def ined  by equat ion  24) 

Area of f l u i d i s e d  bed (m2) 

Rosin-Rammler cons tan t  - equat ion  21) 

Oxygen exchange parameter - equation 1 2 )  

Oxygen concent ra t ion  of f l u i d i s i n g  a i r  (mole/m 3 ) 

3 P a r t i c u l a t e  phase oxygen concent ra t ion  (mole/rn ) 

Gas d i f f u s i o n  c o e f f i c i e n t  (m2/s) 

cons tan t  (= l / k2 )  

cons tan t  (=  l / k l )  

Defined by equat ion  12) 

Function of Oxygen concent ra t ion  (= 2M C / ~ p )  
O P  
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k l  

k2 

K C  

KD 

k'  

m 

m .  

m 

N 

P 

R 

R 

t 

T 

Tb 

T. 

T 

P 

g 

P 

'mf 

' 0  

W 

X 

- 
X. 
1 

X 
P 

Xt  

X 

YO 

Y 

Z 

Z 

Constant defined by equation 2) 

Constant defined by equation 3) 

Constant defined by equation 31) 

Chemical r a t e  cons tan t  

Di f fus iona l  r a t e  cons tan t  

Mass of char i n  bed a t  time t (kg) 

I n i t i a l  mass of batch (kg) 

Mass of s i n g l e  char p a r t i c l e  (kg)  

Function of p a r t i c l e  s i z e  - equation 25) 

Pressure  (a Em) 

Reaction r a t e  of s i n g l e  p a r t i c l e  ( k g / s )  

Gas cons tan t  

Burnaway time ( S )  

Temper a t  ure (0 

Bed temperature (0 

Reference temperature - equation 30)  (K) 

P a r t i c l e  sur face  temperature (K) 

Minimum f l u i d i s i n g  v e l o c i t y  ( 4 s )  

S u p e r f i c i a l  f l u i d i s i n g  ve loc i ty  (m/s) 

Weight f r a c t i o n  of coa l  (kg) 

P a r t i c l e  diameter (mm) 

I n i t i a l  weighted mean p a r t i c l e  s i z e  (mm) 

P a r t i c l e  diameter (mm) 

P a r t i c l e  diameter (m) 

Dimensionless p a r t i c l e  diameter (= x/xi) 

P a r t i c l e  diameter (mm) 

Dimensionless p a r t i c l e  diameter (= yo/;;) 

P a r t i c l e  diameter (lower l i m i t  o f  i n t eg ra t ion )  mm 

Dimensionless p a r t i c l e  diameter (=  z/xi) 

J 
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Greek Symbols 

P Char dens i ty  

e 

J, 

r Gamma func t ion  

S ize  d i s t r i b u t i o n  f u n c t i o n  equat ion 7) 

S ize  d i s t r i b u t i o n  func t ion  equat ion 8) 
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