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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) 
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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 .  
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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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