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ABSTRACT 

This  work ' supports  t h e  development s t u d i e s  f o r  a tmospheric  
and p re s su r i zed  f luidized-bed c o a l  combustion. Laboratory s t u d i e s  
and runs  i n  an atmospheric  process-development-scale combustor a r e  
aimed a t  provid ing  informat ion  on t h e  e f f e c t s  of water  a d d i t i o n  
and chemical a d d i t i v e s  such a s  C a C 1 2 ,  NaC1, and Na2C03 on (1) t h e  
degree of s u l f a t i o n  of l imes tone  sorbent  a t  va r ious  o p e r a t i n g  con- 
d i t i o n s  .and (2)  t h e  co r ros ion  of candida te  m a t e r i a l s  f o r  f l u i d i z e d -  

- bed c o a l  combustion f a c i l i t i e s .  

SUMMARY 

Enhancement of Limestone S u l f a t i o n  bv Chemical Addit ives  

Laboratory S tudies .  Among t h e  e f f e c t s  of  chemical a d d i t i v e s  on t h e  
s u l f a t i o n  of  l imes tones  a r e  major changes i n  t h e  phys i ca l  s t r u c t u r e  of t h e  
s tones .  Scanning e l e c t r o n  microscopy (SEM) has been s u c c e s s f u l l y  used , in  

. conjunct ion  wi th  mercury porosimeter  d a t a  t o  desc r ibe  i n  d e t a i l  t h e  changes 
t h a t  occur  ( a f t e r  salt  a d d i t i o n )  dur ing  ca l c ina t ion ,  and su.l.fation. 

The e f f e c t s  of N a C l  and CaC12 on l imes tone  s t r u c t u r e  a r e  presented  i n  a  
s e r i e s  of SEM photographs which show t h e  i n c r e a s e  i n  pore s i z e  a s s o c i a t e d  
wi th  inc reased  s a l t  a d d i t i o n ,  a s  w e l l  a s  evidence of t h e  presence of smal l  
amounts of l i q u i d  phase dur ing  t h e  i n t e r a c t i o n .  The inc reased  pe rmeab i l i t y  
of t h e  system is  i n d i c a t e d  by t h e  formation of  CaS04 throughout t h e  p a r t i c l e s , ,  
a s  shown by s u l f u r  scans  of SEM photographs. 

Data on t h e  e f f e c t s  of NaCl and CaC12 on dolomite  s u l f a t i o n  and p a r t i c l e  
s t r u c t u r e  show e f f e c t s  s i m i l a r  t o  t hose  wi th  l imes tones ,  bu t  of l e s s  magni- 
tude  due t o  t h e , i n h e r e n t  h igh  r e a c t i v i t y  of most u n t r e a t e d  dolomites .  There 
i s  an i n i t i a l  i nc rease  i n  s u l f u r  c a p t u r e  w i th  s m a l l  amounts of s a l t  a d d i t i v e ,  
which is' followed by a  decrease  as s a l t  l e v e l s  i nc rease ,  and f i n a l l y  a  l ong  
slow i n c r e a s e  i n  su l fu r - cap tu r ing  a b i l i t y  a t  very  h igh  sal t  concen t r a t ions .  
S t r u c t u r a l  e f f e c t s  s i m i l a r  t o  t hose  i n  l imes tones ,  such as inc reased  pore 
s i z e ,  are seen  i n  dolomites .  . 

The 'use  of Na2C03 a d d i t i v e  was suggested a s  a  p o s s i b i l i t y  w i th  t h e  hope 
'of decreased cor ros iveness  due t o  t h e  absence of ch lor . ide  i o n s  and . the low . 

v o l a t i l i t y  of t h e  salt .  Data show marked improvement i n  s u l f a t i o n  of 



limestones due to structural changes induced by the presence of Na2C03 
(similar to the changes effected by NaCl and CaC12). Due to its melting 
characteristics and low volatility, Na2C03 appears to be more effective than 
NaCl or CaC12. The salt remains in contact with the limestone for a greater 
peripd of time, which results in dramatic increases in pore diameter as 
measured on a mercury porosimeter. SEM photographs illustrate the effect of. 
impurity content on the structure changes and how they influence stone reac- 
tivity with sulfur species. 

'. Thermogravimetric analysis of limestone sulfation reactions in the 
presence of NaCl and CaC12 at various temperatures indicates that these salts 
are effective as sulfation enhancers at all temperatures between 750°C and 
1050°C, with greater sulfation enhancement occurring above 900°C for NaCl 
and above 950°C for CaC12. At high temperatures, the untreated stones have 
low reactivity due to sintering and loss of surface area. 

Characterization of limestones is being carried out with.data presented 
here on pore volume and surface area. The results show that stone reactiy.itv 
does not correlate with total surface area nor with total pore volume. 
However, if only pores 10.3 pm are considered, there are correlations of 
surface area and pore volume with sulfur reactivity of limestones at 850°C. ' 
The addition of low concentrations of salt to limestones increases surface 

. area; these data, plotted with data for untreated limestone, show a maximum 
t .  conversion of approximately 50% of the CaO. Higher salt levels decrease the 

surface area, with subsequent loss of reactivity. From these plots of pore 
volume and surface area, a stone's reactivity compared with that of other 
limestones may be roughiy determined. 

d petrogiaphic Examination of Limestones. Petrographic analyses of 
several calcareous stones have been made to understand the basic structural 
reasons for the wide variations in SO2 reactivity of different limestones. 

. Results of the examinations of eight stones reveal no obvio~is str~ictutal 
differences correlated with their SO2 reactivities. 

PDU Studies. Laboratory-scale experiments have demonstrated that ,the 
degree of sulfation of the partially sulfated lime solids within a fluidized- 
bed combustor can be increased by the addition of sulfation-enhancement 
agents (chemical additives) to virgin limestones or by water treatment of 
partially sulfated limestones. Chemica1,addi'tives such as CaC12, NaC1, and 
Na2C03 added in small quantities increase both the rate and the extent of 
sulfation for many virgin limestones. Water treatment of partially sulfated 
limestones also increases the degree.of sulfation. 

In a commercial FBC, increasing the SO2 retention would decrease the 
lime solids requirement for the combustion process and, in turn, reduce both 
the process cost and the environmenta1,impact of solids waste disposal. The 
recently constructed PDU-scale automated atmospheric-pressure fluidized-bed 
coal combustion facility (AFBC) is being used for short-term runs (524 h) 
to evaluate (1) various concentrations of different sulfation-enhancement 
'agents and (2) water treatment of partially.su1fated limestones. 



The effects on SO2 retention of adding low concentrations (1.0 rnol % or 
less) of CaC12 or NaCl to Grove limestone were evaluated in a series of 31 
short-term runs (SAL and NAC series runs). Percent sulfur retention and 
percent calcium utilization are reported as a function of the Ca/S mole ratio 
for these runs. 

In these runs, the degree of sulfation enhancement due to the addition 
of CaC12 or NaCl was generally lower than in laboratory-scale experiments 
previously reported. The differences in the two sets of data are thought to 
be due to the different manner of conducting the two series of experiments. 
The laboratory-scale experiments had been carried out with a simulated flue 
gas and no coal combustion. Consequently, no coal ash constituents were 
present in the reactor. In contrast, combustion experiments were performed 
in the PDU-scale AFBC. 

In an attempt to clarify the disparity between. the data for the PDU- 
scale experiments and the laboratory-scale experiments, four additional 
short-term (8 h) runs were conducted in the AFBC. Higher concentrations 
of sulfation-enhancement agents in the Grove limestone sorbent were used in 
the first three runs. The sorbent contained -2.3 rnol % NaCl in the first 
run (NAC-lo), ~2.1 rnol % CaC12 in the second run (SAL-20), and -1.6 rnol % 
Na2C03 in the third run (NCO-1). In the fourth run (NCO-2), -0.6 rnol % of 
Na2C03 was added to the sorbent since no data had been obtained previously on 
how sulfation enhancement was affected by this particular chemical additive 
at a relatively low concentration. The CaIS mole ratios required to main- 
tain 700 pp~n SO2 in the dry off-gas (equivalent to 85% sulfur retention) 
during the four runs were 2.7, 2.6, 2.2, and 2.9, respectively. These 
results suggest (1) that the concentration bf a chemical additive required to 
enhance sulfation of the limestone sorbent in actual coal combustion experi- 
ments is greater than in laboratory experiments conducted with a simulated 
flue gas and (2) that Na2C03 is a better sulfation-enhancement agent on a 
mole basis than either CaC12 or NaCl at both relatively high (~2.0 rnol %) 
and relatively low (~0.5 rnol %) concentrations. 

To gain insight on the chemical composition of the fluidized-bed material 
as a function of time, samples of the bed material were taken at a height of 
-254 mm above the coal injection point at intervals during sulfation (starting 
bed, virgin Grove limestone) in the first of the four short-term runs men- 
tioned above. After the samples were withdrawn from the bed, they were 
sealed in glass jars (containing an inert nitrogen atmosphere to prevent 
reaction with oxygen and/or water in the air). Analyses of s2-, SO:-, and 
CO:- concentrations in the bed Sam les were performed. Very little sulfide ! - (<lo0 ppm) was found. Based on SO4 analyses, CaS04 content in one run 
increased to -45 wt % during the first 7.5 h and then leveled off. The CaC03 
content dropped from 31.8 wt % after the first 1 h to 1.1 wt % after 
3 h of oulhation; 

Another series of four run-s (SG-1 to SG-4) was conducted in the new AFBC 
to compare its performance with that of an older atmospheric-pressure 
fluidized-bed combustor under similar operating conditions. A major differ- 
ence in the experiments done in the new AFBC and those done in the old AFBC 
was in the sulfur content of the coals. The Sewickley coal used in the 



r e c e n t  runs conta ined  5.46 w t  % S, compared w i t h  3.7 w t  % S f o r  t h e  I l l i n o i s  
c o a l  used i n  t h e  p rev ious ly  r epo r t ed  runs.  Percent  s u l f u r  r e t e n t i o n s  a s  a 
f u n c t i o n  of ca /S  mole r a t i o  f o r  t h e s e  f o u r  r e c e n t  runs  a r e  repor ted .  Su l fu r  
r e t e n t i o n s  were i n  gene ra l  agreement w i th  those  of  previous atinospheric- 
p r e s s u r e  f luidized-bed combustion experiments.  A t  a  Ca/S mole r a t i o  of 3 ,  
s u l f u r  r e t e n t i o n  was about  80% i n  t h e  r e c e n t  s e r i e s  of runs ,  compared wi th  
about  87% i n  t h e  previous  s e r i e s .  Carbon, s u l f u r ,  and calcium m a t e r i a l  
ba l ances  f o r  4 .5  h s t eady  s t a t e  pe r iods  of each of t h e  f o u r  runs  a r e  pre- 
s en ted .  Su l fu r  ba lances  ranged from 78 t o  101% and calcium ba lances  from 
96 t o  114%. Combustion e f f i c i e n c i e s  v a r i e d  from 86 t o  88%. 

A s e r i e s  of  shor t - te rm runs  w a s  begun t o  determine Ca/S mole r a t i o s  as 
a f u n c t i o n  of combustion temperature,  f o r  va r ious  un t r ea t ed  so rben t s  (i.e., 
con ta in ing  no sulfation-enhancement a g e n t s ) ,  r equ i r ed  f o r  85% s u l f u r  re ten-  
t i o n .  Two l imes tone  s n r h e n t s ,  one c a l c i t i c  and the o t h e r  dolomPtic,  liave 
been eva lua t ed ,  For t h e  c a l c i t i c  Lin~es tone  (Grove), t h e  Ca/S mole r a t i o s  
nceded f o r  85% s u l f u r  r e t e n t i o n  were 6.0, 3.4, and 3.7 a t  800, 850, and 
900°C, r e s p e c t i v e l y .  For t h e  do lomi t i c  1imeston.e ( P f i z e r ) ,  t h e  corresponding 
v a l u e s  For t h e  Ca/S mole r a t i o  were 1 .2 ,  1 .7 ,  and 1.7 a t  800, 850, and 900°C, 
r e s p e c t i v e l y .  

A n  a d d i t i o n a l  shor t - te rm t e s t  (HYS-1) w a s  performed i n  which t h e  sorbent  
c o n s i s t e d  of p a r t i a l l y  s u l f a t e d  Grove l imes tone  t h a t  had been water-sprayed. 
The purpose of water-spraying w a s  t o  determine whether t h e  s u l f u r  r e t e n t i o n  
c a p a b i l i t y  of t h e  p a r t i a l l y  s u l f a t e d  m a t e r i a l  would be inc reased  by Ca(OH)2 
formed by the  r e a c t i o n  wi th  water  of t h e  CaO i n  t h e  m a t e r i a l . '  The c ~ ( o H ) ~  

' .  decomposes a t  t h e  combustion temperature,  p rpvid ing  a d d i t i o n a l  r e a c t i o n  s i t e s  
f o r  s u l f a t i o n .  In  t h i s  short- term test, calcium u t i l i z a t i o n  of t h e  p a r t i a l l y  

.,:+ s u l f a t e d  sorbent  be fo re  water  t rea tment  w a s  %23% and w a s  ~ 4 0 %  upon reuse  of 
. . 

$;: 
t h e  wa te r - t r ea t ed  p a r t i a l l y  s u l f a t e d  so rben t ,  an i n c r e a s e  of  ~ 7 4 % .  

f r .  Corrosion St11dje.s. There i s  conccrn t h a t  v o l a t i l i z a t i o n  of s i l l f a t i on -  ' 

enhancement agen t s  ( a l k a l i  meta l  compotmds) i n  a commercial f l  i ~ i . r l i  xed-bed 
c o a l  combustion system might cause unacceptable  ' cor ros ion  of t h e  metal' 
s t r u c t u r a l  m a t e r i a l s .  To measure t h e  co r ros ion  r a t e s  of  candida te  meta ls  of 
c o n s t r u c t i o n  i n  t h e  presence of sulfation-enhancement agents  i n  a  PDU-scale 
u n i t  and i d e n t i f y  f a c t o r s  t h a t  could decrease  t h e  l i f e t i m e  and r e l i a b i l i t y  of 
system components, long-term (>I00  h )  co r ros ion  test nJna  a r e  be ing  con- 
duc ted  i n  t he  AFBC. Objec t ives  of exper imenta l  programs a r e  ( a )  t o  e v a l u a t e  
t h e  . e f f e c t  of sulfat.i.on-enhancement agcn t s  on t h e  co r ros ion  behavior  of  can- 
d i d a t e  m a t e r i a l s  f o r  an  atmospheric-pressure f lu id ized-bed  combustion system, 
(b)  t o  determine t h e  types  of d e p o s i t s  formed on meta l  s u r f a c e s ,  (c )  t o  s tudy  
t h e  n a t u r e  of t h e  c o r r o s i o n  r e a c t i o n s  r e s u l t i n g  from t h e s e  deposi . ta ,  an.d 
(8) t o  O r r e l a t e  t h e  co r ros ion  r e s u l t s  w i t h  process  cond i t i ons .  

100-h Corrosion Tes t s .  Four 100-h co r ros ion  t e s t  runs (CT-1, -2, -3, 
and -4) were completed i n  t h e  r e c e n t l y  cons t ruc ted  PDU-scale atmospheric- '  
p r e s s u r e  f luidized-bed c o a l  c & h ~ , ~ s t f o k  f a c i l i t y  (IIFBC),  I n  each run ,  seven 
co r ros ion  probes,  each hold ing  seven meta l  specimens, were i n s t a l l e d  a t  
v a r i o u s  l o c a t i o n s  i n  t h e  bed and t h e  f reeboard  s e c t i o n  of t h e  combustor. 
Three of t h e  probes i n  each run w e r e . t h e  a i r -cooled  type ,  and the ' remain ing  
f o u r  probes were t h e  uncooled coupon type.  The types  of meta l  specimens 
(24 d i f f e r e n t  a l l o y s ) ,  t h e i r  l o c a t i o n s  i n  t h e  combustor, and t h e  mean temper- 
a t u r e s  f o r  each of t h e  seven co r ros ion  probes used i n  each run  a r e  repor ted .  



The so rben t  used i n  t h e  f o u r  runs was Grove l imestone.  No s u l f a t i o n -  
enhancement agent  was added i n  ' ~ u n  CT-1, 50.3 rnol % CaC12 was added i n  
Run CT-2, 50.5 rnol % NaC1,in Run CT-3, and 51.9 rnol % Na2C03 i n  Run CT-4. 
The Ca/S mole r a t i o  i n  each run was a d j u s t e d  t o  main ta in  ~ 7 0 0  ppm so2 i n  t h e  
dry  of f -gas  (equiva len t  t o  ~ 8 5 %  s u l f u r  r e t e n t i o n ) .  The r e s u l t a n t  Ca/S mole.  
. r a t i o s  were 3.4, 3.5,  3.6, and 2.0 f o r  Runs CT-1, -2, -3, and -4, respec- 
t i v e l y .  Nei ther  t h e  low-concentration a d d i t i o n  of CaC12 i n  Run CT-2 no r  of  
NaCl i n  Run CT-3 enhanced t h e  s u l f a t i o n  of t h e  Grove l imestone sorbent .  
These r e s u l t s ,  r e l a t i v e  t o  s u l f a t i o n  enhancement, d i sag ree  wi th  t h o s e  of 
p rev ious ly  r epo r t ed  labora tbry-sca le  experiments  i n  which a s imulated f l u e  
gas w a s  used (i.e., wi th  no a c t u a l  c o a l  combustion). However, t h e  high- 
concen t r a t ion  a d d i t i o n  of Na2C03 i n  Run CT-4'did enhance s u l f a t i o n  of t h e  
Grove l imestone.  sorbent .  The Ca/S mole r a t i o .  of 2.0 i n  t h e  l a t t e r  run i s  
541% l e s s  than  t h e  Ca/S, r a t i o  of 3.4 i n  Run CT-1 conducted wi th  un t r ea t ed  
Grove l imes tone  so rben t .  

Carbon, s u l f u r ,  and calcium m a t e r i a l  ba lances  a r e  r epo r t ed  f o r  t h e  f o u r  
100-h co r ros ion  t e s t  runs (CT-1, -2,  -3, and - 4 ) ,  a s  w e l l  a s  combustion 
e f f i c i e n c i e s .  Carbon ba lances  ranged from 89 t o  102%, s u l f u r  ba lances  from 
88 t o  111%, and calcium ba lances  from 98 t o  109%. Calcula ted  combustion 
e f f i c i e n c i e s  were 88% i n  t h e  f i r s t  and t h i r d  runs ,  87% i n  t h e  second run,  and 
91% i n  t h e  f o u r t h  r u n . ,  

Evalua t ion  of Corrosion Behavior. Meta l lographic  examination of t h e  
specimens from 100-h screening  co r ros ion  t e s t s  (CT-1 t o  CT-4) has  been com- 
p l e t e d .  The r e s u l t s  i n d i c a t e  t h a t  a t  585O0C, t h e  a d d i t i o n  of 0 .3 rnol % CaC12 
t o  t h e  so rben t  feed  had no e f f e c t  on t h e  co r ros ion  behavior  of t he  va r ious  
candida te  m a t e r i a l s  t e s t ed , 'whe reas  0.5 rnol % NaCl o r  1 .9 rnol % Na2C03 
increased  t h e  cor ros ion  r a t e s  of t h e  nickel-base a l l o y s .  When specimens 
were exposed i n  t h e  f l u i d i z e d  bed o r  t h e  f reeboard  s e c t i o n  of t h e  combustor 
a t  temperatures  between 525 and 730°C, t h e  a d d i t i o n  of a sulfation-enhancement 

- agen t ,  v i z . ,  0.3 rnol % CaC12, 0.5 rnol % NaCl o r  1 .9  rnol % Na2C03, had no s i g -  
n i f i c a n t  e f f e c t  on t h e  co r ros ion  r a t e s  of t h e  m a t e r i a l s  t e s t e d .  Except i n  
t h e  high-chromium a l l o y s  (>15%),  t h e  specimens developed only 2- t o  3-pm- 
t h i c k  s u r f a c e  s c a l e  and 2- t o  5-pm i n t e r n a l  c o r r o s i v e  p e n e t r a t i o n ;  f o r  t h e  
high-chromium a l l o y s ,  t h e  t o t a l  s c a l e  p e n e t r a t i o n  th i ckness  was s i g n i f i c a n t l y  
g r e a t e r ,  independent of t h e  presence of s a l t .  



TASK A. ENHANCEMENT OF LIMESTONE SULFATION BY CHEMICAL ADDITIVES 

1. Laboratory S tud ie s  
(J. A. Shearer ,  C. B. Turner,  and K. M. Myles) 

Among t h e  e f f e c t s  of  chemical a d d i t i v e s  on t h e  s u l f a t i o n  of  l imes tones  
a r e  major changes i n  t h e  phys i ca l  s t r u c t u r e  of t h e  s tones .  Scanning e l e c t r o n  
microscopy has been s u c c e s s f u l l y  used i n  conjunct ion  wi th  mercury porosimeter  
d a t a  t o  d e s c r i b e  i n  d e t a i l  t he  changes t h a t  occur  ( a f t e r  sal t  a d d i t i o n )  dur ing  
c a l c i n a t i o n  and s u l f a t i o n  of  l imes tones .  

a. E f f e c t  of N a C l  Addit ive on P a r t i c l e  S t r u c t u r e  of Limestone 
- .-- 

The use  of  N a C l  as a  s u l f a t i o n  enhancer has  rece ived  most of t h e  
exper imenta l  a t t e n t i o n . '  A mechanism has been proposed invo lv ing  t h e  fni-ma- 
t i o n  of t r a c e  amounts of l i q u i d  phase t h a t  lowers  t h e  a c t i v a t i o n  energy of 
decomposition and r e c r y s t a l l i z a t i o n ,  t h u s  a c c e l e r a t i n g  t h e  i o n i c  rearrange-  
ment and development of  p o r o s i t y  i n  t h e  l ime produced.  ,Wh.et.h.er a l i q u i d  o r  
vapor  phase forms i s  unce r t a in .  The SEM photographs i n  Fig .  1 provide a  . 
p a r t i a l  answer. F igure  1 shows two views of a  c a l c i t e  s p a r  p a r t i c l e  t r e a t e d  . 

\ w i t h  a minute amount of  N a C 1 .  The s a l t  c r y s t a l l i z e d  a s  d i s c r e t e  c r y s t a l s  
du r ing  t r ea tmen t ,  Upon h e a t i n g  a t  850°C f o r  40 min, t h e  p a r t i c l e s  formed a 

: l i q u i d  which i n t e r a c t e d  i n  a g radua l ly  e n l a r g i n g  sphere  around t h e  po in t  of 
I & ' .  

; c o n t a c t  .with t h e  c a l c i t e  c r y s t a l .  The presence  of  a vapor  phase would have 
produced a more 'uniform a t t a c k  ove r  t h e  e n t i r e  sample.'  Radia t ing  c i r c l e s  of 
l e s s e n i n g  s t r u c t u r a l  changes s t r o n g l y  sugges t  a l o c a l  l i q u i d  phase i n t e r a c t i o n  
around t h e  s a l t  p a r t i c l e .  

In  t h e  c a s e  of N a C l  a d d i t i o n ,  s u b s t a n t i a l  s o l u t i o n  of CaO does n o t  
occur  upon t h e  a d d i t i o n  of  l a r g e  amounts of s a l t  t o  a  s t r u c t G r e  t h a t  i s  s t i l l  

.: s p a c e - r e s t r i c t i v e  t o  CaS04 formation beyond about 50% conversion.  
A 

Figure  2 i s  a s e r i e s  o f  photographs showing t h e  e f f e c t  of sodium 
c h l o r i d e  a d d i t i o n  on a p rev ious ly  s u l f a t e d  sample of ANL-9501 s t o n e  (Grove 
l imes tone ) .  F igures  2-1 and 2-Ia show a sample of  un t r ea t ed  ANL-9501 s tone  
completely s u l f a t e d  a t  850°C wi th  0.3% S02; a  dense l a y e r  of CaS04 formed a t  
t h e  p a r t i c l e  s u r f a c e ,  a s  i n d i c a t e d  by t h e  s u l f u r  scan  i n  Fig.  2-Ia. 

. . Figure  2-11 shows t h i s  same sample a f t e r  t rea tment  w i th  a smal l  amount of 
powdered NaCl and r ehea t ing .  The s t r u c t u r e  d e f i n i t e l y  a l t e r e d ,  and pores  a r e  
much l a r g e r .  F igure  2-IIa  shows t h e  deep p e n e t r a t i o n  nf slll f l l r  i n t n  t h ~  
, s t o n e .  The enhanced mob i l i t y  of t h e  system c 0 n t r i b u t e d . b ~  t h e  low-melting 
sal t  caused t h e  CaS04 t o  migra te  t o  t h e  p a r t i c l e  i n t e r i o r ' a n d  t o  undergo 
massive r e c r y s t a l l i z a t i o n ,  a s  shown i n  t h e  more h i g h l y  magnified view 
F i g .  2 .  This  phenomenon e x p l a i n s  t h e  e f f e c t s  of NaCl i n  renewing t h e  
sulfur-removal  c a p a b i l i t i e s ' o f  spen t  bed m a t e r i a l ,  a s  r epo r t ed  by Pope, 
Evans, and ~ o b b i n s .  I n  t h e  t r e a t e d  m a t e r i a l ,  t h e  dense d i f  fu s ion - l imi t ing  
l a y e r  of  C ~ S O ~  is  no longe r  i n t a c t  and, w i t h  major growth i n  pore s i z e ,  t h e r e  
i s  a .more  favorable  pore  d i s t r i b u t i o n  f o r  f u r t h e r  s u l f u r  capture .  



Fig. 1. Surface of  Calcite Spar P a r t i c l e  (two views) ,  Calcined w i t h  
0.2 wt % N a C l  i n  202 C02, 5% 02, and t h e  Balance N2 a t  850°C 
f o r  40 min. ANL Neg. No. 308-78-418 
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Fig. 7.  Effects of Heating with NaOl an a 3 ~ ~ u p l r  ul 
ANL-9501 Stone (Crass Sections) Previously 
Sulfated a t  850°C for  6 h i n  0.3% S02, 
5% 02, 20% C02, and the Balance N2. 
ANL Neg. No. 308-78-758 
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Effect  of CaC12 Additive on P a r t i c l e  Structure  of Limestone 

As p a r t  of t h i s  study, scanning e lectron microphotographs (SEM) 
were taken fo r  v i sua l  confirmation of s t ruc tu ra l  changes indicated by pre- 
vious porosimetry measurements. Figure 3 shows c a l c i t e  spar  which has been 
calcined a f t e r  a very small addit ion of CaC12. The in t en t  here was t o  iso- 
late individual  p a r t i c l e s  of the  salt and t o  note the  e f f e c t s  on the  l i m e -  
s tone of the  intense r ec rys t a l l i z a t i on  occurring during calc inat ion when 
CaC12 i s  present. The s a l t ' s  effect iveness  decreases from the  point of 
contact  and appears t o  follow s t r u c t u r a l  l i n e s  of the  o r ig ina l  rhombic cal-  
c i t e  pa r t i c l e .  The e f f e c t  on pore s t ruc tu re  is  evident--even a t  a distance 
from theapoint of immediate contact. I n i t i a l  melting of the  CaC12 s t rongly 
a f fec ted  the s tone a t  the  point of contact. A s  a r e su l t ,  a s ing le  l a rge  
c r y s t a l  of CaO formed having v i s i b l e  growth r ings ,  a s  i n  Fig. 3b. 

Figure 4 i s  a s e r i e s  of microphotogrnpho ~f ANL 9701 stone calcined 
with various amounts of CaC12. The same s t ruc tu ra l  changes a s  i n  c a l c i t e  
(Fig. 3) a r e  observed, modified by the  impurit ies and the  l e s s ' c r y s t a l l i n e  
na ture  oE t h i s  limestone. A t  the  highest  concentration of s a l t  (1.0 mol % 
cac12), crys.ta1 growth begins t o  be evident, a s  well  a s  i n i t i a l  fusion of 
pa r t i c l e s .  This fusion is a r e s u l t  of su f f i c i en t  CaC12 l i qu id  being present 
t o  dissolve subs t an t i a l  amounts of CaO,  with subsequent l o s s  of s t ruc tu ra l  
i n t eg r i t y .  A t  t h i s  l e v e l  of salt addit ion,  conversion t o  CaSO4 does not 
depend on the space created by i n i t i a l  decarbonation but cam continue indefi- 
n i t e l y  s ince d i sso lu t ion  of CaO and l o s s  of s t ruc tu ra l  i n t e g r i t y  make the  CaO 
read i ly  ava i lab le  f o r  su l fa t ion .  

Figure 5 i l l u s t r a t e s  t he  effect of adding various am~unts  of CaC12 
and calc ining ANL-9501 (Grove) limestone, a commonly used limestone. Also 
i l l u s t r a t e d  a r e  two samples calcined without addi t ive  f o r  d i f f e r en t  lengths 
of t i m e .  Firing f o r  a long duration has the  e f f e c t  of increasing the  porosi- 
t y ?  a s  indicated by Fig. 5b, which s h ~ w s  uniform pores aver the  e n t i r e  
pa r t i c l e .  These pores are l a rge r  than those produced by one hour f i r i n g  a s  
i n  Fig. 5a. 

The addi t ion of small amounts of CaC12 has a much greater  e f f e c t  
than does the  addi t ion of s m a l l  amounts of NaC1.  Extensive pore growth and 
c r y s t a l l i t e  clumping occurred s imi la r ly  t o  the  e f f e c t s  of N a C l  addit ion i n  
l a rge  amounts, as shown i n  photographs presebted e a r l i e r .  As  the  concentra- 
t i o n  of CaC12 increased, t he  extent of c r y s t a l  growth increased and pore s ize  
gradually increased. A t  l eve l s  of s a l t  addit ion grea te r  than 1 mol X CaC12, 
t he  l i m e  pa r t i c l e s  began t o  fuse. A t  t h i s  point ,  l a rge  amounts of l i qu id  
phase formed t h a t  were capable of dissolving subs tan t ia l  amounts of CaO, a s  
shown by the  phase diagram f o r  t h i s  system.3 Figure 6 i l l u s t r a t e s  t h i s  
cha rac t e r i s t i c  flow s t ruc tu re  i n  ANL-9501 limestone. Figures 6b and 6c show 
t h e  junction of two separate  limestone p a r t i c l e s  a t  two magnifications. The 
point  of contact is  between the darker image and the  l i g h t e r  one. The par t i -  
c l e s  have fused, yet  r e t a i n  some coarse porosity. A t  the  su l f a t i on  tempera- 
t u r e ,  t h i s  is a very f l u i d  system containing dissolved CaO and hence has 
grea t  po ten t ia l  t o  reac t  with so2/02 mixtures. The extent of react ion is 
l imi ted  only by the  presence of su f f i c i en t  l i q u i d  phase t o  dissolve res idual  
unreacted y. 



F:lr 
Fig. 3. Cross Sections of Calcite Spar Calcined with 0.05 mol % CaC12 at  850°C 

in  5% 02, 23% C02, and the Balance N2. ANL Neg. No. 308-78-639 
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Fig. 4 .  Effect of  CaC12 on ANL-9701 Stone (Cross Sections) 
Calcined a t  850°C for  1 h i n  5% 02, 20% C02, and 
the Balance N2.  ANL Neg. N o .  308-78-640 
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Fin. 5. Cross Sections of Li -55Q1 Particles After Various Treatments and Calci- - 
nation at 850°C in 5% 02, 20% CC;, and the Balance N2. ANL Neg. No. 308-78-420 
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Fig. E. Limescone AN.-9501 with CaC12. Calcined I h at  850°C in  5% 02, 
20X 0 2 ,  and the Balance 62. ANL Neg. No. 308-78-L1S 



Sulfation experiments show t h a t  indeed, there  i s  one maximum of 
su l fa t ion  ( a t  50% conversion) a t  low s a l t  concentrations; conversion then 
s t a r t s  t o  decrease when these low CaC12 additions a r e  exceeded. A t  CaC12 
concentrations above 1.0 mol %, however, the extent of su l fa t ion  begins t o  
increase rapidly;  with continued CaC12 addit ion,  su l fa t ion  approaches 100%. 
Prac t ica l  application of t h i s  information is  l imited s ince the high salt 
concentrations produce s t icky  pa r t i c l e s  t h a t  may cause problems i n  maintain- 
ing f lu id iza t ion  i n m a  fluid-bed combustor. However, CaC12 added t o  limestone 
powder t ha t  was injected in to  fixed-bed combustors has enhanced the  su l fa t ion ,  
removing su l fu r  from exhaust gases a t  very high temperatures (>1000° C) . 

c. Effect of Calcium Chloride Additive on Sul fa t ion  of 
and Pa r t i c l e  Structure of Dolomites 

The experimental work with enhancement agents has been primarily 
concerned with limestones, but dolomites a lso a r e  under consideration as  
sulfur-capturing species. Addition of inorganic s a l t s  t o  dolomites t ha t  a re  
very unreactive t o  gncrease t h e i r  r eac t iv i ty  may be of i n t e r e s t .  

Most dolomites react  readi ly  with SO2. Apparently, at the condi- 
t ions  ex is t ing  i n  a fluidized-bed coal combustor, the  porosity of the stones 
is  enhanced by decomposition of MgC03 t o  form MgO (which is  unreactive with 

Horizontal tube furnaces supplied with a simulated f lue  gas a re  - ,  - 
being used t o  es tab l i sh  su l fa t ion  capHcities fo r  a s e r i e s  of precalcined 
dolomites t rea ted  with CaC12. Measurements with a mercury porosimeter on 
s imi la r ly  prepared calcines  a r e  a l so  current ly  under way. Table 1 lists 

1: percent conversions f o r  several  stones t rea ted  with 0, 0.1, 0.5, 1.0, 3.0, 

8 and 5.0 mol % CaC12 ( t reated by adding an aqueous s lu r ry  and then evaporating). 
4'- The percent .conversions were arr ived a t  from f i n a l  weight-change measurements 

and a r e  subject  t o  correction w$en analyses f o r  su l f a t e  a r e  completed. The 
data show t h a t  s a l t  addit ion tends t o  enhance sulfation--both a t  low conceq- 
t r a t i ons  (0.1 t o  0,5 rnol 2) and at  higher concentrations (13.0 mol %) . Tlie 
lower conversion f o r  the intermediate addit ion of s a l t  has been ascribed t o  
the  i n i t i a l  increase i n  porosity (by increased ion ic  mobility) being o f f s e t  
by a concomitant decrease i n  surface area. The second gradual increase i n  
conversion is due t o  dissolut ion of CaO i n  the la rge  amount of l iqu id  s a l t  
present, a s i t ua t ion  i n  which the reac t iu i ty 'o f  the  lime is not l imited by 
s t ruc tu ra l  res t r ic t ions .  

Figures 7-9 show scanning electron microphotographs of cross sec- 
t ions  of three dolomites tha t  had been t rea ted  with several  concentratdons of 
CaC12. They i l l u s t r a t e  t h a t  with very high concentrations of s a l t  (as i n  
Fig. 9 f o r  dolomite ANL-5601 with 5 mol % CaC12), average pore s i z e  increases 
dramatically and fused s t ruc tures  develop. Even a t race  of CaC12 (0.1 mol %) 
causes noticeable pore enlargement, increasing the su l fa t ion  capacity of the  
stones. Dolomite ANL-5601, an especial ly  unreactive stone i n  its microporous 
or ig ina l  s t a t e ,  responds t o  salt treatment with dramatic pore enlargement and 
consequent enhanced sulfa t ion.  This type of highly c rys t a l l i ne  stone, which 
forms a calcine having very small pores, i s  the s o r t  of dolomite most bene- 
f i t t e d  by s a l t  addit ion,  which a f f e c t s  the  pore s i z e  of the  calcined stone. 

. a  ,- . 



Table 1. Conversion of CaO t o  CaSO4 f o r  Dolomites 
Treated with Calcium Chloride 

- - 

Percent Conversion, CaO t o  casaba 
* 

0.1 0.5 1.0 3.0 5.0 
mol % mol % mol % mol % mol % 

Stone Untreated CaC12 CaC12 CaC12 CaC12 CaC12 
Designation Stone . Added Added Added Added Added 

a 
A l l  s tones calcined f o r  1 h a t  850°C i n  5% 02, 20% C02, and the balance N2,  
and sulfa ted i n  0.3% S02, 5% 02, 20% C02, and the balance N2 f o r  6 h a t  
850°C. 

b~ymachtee dolomite. 

Very react ive stones do not show a s  great  a percent increase i n  
r e a c t i v i t y  as a r e s u l t  of s a l t  addit ion,  although the enhancement of reaction 
rate achievable by s a l t  addit ion may be important i n  a commercial-scale com- 
bustor system. For dolomites, enhancement of r eac t iv i ty  by very high CaC12 
additions can lead t o  almost complete su l fa t ion  of the CaO component. 

d. Summary of Percent Conversions t o  Sulfate  f o r  
Treated and Untreated Dolomites 

.Table 2 lists analyses and percent co~lversions of CaO t o  CaS04 f o r  
untreated dolomites included i n  t h i s  study. CaC03 content ranges from 48.7% 
t o  67.3%, with the  maj.or secondary component, MgC03, ranging from 27.7% t o  
45.7%. Sulfation a t  850°C i n  0.3% SO2, 5% 02, 20% C02,  and the balance N2,  
has been measured f o r  a l l  stones; it ranges from 18.1% t o  92.0% conversion. 

Figure 10 shows the conversion of CaO t o  CaS04 f o r  the  dolomites a t  
various added NaCl concentrations. The geometric mean a t  each s a l t  concentra- 
t i o n  i s  included a s  a curve covering the e n t i r e  range of s a l t  addition. The 
da ta  show marked s imi l a r i t y  t o  e a r l i e r  reported work on NaCl e f f e c t s  on 
limestones4 i n  t h a t  a maximum su l fa t ion  occurs at low concentrations of s a l t ,  
a f t e r  which su l f a t i on  decreases a t  higher l eve l s  of s a l t  addit ion a s  surface 
a rea  declines, and then r eac t iv i ty  again increases when su f f i c i en t  l i qu id  is 
present t o  begin t o  dissolve and disrupt  the  res t ra in ing  l a t t i c e  s t ructure .  
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Fig. 7. Cross Sections of Untreated ANL-5101 Dolomite P a r t i c l e s  
and ANL-5101 Par t i c l e s  Treated with CaC12. Calcined a t  
850°C. ANL Neg. No. 308-78-684 
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Pig. 8 .  Cross Scctions of Untreated ANL-5401 Dolomite Particles 
and ANL-5401 Particles Treated with CaC12. Calcined a t  

- 850°C. ANL Neg. No. 308-78-685 
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F i e .  9 .  Cross Sections of Untreated ANL-5601 Dolomite Particles 
and ANL-5601 Particles Treated with CaC12. Calcined a t  
850°C. ANL Neg. No. 308-78-683 



Table 2.  ~ornpositions~ a d  Cont.*ersions to Sulfate CIE Dolomite Samples 
- 

Stone b Conversion 
Desiwation, CaC03, Mgco3, Fe203 A1203, sio2 , NaiO , K20, C To 

ANL- w t  % w t  % w t  % w t  % w t  % w t  % w t  % . w t  % Sulfate, X 

- - - - - -- - - - - - -- - - - -- -- 

%alyses performed by Analytical Chemistry Laboratory, -Argonne National Laboratory. 

a tube furnace at 850°C, in 0.3% SO2, 5% 02, 201, COZY and the balance N2. 
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Fig. 10. Conversion t o  Sulfate  fo r  Dolo- 
mites Precalcined with NaCl 
and Sulfated 6 h a t  850°C i n  
0.3% S02, 5% 02, 20% C02, and 
the Balance N2 

This allows tQe formation of addi t ional  CaS04, previously prevented by 
volumetric l imita t ions .  The enormous v a r i a b i l i t y  i n  the  r eac t iv i ty  of the  
untreated dolomites i s  carr ied over t o  the  sal t - t reated samples with a l e s se r  
spread. The shape of the  curve of geometric means is a l s o  the shape of the  
curve f o r  each stone, though the curves f o r  the latter d i f f e r  i n  magnitude of 
increase'or decrease. The r eac t iv i ty  of the most unreactive dolomites i s  
most dramatically increased by s a l t  addition. Naturally react ive stones have 
an inherent pore s t ruc ture  t ha t  readi ly  accepts the la rge  CaS04 molecules. 
For t h i s  same reason, the  overa l l  r eac t iv i ty  of dolomites ( in  re la t ion  t o  
t h e i r  CaC03 content) is  much higher than fo r  limestones. 

Figure 11 shows a s imilar  s e t  of data  points  f o r  CaC12-treated 
dolomites. The trends i n  r eac t iv i ty  a r e  the same a s  f o r  NaCl a t  increasing 
s a l t  concentrations. When compared on the  bas i s  of weight percent salt 
added, CaC12 has less e f f ec t  than NaC1. However, a t  low s a l t  concentrations, 
CaC12-has a greater  e f f e c t  on a mol % bas is  than NaC1. Again, the  s c a t t e r  
associated with na tura l  stones ca r r i e s  over t o  the  sal t - t reated stones,  but 
hecnmes less important as  the  amount of s a l t  added increases and residual 
s t ruc tu ra l  and compositional differences a r e  removed. 

Porosimetry curves have been completed f o r  a l l  precalcined stones 
and f o r  the  various sa l t - t rea ted  dolomites. '  These data w i l l  be included i n  a 
forthcoming guide to  limestone charac te r i s t ics  and r eac t iv i t i e s .  
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Effect  of Na2C03 Additive on Sulfation of Limestones 

In 'addi t ion  t o  sodium chloride and calcium chloride, other  salts 
w e r e  investigated a s  addi t ives  f o r  possible pos i t ive  e f f ec t s  on the su l fa t ion  
of limestone. It had been found i n  mater ia ls  corrosion s tudies  t h a t  the 
major a t tack  by NaCl and CaC12 w a s  through the chloride ion (ANL/CEN/FE-78-10). 
Sodium carbonate showed promising e f f ec t s  i n  some ear ly  screening experiments, 
and it is hoped t h a t  t h i s  s a l t  would cause considerably l e s s  corrosion of 
mater ia ls  i n  a fluidized-bed coal combustor than would the  chldrides. 

Figure 12 is  a bar  graph 'sumrnari~in~ the data  fo r  three limestones 
t r ea t ed  w i t h  various amounts of Na2C03. Also,included a r e  da ta  f o r  ANL-8001 
s tone t reated with Na2C03 and then simultaneously calcined and sulfa ted;  i n  
contras t ,  the rest of the  su l fa t ion  data  is  f o r  precalcined material ,  a s  i s  
most of the  data presented f o r  o ther  s a l t s .  The da ta  show marked posi t ive  
e f f e c t s  due to  small addit ions of Na2C03 on a l l  th ree  stones. The e f f ec t s  
occurred most readi ly  i n  ANL-8001 stone, which has the  highest impurity con- 
t e n t  and the smallest  i n i t i a l  grain  s ize .  However, under simultaneous 
calcinat ion/sulfa t ion conditions, the  same stone requires a much la rger  
amount of salt t o  obtain  the same conversion. . 

. Scanning e lec t ron  microphotographs have been made of laboratory- 
prepared calcines t rea ted  with Na2C013. Figure 13  shows the e f f ec t  of t race 
amounts (0.2 w t  X )  of Na2CQ3 evaporated on the  surface of a c a l c i t e  spar 
c r y s t a l  and calcined a t  850°C i n  5% 02, 20% C02, and the  balance N2. The 
l i n e a r  features i l l u s t r a t e  prefe ren t ia l  deposition and interact ion along a 
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Fig. 12. Effect of Na2C03 on Sulfation of Limestone a t  850°C 
-, , i n  0.3% SO2, 5% 02, 20% ~ 0 2 ,  and the Balance N2 

cleavage plane of the  c rys ta l .  The three-dimensionality of the  photograph 
.: c lear ly  shows the  penetration of the  fused salt i n t o  the c rys t a l ,  causing 

increased ionic  dif fusion with resu l t ing  pore s t ruc ture  changes. The photo- 
graphs are s imi la r  t o  those obtained i n  e a r l i e r  reported work with NaCl and 
CaC12. Since Na2C03 i s  l e s s  v o l a t i l e  than N a C l  o r  CaC12, there  was a longer 
contact time with the stone as  a l i qu id  phase. - -  _ . - - * , = =  . - 

Figure 14 i l l u s t r a t e s  the  e f f ec t  of.NapCO3 on limestone ANL-9501 
during calcinat ion a t  850°C. An increasingly open nature of the  pore struc- 
tu re  as the Na2C03 concentration increased is apparent. The surface of the 
p a r t i c l e  (which is  on the l e f t  and lower s ide  of each photograph) shows 
enhanced c rys t a l l i za t ion  due t o  the  increased contact time with the s a l t  a t  
the beginning of calcination.  

S t ruc tura l  changes a s  a r e s u l t  of CaC03 addi t ion d i f f e r  f o r  d i f f e r -  
ent limestones, as shown in Fig,  15. These four limestones have d i f f e r en t  
impurity contents, as shown by the f i r s t  two d i g i t s  of t h e i r  number designa- 
t ions  (which indicate  nominal w t  % CaC03 content before f i r i ng ) .  Impurities 
i n t e r f e re  with the  growth of pores and with the r ec rys t a l l i za t ion  of the  CaO. 
This is  i l l u s t r a t e d  by comparison of the continuous rounded nature of grains  
i n  the matrix of c a l c i t e  spar with the discontinuous angular grain arrange- 
ment of the  less pure ANL-8001 limestone, i n  which impurit ies migrated t o  the  
surface of the recrys ta l l i z ing  CaO. 



Fig. 13.  Ca lc i t e  Plus 0.2 w t  % Na2C03 a f t e r  Calc ina t ion  1 h a t  $50°C i n  
5.0% 02, 20% COa, and t h e  Balance N2. ANL Neg. Yo. 308-79-55 



ANL-9501 + 0.5  mol % 
Na2 CO 3 

369X 

ANL-9501 + 2 .0  mol % 
Na2 C0 3 
369X 

Fig. 14.  Cross Sect ions  of ANL-9501 (1359, Grove) Limestone 
P a r t i c l e s  Containing Na2C03 Additive.  Calcined 
1 h a t  850°C in 5% 02, 20% C02, and the  Balance 
N g .  ANL Neg. No. 308-79-72 
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ANL-9701 
(Germany Valley) 

638X 

ANL-9501 
(1359, Grove) 

638X 

ANL-8001 
(Greer) 

638X 

Fig. 15. Cross Sections of Limestone Particles,  Each 
Treated with 2.0% Na2C03 and Fired a t  850°C 
1 h i n  5% 02, 20% C02, and the Balance N2.  
ANL Neg. No. 308-79-68 



In conjunction with the sulfation experiments using Na2C03 as a 
sulf at ion enhancement agent, porosity distribution measurements were done 
using a mercury porosimeter . The sulf ation results reported earlier in 
Fig. 12 showed that in contrast to NaCl and CaC12 addition, sodium carbonate 
addition did not result in maximum reactivity at low salt concentrations but 
that instead the reactivity of each type of stone increased gradually as the 
concentration of the salt increased. Only Greer limestone (ANL-8001, con-. 
taining %20% impurities) showed a slight decline at 1 rnol % salt addition. 

Porosity distributions for three limestones have been completed 
and are shown in Figs. 16, 17, and 18. The limestones are calcite spar 
(a highly crystalline CaC03), ANL-9701 (Germany Valley, a high purity lime- 
stone), and ANL-9501 (Grove, a stone with about 5% impurities). Comparison 
of the three series of curves shows a very large shift in pore diameter with 
even a small addition ( e . g . ,  0.1 rnol %) of Na2C03. Calcite spar shows very 
little effect after 0.5 moi % Na2C03 addition., whereas the less pure lime- 
stones are affected by greater Na2C03 additions. From the results reported 
earlier for Hmall amounts of NaCl or CaC12, the peak of sulfur reactivity is 
at an optimum average pore diameter 0.3 vm. With Na2C03, however, even 
0.1 rnol % is enough to increase the average pore diameter beyond 0.3 pm and 
hence. beyond an optimum pore structure., However, the low volatility of the 
salt and the presence of a liquid melt allows sulfation to occur via this 
liquid phase; as salt concentration increases, the amount of liquid increases 
with a subsequent rise in reactivity. A series of porosity measurements will 
be made on a very impure limestone so as to have a complete set of represen- 
tative limestones and their responses to Na2C03 a.ddition. 

PORE DIAMETER,pm 

Fig. 16. Porosimetry Curves for Calcite Spar Treated with 
Indicated mol % Na2C03 and Calcined at 850°C in 
5% 02, 20% C 0 2 ,  and the Balance N2. 



PORE DIAMETER,pm 

Fig. 17 .  Porosimetry Curves for,ANL-9701 (Germany' Val ley)  
Trea ted ,wi th  t h e  Ind ica t ed  mol % Na2C03 and 
Calcined a t  850°C i n  5% 02, 20% C02,.and t h e  
Balance N2.  

- .  
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. PORE DIAMETER,pm 

Fig.  18.  Porosimetry Curves f o r  ANL-9501 (Grove) Treated 
wi th  the ~ n d i c a t e d  mol % Na2C03 and Calcined .at 

. - .  .. 850°C i n  5% 02, .20% C02, and the Balance N2.  .. 



f. Effect of Temperature on Sulfation Enhancement 
and Sulfation Rate 

In conjunction with the salt additive work in horizontal tube 
furnaces, a series of TGA runs were made to investigate the effects of tem- 
perature on sulfation enhancement and rate of sulfation of limestone ANL-9501 
(Grove). Figures 19 and 20 are bar graph plots of the sulfation data-for 
NaC1-treated ANL-9501 and CaC12-treated ANL-9501 stones, respectively. Also 
shown in each case are conversions for untreated limestone at each tempera- 
ture. These were all precalcined at the temperature of sulfation. For both 
salts, there is a pronounced decrease in sulfation in the 850-900°C range 
and very high sulfations at lower temperatures. At high temperatures (>900°C 
or >950°C, the increase in sulfation of salt-treated samples in comparison to 
the.increased sulfation of untreated stones is much greater than at lower 
temperatures due to the increased dissolution of CaO. , 

Pig. 19. Sulfation of ANL-9501 Limestone as a Function 
of Temperature. Precalcined stones treated 
with 1 mol % NaCl (5 h) 
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Fig. 20. Sul . fat ion of ANL-9501.Limestone a s  a  Function 
of Temperature. Precal 'cined s t o n e s  t r e a t e d  
wi th  ' 0 .1  mol % CaC12 (5 h )  

A s e r i e s  of TGA measurements i s  under way t o  o b t a i n  conversion 
v a l u e s  under s imultaneous c a l c i n a t i b n / s u . l f a t i o n  condit ions.  a t  v a r i o u s  temper- 
a t u r e s  ,with and wi thout  sal t  a d d i t i o n . , .  The d a t a  shown f o r  preca lc ined  s t o n e s  
e x h i b i t  a  d e f i n i t e  minimum r e a c t i v i t y  i n  a l l  c a s e s  near  800-950°C and a h igh  - . 

r e a c t i v i t y  a t  750°C f o r  both t r e a t e d  and un t r ea t ed  samples. ,At h igher  temper- 
' a t u r e s  ($lOOO°C), t h e  silbt: effect i.s enhanced--presumably by tho enhanced 

m o b i l i t y  of t h e  phases when l i q u i d  s a l t  i s  p r e s e n t .  The un t r ea t ed  s tone ,  
however; cont inues  t o  have a  low r e a c t i v i t y  at  h igher  temperatures  due t o  t h e  
l o s s  of s u r f a c e  area from so l id- . so l id  s i n t e r i n g .  

The r e a c t i o n  curves  fo.r t h e  previous  b a r , g r a p h s  a r e  shown f o r  . 
unt r ' ea ted ,  NaC1-treated, and CaC12-treated samples,  i n  F igs .  21, 22, and 23, 
r e s p e c t i v e l y ,  I n  a l l  t h r e e  cases ,  t h e r e  is  a ve ry  h igh  r a t e  of r e a c t i o n  

. i n i t i a l l y  wi th  a  r a p i d  l e v e l i n g - o f f . a t  t h e  lowest  temperatures .  A t  t h e  next  
h ighe r  temperatures ,  t h e  r a t e  of i n i t i a l  r e a c t i o n  dec reases  (because t h e  
s u r f a c e  a r e a  d e c r e a s e s ) ,  b u t  r e a c t i o n  con t inues  longer  (because t h e  pore s i z e  
i n c r e a s e s ) .  A t  ' s t i l l  h ighe r  temperatures 'when a  s a l t  i s  present '  ( e i t h e r  NaCl 
o r  CaCli) , t h e  r e a c t i o n '  r a t e  agdin  i n c r e a s e s  .and s i g n i f i c a n t  r e a c t i o n  con- 
t i n u e s  f 0 r . a  l onge r  t ime due t o  t he ' p re sence  of l a r g e  amounts of l i q u i d ;  
For un t r ea t ed  s tone ,  however,. t h e  r e a c t i v i t y ,  i n i t i a l l y  high;  r a p i d l y  f a l l s  
o f f  u n t i l  t h e r e  i s  no f u r t h e r  r e a c t i o n ,  sugges t ing  t h a t  ,only t h e  immediately 
' a v a i l a b l e  s u r f a c e  i s ' r e a c t i n g .  A more d e t a i l e d  d i s c u s s i o n  of t h e s e  d a t a  w i l l -  

. $be made when they  can be coinpared wi th  r e s u x t s  ob ta ined  wi th  s imultaneous.  
c a l c i n a t i o n  and s u l f a t i o n .  
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~ i ~ .  22, Sulfation of ANL-9501 Limestone 3s a Function of Temperature 
in Precalcined Stones Treated with 1 mol % NaC1, Sulfation 
with 0.3% SO2, 5% 02, 20% COZY and the balance N2 
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Fig. 23. Sulfation of ANL-9501 Lim'estone as .a Function' of 
Temperature in Precalcined Stones Treated with 
0.1 mol % C ~ C I ~ .  Sulfation with 0.3% so2, 5%' 02, ' 
20% C02, and the balance: N2 
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Work to characterize coal combustor overflow samples and steady- 
. state samples is continuing. This work will be extended to incl~lde 1.ahnra- 

tory simulation of combustor variables (such as water content and ash 
content) not considered prev$ously. 

The. occurrence of transient reducing conditions in the laboratory 
combustor as a possible source of sulfation enhancement will also be investi-,' 
gated. In an effort to more clearly defin'e .'conditions in a fluidized-bed 
coal combustor, duplication of. combustor variables in a small quartz fluidized 
bed will be attempted. 

. . Extens'ive'work. in this laboratory 0-n characterizing the effects of, 
inorganic salts on limestone sulfation has shown that for all iimestones 
investigated, maximum sulfation is achieved when the average pore diameter 

. 

of the calcined material is nqar' 0.3 Previous work on,limestone sulfa- 
tion demonstrated that pores larger than 0.3 pm appear to be most important in 
reactions- with So2/02 mixtures. In our work, surface 'areas, as well as 
porosities, have been measured for the untreated limestones investigated. 
Table 3 lists total surface areas, of pores 10;3 pm for limestones calcined 

', 1 h in 5% o;, 20% C02, and the balance N2. The stones are listed in the' 
ord'er of their increasing CaC03 content- (indicated by.the first two digits of 
,their number designations). 



Table 3 .  Pore volumes a n d ' s u r f a c e  Areas f o r  18-20,Mesh 
~ i m e s t o n e s ~  ca l c ined  1 h i n  20% C02, 5% O i ,  
and t h e  Balance N 2  a t  850°C 

Surface  Area Pore Volume 
T o t a l  Sur face  f o r  Pores  . ' T o t a l  Pore . 

. . 
f o r  Pores  

Area , - >0.3 um, Volume , - >0.3 'pm, 
Stone cm2/g cm2 / g cm3/g cm3.Ig 

ANL-6702 
. ANL-7401 
ANL-8001 
ANL-8101 
ANL-8301 
ANL-8701 
ANL-8901 
ANL-8902 
ANL-8.903 
ANL-9201 
ANL-9401 
ANL-9402 
ANL-9501, . 

ANL-9502 
ANL-9503 . 
ANL-9504 
ANL-9505 
ANL-9601 ' 

ANL-9602 
ANL-9603 
ANL-9701 
ANL-9702 
ANL-9703 
ANL-9704 
ANL-9801 
ANL-9802 
ANL-9901 
ANL-9902 . 

C a l c i t e  

a  
Stone compositions ar.e g iven  i n  Reference 4 .  

No c o r r e l a t i o n  of e i t h e r  a r e a  o r  pore volume w i t h  CaC03 con ten t  i s  
apparent .  The p o r o s i t y  0.f t h e  ca l c ined  s t o n e s  r e f l e c t s  t h e  o r i g i n a l  p o r o s i t y  
o f - t h e  n a t u r a l  l imes tones ,  a s  w e l l  a s  t h e  e f f e c t s  of i m p u r i t i e s  on t h e  r e s u i -  
t a n t  p o r o s i t y  of t h e  ca l c ined  m a t e r i a l .  

A s  kent ioned ' e a , r l i e r ,  l i t e r a t u r e  d a t a  on t h e  r e a c t i v i t y  of calcium 
carbonate-containing rocks  wi th  SO2 ind ica t ed  t h a t  p o r o s i t y  and r e a c t i v i t y  
a r e  r e l a t e d .  Data c o l l e c t e d  dur ing  t h i s  i n v e s t i g a t i o n  on s u l f a t i o n  r e a c t i v i -  
t y  of l imestones.  exposed t o  a s imulated flue gas  a t  850°C a r e  p l o t t e d  a g a i n s t  
t o t a l  pore  s u r f a c e  a r e a  (Fig.  24) r a t h e r  than  p o r o s i t y  o r  pore volume. There 
. i s  no c o r r e l a t i o n  of r e a c t i v i t y  w i th  t o t a l  p o r o s i t y .  However, t h e r e  i s  an  



Fig. 24. S u l f a t i o n  Us. T o t a l  Sur face  Area f o r  18-20 Mesh . . 
Untreated Li.ulesLurre Sullalrerl a.r: 8 ' i f lnC fnr  ti h 
i n  0.3% S02, 5% 02, 20% C02 ; and the- Balance N,2. 

.J obvious r e l a t i o n s h i p  (F ig .  25) of t h e  percent  conversion t o  s u l f a t e  and t h e  
s u r f a c e  a r e a  of pores  10 .3  pm i n  diameter  ( a s  measured wi th  a mercury porosi-  
me te r ) .  The d a t a  i n d i c a t e  t h a t  a s  t h e  s u r f a c e  a r e a  of pores  l a r g e r  than  
0.3 pm diameter  i n c r e a s e s ,  s u l f a t i o n  of t h e  l ime i n c r e a s e s ,  l e v e l i n g  of f  a t  
50-60% conversion ( t h e  apparent  maximum range of s u l f a t i o n  f o r  pure 
l imes tones ) .  

0 '  5 10 15 20 2 5 30 

SURFACE A R E A  X (for pores ? O.Jpm) ,  c m 2 4  

Fig .  25. Percent  S u l f a t i o n  us .  Surface. Area of Pores  10.3,pm i n  
Untreated 18-20,Mesh Limestones Su l f a t ed  a t  850°C f o r  
6 h i n  0.3% SO2, 5%' 02, 20% C02, a n d t h e  Balance N2 . 



When t h e s e  l imes tones .  a r e  t r e a t e d  wi th  e i t h e r  NaCl o r  CaC12, t h e i r  
s u r f a c e  a r e a s  change g r e a t l y .  A t  low l e v e l s  of s a l t  a d d i t i o n ,  pore s u r f a c e -  
a r e a  i n c r e a s e s ,  bu t  wi th  g r e a t e r  s a l t  a d d i t i o n s  and subsequent enlargement 
of pores  and l o s s  of micropores ,  p o r e . s u r f a c e  a r e a  dec reases .  .F igure  26 
shows conversion us.  s u r f a c e  a r e a  of pores  10 .3  pm f o r  (1) u n t r e a t e d  s t o n e s  
( a l s o  given i n  ~ i g .  25) and (2) sa l t - t ' r ea ted  s tones  having a wide v a r i e t y  of 
r e a c t i v i t i e s .  Conversion f o r  a l l  t r e a t e d  s t o n e s  approaches 50%, a conversion 
exh ib i t ed  by only  the 'mos t  r e a c t i v e  of u n t r e a t e d ' l i m e s t o n e s .  

2 SURFACE AREA X (FOR PORES z 0.3pm), em /g 
. . L '  

Fig .  26. Percent  S u l f a t i o n  vs . .  s u r f a c e  Ark? of Pores  
>0.3 pm.for Untreated 18-20 Mesh Limestone. , , - 
and Limestones Treated wi th  NaCl and cac12. 
S u l f a t i o n  a t  850°C f o r  6 h i n  0.3% S02, 
5% 02 ,  20% C02, and t h e  ba lance  N 2 .  

. . .  

. I 0 0  - . . 

Pore volumes (determined d i r e c t l y  from mercury porosimetry measure- 
ments) a r e  r e l a t e d  t o  s u r f a c e  a r e a s  of l imes .  Whereas F ig .  27 shows a weak 
c o r r e l a t i o n  between t o t a l  pore volume and conversion t o  s u l f a t e '  of t h e  a v a i l -  
a b l e  CaO, t h e  c o r r e l a t i o n  wi th  s u l f a t i o n  r e a c t i v i t y  i s  g r e a t l y  improved by 
cons ide r ing  only  t h e  volume of pores  w i t h  d iameters  l a r g e r  than  0 .3  pm 
(Fig. 28).  This  c o r r e l a t i o n  a l lows  t h e  r e a c t i v i t y  of a g iven  l imes tone  wi th  
~ 0 ~ 1 0 ~  t o  be roughly p red ic t ed  r e l a t i v e  t o  t h e  r e a c t i v i t y  of o t h e r  l i u e s t o n e s  
being cons idered .  This  h a s  a p p l i c a t i o n  t o  f luidized-bed c o a l  combustion f o r  
which t h e  choice  of l imes tone  i s '  l i m i t e d  more by geographic l o c a t i o n  of lime- 
s t o n e  format ions  than  by any o t h e r  f a c t o r .  

.s' go- - 
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I 1 1 I . 
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,Fig. 27. ' Su l f a t ion  Us. T o t a l  Pore Volume i n  Untreated '  
Limestones. S u l f a t i o n  a t  850°C f o r  6 h  i n  
3% SO2, 5% 02, 2'0% C02, and t h e  ba lance  N2. 
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2. Petrographic Examination of Limestones 
(W. I. Wilson and J. A. Shearer) 

. Petrographic analyses of several calc.areous rocks were made and compared 
with their SO2 reactivities to determine the basic structural reasons for 
wide.variations in calcium utilization for carbonate racks which have essen- 
tially the same chemical composition. The calcareous rocks studied have,- 
CaC03 contents ranging from 95 to 100 wt % (Table 4). One limestone'has'a 
total calcium utilization. of approximately 20%. Four .havi total calcium 
utilizations ranging from approximately. 31 to 38%., and three have total cal- 
cium utilizations ranging from approximately 5.2.to 66%. 

Following vacuum impregnation with epoxy resin of particles from each of 
the eight rocks, polished sections were made;' These sections were examined 
in reflected polarized light. Average.grain sizes were estimated. (These 
estimates may be in error by a factor of two to three.) To obtain an esti- 
mat'e, the predominant size of the grains present in the sample was deter- 
mined with the microscope, and these values were assigned to one of three 
size categories: (1) fine, 4 to .63 pm across; (2) medium, 63 to 250 pm 
across., and (3) coarse, 250. pm across. More quantitative grain size measure- 
ment will be made by point-counting several hundred grains in thin sections . 
of each sample (to be prepared later). 

Because the. finer grains in this stone tend .to pluck out during 
polishing, it is difficult to estimate the average grain size from the 

, polished section of this limestone. Crushed particles viewed in transmitted 
light show that the average size. is 3 to 6' pm. ' Normally, the vacuum impreg- 
nation treatment promotes grkater retention of grains unless the permeability 
to epoxy is very low. The high reactivity of this limestone is probably 

: linked with its high porosity, yet is limited somewhat by its apparently low 
. gaseous permeability. . 

b. ANL-9801 Limestone 

This coarse-grained calcitic~limestone is gray and contains a few 
dark gray seams which are probably carbonaceous stylolites. This limestone 
.appears to be an equigranular rock (grain.s are all' approxima'tely the same 
size). The low reactivity of this stone is probably linked with its coarse 
granularity and its low porosity. 

c. ANL-9703 Limestone 

This stone appears to be a fine-grained. porous carbonated limestone. 
The texture is somewhat loose, making it'more highly reactive. The high reac- 
tivity of this stone is probably linked with its high porosity and fine grains. 

* 
Examined by L. H. Fuchs , Chemistry '~ivision, ANL. 

. . , 
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Table 4. Compositions of Limestones. . - 
. . 

TGA Total Ca 
, CaC03,. MgC03, . . Fe203, A1203 Si02, : Na23, K20, . Utilization, 

Limestone wt ,% wt % vt % wt % w t X  wt:Z . w t %  % 

'0.18 ANL-9802 98.2. . 0.47 .0.10 0.29 - 0.04 0.01 61.8 

ANL-9701 97.8 0.6 0.10 1.8 .0 ' .  2 0 .'25 -- - ,  18.7 
(Germany Valley) - 

ANL-9501 , 95.3 11.3 C.09 0.25, 0.77 0.03 -- 37.5 
(Grove) . . . 



, 
d. ANL-9702 Limestone 

'This sample, more than any of the others, shows a distinct twinning 
characteristic (groups of two or more crystals in which the individuals grow 
together symmetrically so that they share a common plane). The grains vary 
greatly in size from.medium to coarse. The coarse grains show the twinning 
cliaracteristic of the limestone. . 

It is not certain what caused twin crystals in this limestone. 
However, the nature of this texture, as well as the low stone porosity, may 
be significant in causing the low reactivity of the stone. 

. e . ANL-9701~ ' (Germany Valley) Limestone 

This limestone is fine grained and dense, but contains some coarser 
vein-deposited calcite.' Grain sizes are predominantly near 5 pm. The.fine-" 
grained texture of this limestone is n o t  conducive to high reactivity. The 
densely packed crystallites probably indicate a low porosity. 

. . 

f. ' ANL-9603 Limestone 

'The grain sizes of this limestone vary from fine to coarse. The 
coarse grains show a twinning characteristic similar to that of the ANL-9702 
limestone sample. The total calcium utilization is also essentially the same 
as that of ANL-9702. Therefore, the nature of this stone's texture, as well 
as its porosity, may be significant in determining the low reactivity of the 
stone. 

g. ANL-9602 Limestone. . 

. .  : The grains of this sample appear to have uniform sizes for the most 
part. They appear to be loosely packed crystallites, indicating high porosi- 
ty and high permeability. 

h. ANL-9501 (Grove) Limestone . , . . .  

. This fine-grained limestone is uniformly gray and equigranular. 
The grains appear to be tightly interlocked. A few veinlets of calcite.occur 
in some particles. .The low reactivity of this stone probably results.from 
its grains being tightly interlocked.' 

i. Conclusion . . 

It remains uncertain whether the petrographic proper.ties of the 
limestones account for their differences in reactivities. The data do .not 
clearly indtcate that.getrographic t'exture influences SO2 reactivity. 
Further work, in which crystal defects such as intracrystalline or intra- 
granular voids, fluid inclusions, and twin lamellae will be studied, may 
enable us to predict sulfur reactivity more accurately from petrographic data. 

* 
Examined by L. H. Fuchs, Chemistry Division, ANL. 



3. PDU.Studies 
(J. F. Lenc, G. W. Smith, .R. W. Mowry, F. G.  its, and K. M. ~ ~ i e s )  

Laboratory-scale experiments have demonstrated that the degree of sulfa- 
tion of the partially sulfated lime solids within a fluidized-bed combustor 
is increased either by the addition of chemical additives (sulfation-enhance- 
ment agents) to virgin limestones or by water treatment of partially sulfated 
limestones (see ANL/CEN/FE-~~-~O, -79-3, and -79-5). Chemical additives such 
as NaC1, CaC12, and Na2C03 added in small quantities increase both theorate 
and the extent of sulfation for.many virgin limestones. Water treatment of 
partially sulfated limestones also increases the degree of sulfation. 

In a commercial FBC, increased SO2 retention would result in a decrease 
in the lime solids requirement for the combustion process. Such a decrease 
would reduce both the process cost and the environmental impact of solid 
waste disposal. 

To verify the results of the Iaburatory-scale exp~rim~nts on a largar 
scale and under actual coal combustion conditions (the laboratory-scale 
experiments were conducted with a simulated flue gas), an experimental pro- 
gram is being carried out in the recently constructed automated PDU-scale 
at~i~ospheric-pressure fluidized-bed coal combustion facility (AFBC). This 
facility, including its process-control system for automated operation, was 
described in ANL/cEN/FE-~~-~~. The experimental program consists of a series 
of short-term (524 h) runs to evaluate (1) various concentrations of lime- 
stone sulfation-enhancement agents and (2) water treatment of partially sul- 
fated limestones. 

a. SulIatlon Enhatlceinent by CaCP? and NaCP ~ddit'ives 

In the first series of'runs, the effects on SO? retention by Grove 
limestone (ANL-9501 stone) sorbent due to the addition of 11Q mnS % or less 
of CaC12 or NaCl were evaluated. Sewickley cool (ei,ther -6 +lo0 mesh ur 
-22 +I00 mesh) was combusted at a bed temperature of. 850°C, a pressure of 
101.3 kPa.(l atm), a fluidizing-gas velocity of 1 m/s, and.a fluidized-bed 
height qf 813 mm, with 3%. 02 in the dry off-gas.   he above variables were 
maintained.at the values stated in all. of the runs; only the composition of 
the sorbent and the C ~ / S  mole ratio were altered. In all runs, Grove lime- 
stone (-10 f30 mesh), with or without CaG12 or NaCl addition, was the sorbent 
used. 

Particle size distribution and chemical characteristics of the 
Sewickley coal'(-12 +1.1)0 mesh) used for all runs except SAL-1 through SAL-10, 
and the Grove .limestone sbrbent used in these runs and subsequent runs are 
presented in ~ables 5 and 6, respectively. 

A total of 31 runs were conducted in this series at ca/S mole ratios . 
ranging from 1.0 to 4.4. The percent sulfur retention and the percent cal- 
cium utilization for each of the 31 runs as a function of the CaC12 or NaCl 
concentrations in the sorbent and the Ca/S mole ratios are listed in Table 7. 



Table 5,. Particle-Size Distribution and 
Chemical characteristics of 

. . 'Sewickley Coal (-12 +I00 mesh) 

Sieve Analysis 

. U.S. Sieve No. % on Sieve 

+12 0.0 

-100 4.4 , 

Mass mean particle dia: ~ 5 6 0  . l.lm, 
. . , . .  

'Proximate. ~nal~sis, wt % ? .  

As Received Dry Basis 

Moisture 1.11 - 
Ash 19.06 19 .'27 

Volatile Matter 

Fixed Carbon 

Sulfur, wt % 

Heating value, ~tu/lb 11969 12103 

. . Ultimate Analysis, wt % 

As ' Received Dry Basis 

. '  Moisture 
. a  ' 

. . . Carbon 

Hydrogen ' . 
. . .  

4.41' 4.46 

. . ~itro~en 1.04 : 1.05 

Chlorine ' 0.04 0.04 
. a  

. Sulfur . . . 5.46 5.52 

Ash 19.06 19.27 

Oxygen (by difference) 4.00 4.05 
, . 

100.0'0 100.00 



Table 6.. ~ a r t . i c 1 . e - s i z e  .D i s t r i bu t ion  .and 
. . Chemic-a1 C h a r a c t e r i s t i c s  of 

, .. : Grove Limestone (ANL-9501 s tone )  
. . . .  . 

Sieve.. Analysis  

U.S. Sieve No. - % on Sieve  

Coluponent Chemical Analys is ,  w t '  % 
. . 

. . 
Ca 

. . .  
38.12 

Mg . . '  . .. . -  0.37 . . . 

H20 1.56 

Derived Composition, w t  % 

CaC03 95.3 

Three concen t r a t ions  (%0.1, SO. 3 ,  and .%0.5 mol' %) df , CaC12 a d d i t i v e  
and two concen t r a t ions  . (60.5 and  .%l. 0 m 6 l  %) of NaCl a d d i t i v e  were eva lua ted .  
Two methqds weye, used t b  p repa re  the CaC12 o r  NaC1-containing Grove lime- 
s tone .  I n  thi f i r s t '  method, "hich' wak uscd f o r  prepar ing  nomSna.1 0.1. and 0.5 

,mol  % C a C 1 2  and nominal 0.5 and 1 .0  mol % .NaCl m a t e r i a l ,  a  ba t ch  of Grove 
' 

. 

l imes tone  p a r t i c l e s  w a s  spread i n  a , s h a l l o w  s t ' a i n 1 . e ~ ~  s t e e l  t r a y .  The p a r t i -  
c l e s  were then . sp rayed  wi th  a  water  s o l u t i o n  c ,ontaining the  weight of CdCl2 
o r  WaCl t h a t  wou ld 'g ive  t h e  d e s i r e d  concen t r a t ion  a f t e r  evapora t ion  of t h e  
water. by a i r  d ry ing .  I h  t h e  secbnd'method, which w a s  used ' f o r  p repa r ing '  
nominal 0.3 mol % cac12 m a t e r i a l , ,  a  ba t ch  of Grove l imes tbne  p a r t i c l e s  was 

. ' ' ' 

soaked i n . a  hea ted  water  s o l u t i o n , c o n t a i n i n g  CaC12 i n  excess  of . t h a t  r equ i r ed  
t o  o b t a i n  t h e  d e s i r e d  concen t r a t ion .  Af t e r  soaking,  excess  CaC12 s o l u t i o n  
was d ra ined  from t h e  l imes tone  p a k t i c l e s  through a  screen'. The p a r t i c l e s  
were then  oven-dried a t  232°C to . .evapora te  r e s i d u a l  water, 

. . . < 
. . . . . . . . . ,  . . .  



Table 7. Eight-hour Runs to Evaluate the Effects of 
. . CaC12 or NaCl Addition on Sulfur Retention 

of.Grove Limestone .(ANL-9501) 

. Ca/S SO2 in Sulfur Calcium 
Utilization, C Run Mole Off -G;s, Retention, 

a 

Designation Ratio . . . PPm % % . . 
- - 

Grove limestone (ANL-9501) with no CaC12 or NaCl addition 

SAL-1A2 1.3 2200 37.1 28.5 (76.9) 

SAL- 9 
d 1.4 2100 40.0 28.6 (71.4) 

SAL-11C1 2.1 1300 72.9 34.7 (47.6) 

SAL-13 2.4 750 84.4 35.2 (41.7) 

SAL-1B 2.6 1300 62.9 24.2 (38.5) 

Grove limestone (ANL-9501) plus Q0.1 mol % CaC12 e 

Grove limestone (ANL-9501) plus %0.3 mol % CaC12 f ' 

Grove limestone (ANL-9501) plus ~0.5 rnol % ~ a d l ~ ~  

. .  . (contd) 
. . .  



. , 
. . . Table 7 .  . (contd)  . . 

. . . . .  

Ca/S SO2 i n  - ' Sul fu r  Calcium. 
Run - . - Mole . Off - G a s ,  U t i l i z a t i o n ,  . b. C 

Reten t ion ,  
.. ' % Designat ion .  Ra t io  : ppma % 

.. . . . . . 
b 

Grove l imes tone  (ANL-9501)' p l u s  ~ 0 . 5  mol. % ~ a ~ l ~  . 
. . . .  . 

NAC-1 . ' 1.3; . , $800 , "62 . .5 ' .  . 48.1 '(76.9). 

NAC- 3  
: . 

2.2 1550 67.7 30.8 (45.4) . . 

NAC- 2A ., 3.2 1400 , 70.8 22.1 (;31.2) 
. . 

Grove limestonne (ANL-9501) p l u s  s1.0 mnl 5: N ~ C I ~  

NAC- 7  3.5 900 81.2 2 3 . 2  (28.6) 

a  
D r y . b a s i s .  

b ~ a s e d  on t h e  assumptions of 3500 ppm SO2 i n  d r y  off-gas i f  t h e r e  
had been z e r o  s u l f u r  r e t e n t i o n  f o r  runs  des igna ted  SAL-1 through 
SAL-10, i n c l u s i v e ,  and 4800 ppm SO2 i n  d r y  off-gas i f  t h e r e  had 
been zero s u l f u r  r e t e n t i o n  f o r  t h e  o t h e r  runs .  Sewickley c o a l  
(4.33% S, 70.75% C,  hea t ing  v a l u e  of 13018 B tu / lb ,  -6 +I00 mesh) 
was used i n  runs  SAL-1 through SAL-10; i n c l u s i v e .  Sewickley c o a l  
(5.46% S , ~ 6 4 . 8 8 %  C,  h e a t i n g  v a l u e  of 11969 ~ r u / l b ,  -12 +I00 mesh) 
was used i n  t h e  remaining runs .  

C 
~ e r c e n r a ~ e  of a v a i l a b l e  calcium i n  t h e  so rben t  converted t o  CaS04. 
Numbers i n  parentheses  i n d i c a t e  maximum percent  calcium u t i l i z a t i o n s  
based .on t h e  C ~ / S  mole r a t i o s  ( equ iva l en t  t o  t h e  r e c i p r o c a l s  o f ' t h e  
C ~ / S  mole r a t i o s ,  t i m e s  100).  

d  
~ u n  w a s  conducted fo l lowing  'a run  made wi th  'a h i g h e r .  cab12 concen- 

, t r a t i o n  i n  t h e  sorbent. '  . . 
e .  

CaC12 o r  N a C l  was added - t o  t h e  sorbent  by a  spraying  method 
( see  t h e  t e x t ) .  

f 
CaC12 w a s  added t o  t h e  sorbent  by a  soaking method ( see  t h e  t e x t ) .  

. . 

Examination of t h e d a t a  presented  i n  Table 7 i n d i c a t e s  t h a t  i n  t h i s  
s e r i e s  of runs,  s u l f a t i o n  enhancement due t o . t h e  a d d i t i o n  of t h e  CaC12 o r  
N a C l  was -gene ra l ly  l e s s  than  t h a t  ob ta ined  i n  p rev ious ly  r epo r t ed  labora tory-  
s c a l e  experiments (ANL/CEN/FE-~~-~O) . For example, w i t h  0.5 mol % NaCl 

' . a d d i t i o n ,  calcium u t i l i z a t i o n  w a s  22-48% i n  t h e s e  runs  and 52% i n  a  labora-  
t o ry - sca l e  run; w i t h  1 mol %<NaCl addi t ion, ,  calcium u t i l i z a t i o n  w a s  23-45% 
i n  t h e s e  runs  and 45% i n  a  laboratory-s 'cale  run. It i s  suspected t h a t  t h e  " 
d i f f e r e n c e s  i n  t h e  two s e t s  of d a t a  a r e . d u e  t o  d i f f e r e n t  manners of con- 
duc t ing  t h e  two series of experiments.  The l abo ra to ry - sca l e  experiments were 



carried out with a simulated h e  gas and no actual coal, combustion occurred. 
As a consequence, no constituents of the coal ash were present in the reac- 
tor. In contrast, combustion runs were conducted in the AFBC. 

b. Sulfation Enhancement in PDU-Scale Experiments 

Next discussed (and also discussed in Task B) are four 360-ks 
(100-h) corrosion test runs conducted in the PDU-scale AFBC. The Grove lime- 
stone sorbent contained no sulfation-enhancement agent .in the first run. ' 
(CT-I), ~ 0 . 3  rnol %'cac12 in the second run (CT-2), ~0.5 rnol % NaCl in the 
third run (CT-3), and'~l.9 rnol % Na2C03 in the fourth run (CT-4). Except for 
the Ca/S mole ratio, operating conditions for these four runs were the same 
as those reported above for the short-term runs. 

The Ca/S mole ratio required to maintain ~ 7 0 0  ppm SO2 in the dry 
off-gas (equivalent to ~ 8 5 %  sulfur retention) was ~ 3 . 5  in the first three 
360-ks runs, indicating that there was virtually no sulfation enhancement of 
the Grove limestone sorbent due to addition of low concentrations (4 rnol %) 
of CaC12 and ~aCl'in Runs CT-2 and CT-3, respectively. These results dis- 
agree with sulfation enhanceinents previously reported for laboratory-scale 
experiments. The higher treatment level in run CT-4 (1.9 rnol % Na2C03), 
however, did enhance sulfation, lowering the Ca/S mole ratio from 3.4 to 2.0. 

'.1 

In an attempt to clarify the disparity between the data from the 
laboratory-scale experiments and PDU-scale experiments (CT-1, CT-2, and CT-3), 

+ four additional short-term (8 h) runs were conducted in the AFBC after 
CT-3 and before CT-4. Higher concentrations of sulfation-enhancement agents 
were added,to the sorbent in the first three of these four runs. The Grove 

! limestone sorbent contained 4 . 3  rnol % NaCl in the first run (NAC-lo), 
4' ~ 2 . 1  rnol % CaC12 in the second run (SAL-20), and.Ql.6 rnol % Na2C03 in the 
.'; third run (NCO-1). In the fourth run (NCO-2), ~ 0 . 6  rnol % Na2C03 was added to 

the sorbent since no data had been obtained previously on the effects on 
* sulfation enhancement of a relatively low concentration of this particular 

ch.emica1 additive.. Experimental conditions for these four short-term runs . 

were the same as those for the four 360-ks corrosion test runs. 

Table 8 lists the Ca/S mole ratios required to maintain $700 ppm 
SO2 in the dry off-gas during nominal 8-h steady 'state periods in the 
four short-term runs. To allow comparison, the Ca/S mole ratios for the 
four 360-ks corrosion'test runs (discussed in a following section) are 
included in this table. The data in Table 8 suggest that (1) the concentra- 
tion of a chemical additive required to enhance sulfation.of the sorbent in 
actual coa1,combustion experiments is greater than in laboratory experiments 
conducted with a simulated flue gas and (2) on a mole basis, Na2C03 is a 
better sulfation-enhancement agent than either CaC12 or NaCl at both rela- 
tively high (~2.0 rnol %) and relatively low (~0.5 rnol %) concentrations. 
(on a .weight basis, CaC12 is 5% heavier than an equal number of moles of 
Na2C03 and NaCl is 55% lighter than an equal number of moles of NaiC03.) 

Each of the four short-term runs (SAL-20, NAC-10, NCO-1, and NCO-2) 
was conducted in two steps. The first step consisted of sulfating a starting 
bed of untreated Grove limestone by cornbusting Sewickley coal without sorbent 
addition. Sulfation of the bed was terminated when the SO2 concentration in 



Table 8 .  C ~ / S  Mole. Rat io  , ~ e ~ u i r e d  t o  Maintain 
. 'Q700 ppm SO2 i n  t h e  Dry Off-Gas 

. . .  I .  

Experimental Condi t ions  . . 

Temperature: 850°C. . ' Excess A i r :  3 % , 0 2  i n  d ry  of f -gas  
Pressure :  .101.3 kPa ( 1  .atm) , . Coal: Sewickley (-12 +I00 mesh), 

% .  Fluid iz ing-gas  v e l o c i t y :  1 m / s  : . 5.46% S 
~ l u i d i z e d - b e d  he igh t :  813 mm .. Sorbent:  Grove. l imes tone  (ANL- 

9501) (-10 +30 mesh), 
95.3% CaC03 

. . 
Kun ' S u l f a t i o n  a 

. c ~ / s  
Designat ion ~nhancement  Agent Mole Rat io  

' b  . . CT-2 . . .  QO ..3 mol % Ca.C12 3.. 5 

CT-3 b . ~ 0 . 5  mol % NaCl 3.6 
. . . . 

NAC-loc %2.3. m b l  % NaCl 2.7 
b 

CT-4 ?1.9 mol % Na2C03 2.0 

NCO-lC . ~ 1 . 6  mol % Na2C03 2.2 
. . 

'. . NCO-2' ' . ~ 0 . 6  mol % Na2C03 2.9 

a 
Added t o  Grove, l imes tone  so rben t .  . .  

b ~ o m i n a l  100-h run. . . 
C Nominal 8-h s t eady  s t a t e s r u n .  . '  . 

*. . . . .  . . 
1 .:. 

t h e  d r y  off-gas i n c r e a s e d . t o  2UOb-30UU ppm. I n  the . second  s t e p ,  s t eady  s t a t e  
c o n d i t i o n s  were e s t a b l i s h e d  by adding s u f f i c i e n t  Grove l imes tone  sorbent  con- 
t a i n i n g  a sulfation-enhancement agent  t o  t h e  f l u i d i z e d  bed t o  main ta in  t h e  
SO2 concen t r a t ion  i n  t h e  d r y  off-gas a t  700 ppm. 

I n  an e f f o r t  t o  ga in  some i n s i g h t  about t h e  chemical composition of 
t h e  bed as a f u n c t i o n  of t ime dur ing  t h e  f i r s t  s u l f a t i o n  s t e p ,  i n  Run NAC-10, 
samples of t h e  bed m a t e r i a l  were taken a t  0.5-h i n t e r v a l s  a t  a h e i g h t  
~ 2 5 4  mm above t h e  c o a l  i n j e c t i o n  p o i n t .  Following withdrawal from t h e  
bed, each sample was s e a l e d  i n  a g l a s s  j a r  con ta in ing  a n  i n e r t  n i t r o g e n  
a tmosphere . to  prevent  r e a c t i o n  wi th  oxygen 'and/or water i n  t h e  a i r .  Grinding 
and weighing of t h e  samples f o r  ana lyses  was erformed i n  a helium-atmosphere 
g love  box. The. samples were analyzed f o r  Ca2', s2-, SO:-, and ~0:-. Changes 
i n  t h e  pore  s t r u c t u r e  of t h e  bed samples were a l s o  analyzed by mercury porosi-  
meter  measureinents. 

Ana ly t i ca l  r e s u l t s  i n d i c a t e  t h a t  ve ry  l i t t l e  s u l f i d e  was p re sen t  i n  
t h e  bed dur ing  t h e  f i r s t  s u l f a t i o n  s t e p  of Run NAC-10. The f i r s t  sample, 
ob ta ined  0.5 h a f t e r  t h e  s t a r t  of s u l f a t i o n ,  contained 100 ppm s2- and 
t h e  nex t - to - l a s t  sample, ob ta ined  0.5 h be fo re  t h e  end of t h e  s u l f a t i o n  



per iod ,  contained <70 ppm s2-. Based on SO:- ana lyses  of bed samples taken  
dur ing  t h e  f i r s t  s u l f a t i o n  s t e p  of Run NAC-10, t h e  CaS04 con ten t s  of t h e  bed 
samples were c a l c u l a t e d  and a r e  p l o t t e d  a s  a  func t ion  of t i m e ' i n  F ig . . 29 .  

TIME, h 

Fig.  29. CaS04 Content of F lu id i zed  Bed versus Time Based 
on S u l f a t e  Analyses of Bed Samples Obtained 
dur ing  F i r s t  S u l f a t i o n  S tep  of Run NAC-10 

, . 

A s  shown i n  Fig.  29, t h e  CaS04 content  of t h e  bed samples in-  
creased t o  ~ 4 5  w t  % dur ing  t h e  f i r s t  7.5 h of t h e  f i r s t  , s u l f a t i o n  s t e p  and 
l eve l ed  o f f  a t  t h i s  va lue  between t h e  7.5-h and t h e  f i n a l  9.0-h samples. . I t  
should be  poin ted  ou t  t h a t  t h e s e  d a t a  a r e  based on grab samples taken  a t  on ly  
one he igh t  i n  t h e  bed. Consequently, i t  i s  no t  c e r t a i n  t h a t  t h e  compositions 
of t h e s e  bed samples a r e  r e p r e s e n t a t i v e  o f . t h e  e n t i r e  bed. However, i t  can 
be seen  t h a t  t h e  s u l f a t i o n  i n  t h e  f l u i d f z e d  bed shows t h e  same. t r e n d s  a s  i n  
t h e  l abo ra to ry - sca l e  TGA. 

Gas chromatography was used t o  determine t h e  CO; concen t r a t ion  i n  
two 'of  t h e  bed samples from t h e  i n i t i a l  s u l f a t i o n  s t e p  of Run NAC-10. The 

. two samples were obtained a t  1 h and 9 h ,  nea r  t h e  beginning and a t  t h e  end 
of t h e  i n i t i a l  s u l f a t i o n  s t e p .  From t h e  r e s u l t s  of t h e  C02 ana lyses ,  t h e  
CaC03 con ten t  w a s  c a l c u l a t e d  t o  be  31.8 w t  % i n  , the 1.0-h bed sample and 
1.1 w t  % i n  t h e  9.0-h sample. This  i n d i c a t e s  t h a t  t h e  i n i , t , i a l  uncalcined 
bed undergoes e s s e n t i a l l y  complete c a l c i n a t i o n  dur ing  t h e  i n i t i a l  s u l f a t i o n  
per iod  of 9 h.  



, c. Comparison of Sulfur.Retention in Old and New . 
,Fluidized-Bed   om bus tors. 

. . .  

To compare the performance of the new AFBC with the performance of 
an older atmospheric-pressure fluidized-bed combustor, a series of four runs 
(SG-1 to SG-4) were conducted in the new unit with only the Ca/S mole ratio 
varied. In these.runs, a single batch of well-mixed Sewickley coal 
(-12 +I00 mesh) was combusted.at a bed temperature of 850°C, a pressure of 
101.3, kPa (1 atm), a fluidizing-gas velocity of 1 m/s, a fluidized-bed height 
of 813 mm, and 3% 02 in .the dry off-gas. The above variables were maintained 
at the values stated, with only ,the C ~ / S  mole ratio varied. 

In the older combustor, ~llinois coal was also combusted'in a 
fluidized' bed of Grove limestone. ' Thus, a major difference' in the two sets 
of experiments was the different sulfur conten'ts of the coals. me f;t=wic.kloy 
coal used in the recent runs cnt-ltoincd 5.46X,Sr ~nmpared  with 0.72 S' for the 
Illi~rois rrral uacd in Lhe experiments in the older atmospheric-pressure., . 
combust or'. . . 

In Runs SG-1 to S G - 4 ;  the sorbent was from the same batch o f  well- 
, mixed Grove limestone (-10.+30 mesh) as in the earlier runs, with no CaC12, 
NaC1, or Na2C03 added. 

The percent sulfur retentions, the percent calcium. utilizatio.ns, 
. :  .and the C ~ / S  mole ratios for these four runs are listed in Table 9. 

Table 9. Sulfur Retentions :and Calcium utilizations 
for R U ~  Series SG 

. Ca/S SO2 in Sulfur c. . Calcium 
Run Mole Off -Gas, Retention, Ut i 1 i .z  at ion, d 

a Designation Ratio ppn~ b ,% ' % 

~c-2 1;3 3310 31 .'o 23.8 (76.9) 
SG-3 2.1 . 1730 64.0,. , 30.5 (47.6) 
SG-4 2.9' ' 1030 . , 78.5' 27.1 '(35.5) 
SG-1 3.2 760, ' 84.2 . 26.3 (31.2) 

a 
, SG designates runs with Sewickley coal (5.46% S) and Grove limestone 
(ANL-9501, 95.3% CaC03) sorbent. Kun numbers indicate the chrono- 
'logical order of the runs;. 

'b~ry basis. , 

C 
Based on the assumption of 4800 ppm SO2 in the dry off-gas at zero 
sulfur retention. (Sewickley coal, 5.46% S, 64.88% C, .heating 
value of 11969 ~tu/lb, -12 flOO mesh). 

d~ercentage of available calcium in the sorbent converted to ,CaSOq. 
Numbers in parentheses indicate maximum calcium utilizations based 
on C ~ / S  mole ratios (numbers in parentheses are equivalent to 100 ' . 

times the reciprocals of the Ca/S mole ratios), 



Figure 30 is a plot of the percent sulfur retention for the four runs as a 
function of the Ca/S mole ratio. The plot of sulfur retentions for this 
series is in general agreement with that for previous atmospheric-pressure 
fluidized-bed combustion experimentsa6 For a C ~ / S  mole ratio of 3, Fig. 30 
shows a sulfur retention of about 80% for the recent run series, coinpared 
with about 87% for the earlier reported. experiments. 

I RUN SG-3 / 

'_ RUN SG-2 

Fig. 30. 

Sulfur Retention by Grove Limestone 
as a Function of' C ~ / S  Mole Ratio. 
Temperature, 850°C; pressure, 
101.3 kPa (1 atm) ; gas velocity, 
1 m/s; coal, Sewickley (5.46% S), 
-12 +I00 mesh; sorbent, Grove lime- 
stone, ANL-9501, (95.32 CaC03), 
-10 +30 mesh. 

Ca/S, mole rolio 

Carbon, sulfur, and calcium material balances, as well as.combustion 
efficiencies during a 16.2-ks (4.5-h) steady state period for each of th.e four 
runs, are listed in Table 10. Carbon balances ranged from 118 to 128%, sulfur 
balances from 78 to 101%, and calcium balances from 96 to 114%. Combustion 
efficiencies ranged from 86 to 88%. These results are similar to the results 
obtained with the old atmospheric combustor. 

d. Effect of Temperature on Sulfur Retention 

A series of 'tests was begun to determine, as a function of .combus- 
tion temperature, Ca/S mole ratios required for 85% sulfur retention for 
various,untreated sorbents (i.e,, 'containing no sulfation-enhancement agents), 
Two sorbents have bee11 evaluated to date. The first sorbent was Grove lime- 
stone (ANL-9501), -10 +30 mesh, containing 95.3% CaC03. Four short-term runs 
were conducted with this sorbent, Run SG-6A at.800°C, Run SG-5R1 at 850°C, 
and Runs. sG-7 and SG-7A, both at 900°C. Figure 31 is a plot of the C ~ / S  mole' 
ratios required for 85% sulfur retention as a function of temperature for 
these four runs. The second sorbent evaluated was Bfizer dolomite (ANL-5301); 
-12 +30 mesh, %containing 53.4% CaC03. Three short-term runs were conducted , 



Table 10. Carbon, . Sulfur , . and Caldium Material Balances and 
Combustion Efficiencies for 4.5-h Steady-State . '  

Periods of' SG Runs . . . .  

~x~erimental Conditions 

Temperature: 850°G ~luidized-Bed Height : 813 mm 
Pressure: 101.3 k ~ a  (1 atm) Excess 02: 3% (in dry off-gas). 
Gas Velocity: 1 m/s 

C ~ I S  Percent Accounted for Combustionb 
Run Mole a Efficiency, 

Designation Ratio Carbon Sulfur Calcium . % .  

a 
SG designates rllns with ~aajiiklry cpai containing 5.46% S (-12 +lo0 
mesh) and Grove limestone (Am-9501) sorbent coniaining 95 : 3% CaCO, 
(-10 +30 mesh). 

b~efined as thepercentage of total combustible carbon fed that was 
completely burned to GO2 .: 

Fig. 31. 

. ' c ~ / s  Mole Qtio for 85% Sulfur 
Retention as.a Function of 
Temperature (Sewickley coal, ' 
5.46% S,'and Grove limestone 
sorbent , ANL-9501,. 95.3% CaCg3). 

TEMPERATURE, O C  ' 



with this sorbent, Run SP-3 at 800°C, Run SP-1 at 850°C, and Run SP-2 at 
900°C.* Figure 32 is a plot of the Ca/S mole ratios required for 85% sulfur 
retention as a function of temperature for'these three runs. 

TEMPERATURE, O C  , . . 

L Fig; 32. C ~ / S  Mole Ratio for 85% Sulfur 
Retention as a 'Function of .. . . . 

Temperature (~~"ickley cpal , 
5.46% S, Pfizer dolomite sor- 

' bent, ANL-5301, 53.4% CaC03). , 
. . . . 

As seen in Fig. .31, the lowest Ca/S.mole ratio giving 85% sulfur 
retention for Grove limestone was 3.4 at .85O0C, Temperatures either lower or 
higher than 850°C required higher Ca/S mole ratios. For Pfizer dolomite sor- 
bent,, the pattern (shown in Fig. 32) is quite different . . The lowest Ca/S mole 
ratio giving 85% sulfur retention was 1.2 at 8.00°C. This ratio was 1.7 at 
both 850°C and 900°C. Similar tests are planned to determine the effect of 
temperature on the Ca/S mole ratios required for 85% sulfur retention for 
other .sorbents. 

e, Sulfation-Enhancement by Water Treatment of Sorbent 

Another short-term run (HYS-1) was conducted to determine whether 
the addition of water to untreated, partially sulfated Grove limestone sor- 
bent would increatle its sulfur retention capability, The source of the 
untreated, sulfated Grove limestone was (1) the bed overflow material from 
two short-duration runs (SG-5 and SG-5R1) and (2) the final 'bed from 

2 



Run SG-5R1 in which vir.gin.  r rove limestone was the sorbent. . Sulfur retention 
during' these two runs was 85%. 

. . . . 

Water was added to this material by the spray method described near 
the beginning of this section (PDU Studies). Heating'of a sample of the 
water-treated sulfated material to 850°C resulted in a weight loss of .14.5%. 
  his weight loss was assumed to be the water content' of the sulfated material 
due- to decomposition of the Ca(OH)2 that had formed during water treatment by 
.the following reaction: 

CaO + H20 -t Ca(OH)2 

Run HYS-1 was conducted in two steps under the same experimental 
conditions as those listed kn Table 8. To minimize startup difficulties, a 
starting bed of untreated Grove limestone was sulfated by combusting Sewickley 
coal at 850°C until the SO2 level in the dry off-gas increased to %2500 ppm. 
Steady-ctato  operaLiun Was then established by adding the water-treated par- 
tially sulfated Grove limestone as the sorbent at a feed rate required to 
achieve the 85% sulfur retention which was obtained in previous runs (CT-1 
and SG-5R1) is whirh virgin Crave ll~uesisne was the sorbent. With the 
water-treated partially sulfated Grove limestone as the sorbent in Kun HYS-1, 
the SO2 level fn the dry off-gas was 470 ppm (equivalent to 90% sulfur reten- 
tion). Thus, the water treatment not only increased the degree of sulfation 
of the partially sulfated material but also increased the percent sulfur 
retention above that previously achieved in tests made with virgin Grove - 
limestone. This increased sulfur retention capability is attributed to the 
structural rearrangement of the partially sulfated limestone that occurs 
when its CaO content is converted to Ca(OH)2 upon water treatment. The 
Ca(OH)2 subsequently decomposes at the temperatures used in fluidized-bed 
combustion, providing additional reaction sites for sulfation. 

Percent calcium utilizations. (percent calcium converted to CaS04) 
were calculated for the starting bed; for the water-.treated partially sulfated 
6orben.t inlet solids streams, 'and for the fina1,bed and bed overflow outlet 
solids streams' for. the second step of ,Run HYS-1. ., Except for the starting bed 
material, these calculations were based on calcium'and sulfur analyses of 
representative samples of the various solids str'eams. since the bed material 
was not drained af.ter the first step of Run HYS-1, calculation of the percent 
calcium uti1izati:on for the starting bed for the second step was based on 
estimated calcium ahd sulfur contents. The calc,ulations indicate that',cal-. 
cium utilization increased from 623% in the inlet: solids streams to. ~ 4 0 %  in 
the outlet solids streams; an increase of ~ 7 4 %  which is attributed'to water 
treatment of the partially su.lfated sorbent. 

- .  
. . 



. TASK B. CORROSION STUDIES 
(J. F. Lenc, G. W. Smith, R. W. Mowry, F. G. Teats, F. F. Nunes 

S. D. Smith, A. R. Pumphrey, J. R. Falkenberg, 
J. J. Stockbar, and K. M. Myles) 

There is concern that volatilization of sulfation-enhancement agents 
(alkali metal compounds) might cause unacceptable corrosion of the metal 
components of a commercial fluidized-bed coal combustion system. To measure 
the corrosion rates of candidate metals of construction in the presence of 
sulfation-enhancement agents in a PDU-scale unit, a series of long-term 
(1100-h) corrosion test runs are being conducted in the AFBC. Compositions 
and geometries of corrosion specimens, as well as locations of exposure, in 
these long-term runs were selected. Parameters to. be measured' during the 
corrosion tests were identified. 

1. 100-h Corrosion Tests 

Four 100-h corrosion test runs (CT-1, -2, -3, and -4, also discussed on 
p. 45) were successfully conducted in the recently constructed AFBC. In 
these four runs, Sewickley coal (-12 +I00 mesh) containing 5.46% S was com- 
busted at a bed temperature of 850°C, a pressure of 101.3 kPa (1 atm), a 
fluidizing-gas velocity of 1 m/s, a fluidized-bed height of 813 m ,  and with z. 3% O2 in the dry off-gas. The sorbent was Grove limestone (-10 +30 mesh, 

1 containing 95.3% CaC03) with or without CaC12, NaC1, or N ~ ~ C O ~  addition, In 
', the first run (CT-I), the Grove limestone sorbent contained no sulfation- 

enhancement agent. The sorbent contained %0.3 mol % CaC12 in the second run 
(CT-2), $0.5 mol % NaCl in the third run (CT-3), and %1.9 mol % Na2C03 in the 
fourth run (CT-4). The C ~ / S  mole ratio in each of the four runs was adjusted 

&~. 
' .to maintain $700 ppm SO2 in the dry off-gas in order to meet the EPA emission 

standard of 1.4 g So2/106 cal (1.2 lb so2/106 Btu). 

P '  

?& For each corrosion test, three air-cooled probes and four coupon holders, 
each holding seven corrosion specimens; were installed.at various locations 
in the fluidized-bed and freeboard sections of the combustor. The composi-C.r 
tions of the candidate materials evaluated in the'corrosion studies are given 
in Table 11, Two types of corrosion specimens were fabricated from the 
various materials., Tubular ring specimens (22.2-m diameter and 22.2-mm 
long) were used with the air-cooled corrosion probes and %8-mm-thick circular 
disk specimens were used with the uncooled corrosion coupon holders. Sche- 
matic.diagrams of the air-cooled probe and the coupon holder are shown in 
Figs. 33 and 34, respecti&ly. 

The temperatures along the length of an air-cooled probe were recorded 
at three locations, i.e., at the two end corrosion specimens and at the 
center specimen. The temperature gradient between the cooling-air inlet and 
the outlet for the air-cooled probes was approximately 100°C. The materials, 
specimen locations, and temperatures of the corrosion probes for the four 
runs are listed in Tables 12, 13, 14, and 15. 

The temperature of the air-cooled probe located in the freeboard sections 
(Probe AC-3) wa6: intended to be contrn.l.led at 64g°C (1200°F) during the 100-h 
test runs. However, the highest actual temperature of this probe (observed in 
Run CT-3) was only 645OC (1193OF), and so no coolant air was required for this 
'probe in the four' runs. 



Table 11. Compositions (in wt %) of Candidate Matsrials 

Fe N i  C r  Co Mo Mn S i  C other  Elements 
p~ 

CobaZt-Base AZZoy 

Haynes 188 1.6 22.9 21.5 Bal . - 0.9 0'. 4 0.13 .13.6 W, 0.06 La 

Nickel-Base AZZoy . . 

Inconel 601 14.1 Bal . 23.0 .. - - 0.5 0.25 . 0.05 . 1.35 Al, 0.25 Cu . ' 

Inconel. 617 - 3al .  22.0 12; 5 9.0 . - - 0.07 . 1.0 A l  
Inconel 625 2.5 Bal.. 21.5 . - 9.0 . 0.25 0.25 ' 0.09 3.6 Nb, 0.2 A l ,  0!2 Ti- 

.Inconel 671' , - Bal. 48.0 . - - - - 0.05 0.35 T i  
Inconel 718 18.5 Bal . 19.0 - 3.0 0.18 0.18 . 0.04 5.1 Nb, 0 . 9 . ~ i ,  0.5 A l ,  0.2 Cu 
Alloy 713C ( c ) ~  - Bal . 13.5 . . - 4.2 - - 0..10 ' 2.0Nb, 0 . 8 T i ,  6 . 1 A l ,  0.1.Zr 
IN 738 (c) - Bal . 16.0 ' 8.1 1.6 - - a. aa 2.6 W, 0.8 Nb, 3.4 T i ,  3.4 Al, 

1.8 Ta, 0.04 Z r  
19.2 .' Hastelloy-X Bal. ' 21.7 2.1 8.8 0.7 0.5 0.08 . 0.7 W . - 

RA 333 18.0.  B a l .  ' 25.0 3.0 3.0 1.5 1.25 ' 0 . a j  .3 .0 W 

Aus ten i t ic  Stee.2 
. . b b . .  . Type 304 SS . . Bal . 9.5- 19.0 - - 2.% O 5b. 0 . ,03b ,  . 

Type 309 ss Bal. - 13.5 . 23.0 - - 2.0b l . O b  o ; 2ab . . 

Type 310 SS Bal . 20.5' 25.0 - - 2.0b. 1.5b ,, 0.25,., 
Type 316 SS Bal . 12.0 17 .0 ,  - 2.5 2.0b 0.5 O . l O t  
Type 321 S.S Bal . 10.5 18.0 - - 2.9, - 0. Oak Ti 
Type 347 SS- Bal. ' , l l . O  18.0 ,- - 2.0 . - . 0.08 

. . 
Nb, Ta 

Incoloy 800 Bal . .32.5 21.0 - - 1 .5 ,  1.0 0.10 0.38 A l ,  0.38 T i  
HK-40 (c) Bal . 14.8 26.4 - 0.5. 0.6 0.8 0.3E 

F e r r i t i c  SteeZ . . 
. . 

2lI4 ~ r - 1  MO . .  Bal. - - 2 . 2.5 - 1.0 0.5 0.5 0.1% b 
9 C r - 1  Mo Bal . . - 9.0 - 1.0 . . 0.5b 0.6b 0.1Sb . 

- - 5 p e  4'46 SS . Bal . 25; 0 - 1.5 1.0 0.20 
C12 (c) Bal . - . ' 8.2 - 1.1 0.35 . 0.35 0.16 
HC (c)  Bal . 3.1 . 26.9 - - 1 '.. 0 0.7 0.12 
CA-40 Cc) Bal . 0.4 12.9 - - 0.4 0.7 0.. 31 

. a 
(c)  = c a s t  a l loy .  

bmimuF. . . 

I ' 
, . 



19.0 mm I.D. 
ELBOW 

Fig. 33.  Schematic of Air-Cooled Corrosion Probe. 

. . 310 SS WELL- 1.8 mm DIA. 21.3 mm O.D. 
310 SS 

. . Fig.  34 .  Schemhtic of Uncooled Corrosion 

Coupon Holder. 
, 



Table 12.  Ma te r i a l s ,  Locat ions,  and Temperatures of Corrosion Specimens f o r  Run CT-1. 
No sulfation-enhancement agent  added. 

Corrosion 
. . Mean 
: Probe ' a C 

b Temperature, 
Designat ion Specimen ,Mater ia l  Probe Locat i on  .. O C .  

> . . 
. . Bed Sec t ion  

C- 1 1nconel  601, Inconel  671, Hastelloy-X, Type 310 SS 102 nm abo.ve gas  ' 848 
.Haynes 188, RA'333;' Type 34; SS .dis;ril;utor - p l a t e  

AC-2 Type. 321. SS, 1nconel  601, Type 310 SS, ~ n c o l o y  800, . 305 m. i b o k  gas  598, 67.5'; 724 
Inconel  617, RA '333, Type 3C9 SS d i s t r i b G t o r  p l a t e  

. . 

Type 304 SS, Type 446 SS, 'zl& C r - 1  Mo S t e e l ,  
.Incoloy 8.00, 9 C r - 1  Mo .Steel, Type 316 SS; Type 309 SS 

Inconel  625 , . Inconel  718, In=oloy .800 ,  Type 310 SS, 
Inconel  617; Type 304 SS, . ~ y ? e  316 SS 

Type 304 SS, Incoloy 800, Alloy 713C, Type 310 SS, * 

I N  738, Haynes 188, Type 347 SS 

508 nm above g a s '  ,429,. 699; 727 
d i s t r i b u t o r .  p l a t e .  . , 

610 nm above gas  844 
d i s t r i b u t o r  ' p l a t e  

. . L n .  
.? 

Freeboard Sec t  i o n  

673 394 .m above 
t o p  oE bed. .  

d 
AC- 3 Type 321 SS,, 1ncbnel  601, T ~ F ~  310 SS, Incoloy 800,.  1003 QIU above 466, 471, ,585 

, - Inconel, 617.,. RA 333, Type 395 SS . . t o p  of bed. 

C-3 Inconel  601, Hastelloy-X, ' Inconel  617, Type 310 SS, ' . . 1308 mn above 566 
Inconel  671, Haynes '188, RA 333 top  od bed .  ' , 

. . 
d a 

Ad = a i r -cooled  pr,obe; C.,= uncooled coupon ho lde r .  

'Materials l i s t e d  according t o  &tack ing  .sequence on t R e  ,probe: f i r s t  specimen nea r  t h e  pipe bushing, 
l a s t  specimen nea r  t h e  end cap.  . . 

. C The tempera tures  l i s t e d  f o r  a i r -cooled probes were measured i n  specimens of Type 321 SS, ,Type 304 SS, . ' 

Incoloy 800, and Type 309 SS. ' 

d ~ o  coo lan t  a i r  was r equ i r ed  f o r  t h i s  probe. 



Table 13. Ma te r i a l s ,  Locat ions,  and Temperatures of Corrosion Specimens f o r  Run CT-2. 
%0.3 mol % CaC12 added. 

Corrosion 
Probe a 

, . 
Designat i o n  . Specimen Mate r i a l  

b 

. . . ' Mean 
C 

Temperature . 
Probe Loca t ion .  

. . .. " c  

Bed Sec t ion  
, . 

. C-2 Inconel  625, Inconel  718, Incoloy 800, 102 nun above gas  819 
Type 310 SS, , Incone l  617, Type 304 SS, d i s t r i b u t o r  p l a t e  

. . . . 
Type 316 SS ' 

AC-2 Inconel  601, ~ y ~ e  '321 SS, Type 310 SS, Incoloy 800, 305 'mm above gas  590, 646, 681 
Inconel  601, RA 333, Type 309 SS d i s t r i b u t o r  p l a t e  . 

. , 

AC-1 Type. 446 SS, Type 304 SS, 2'/1+ C r - 1  Mo S t e e l ,  508 above 'gas 528, 545, 599 
Incoloy 800, 9 dr-1 Mo S t e e l ,  Typ.e 316 SS d i s t r i b u t o r  . .  , p l a t e  

' Type 309 SS 

C- 1 Inconel  601, '1nconel 671, Hastelloy-X, Type 310 SS, 610 mm aboove gas  844 
HaynesSl88,  RA, 333, Type 347 SS d i s t r i b u t o r  p l a t e  

. . 
. . Freeboard . Sect  i on  

, . ., . . r . .  . - . . 
. c-4 A ~ I O Y  HK-GO, A I ~ O Y  HC, AIIOY C A - ~ O ; A I . ~ O ~  C-12, ' 394 A above 693 

Alloy 713C, I N  738, Incoloy 800 top  of bed 

AC-3 
d 

Inconel  601, Type 321 SS, Type 310 SS, Incoloy 800, 1003 m above 604, 609, 614 
Inconel  617, RA 333, Type 309 SS top  of bed 

C-3 Haynes 188, Hastelloy-X, Inconel  601,. Inconel  617, 1308 mm. above . 587 
Inconel  671, RA 333, Type 310 SS' t op  of bed 

a 
AC = a i r -cooled  probe; C = uncooled coupon ho lde r .  . . 

bMater ia l s  l i s t e d  according t o . s t a c k i n g  sequence on t h e  probe: f i r s t  specimen.near t h e  p i p e  bushing, 
l a s t  specimen near  t h e  end cap.  

C ' The . temperatures l i s t e d  f o r  a i r -cooled probes were measured. in  specimens of Type 321 SS, Type 304 SS, 
Incoloy 800, and Type 309 SS. 

d ~ o  coo lan t  a i r  was r equ i r ed  f o r  ' t h i s  pgobe. . , . .  . . , 



Table 14. Ma te r i a l s ,  Locations, and Temperatures of Corrosion Specimens f o r  Run CT-3. 
~ 0 . 5  mol % NaCl added. 

Corrosion Mean 
Probe a 

b Temperature, 
Designat ion Specimen Mate r i a l  Probe Locat ion  O C 

Inconel  625, Inconel  718, 1nc.0'10~ 800, 
Type 310 SS, Inconel  617, Type 304 SS, . 
Type 316 SS 

Type 446-SS, Type 304 SS, z1/4 C r - 1  Mo S t e e l ,  
Incoloy 800, 9 C r - 1  Mo S tee l , .  Type 316 SS, 
Type 321 SS . 

Bed Sec t ion  

102 above gas '. 852 
d i s t r i b u t o r  p l a t e  

305 mun above gas 588, 631, 613 
d i s t r i b u t o r  p l a t e  

AC-2 ' Inconel '601, .  Type 321 SS, Type' 310 SS, 508 mu above gas 552, 596, 597 
Type 304 SS, Inconel  617, RA 333, Type 309 SS d i s ' t r  i b b ~ o r  p l a t e  

C- 1 Inconel  601, Ihconel  671, Hastelloy-X, 610 rn above gas 851 
Type 310 SS, Haynes 188, Rk.333, Type 347 SS d i s t r i b u t o r . p l a t e  

F r e e b a r d  Sec t ion  
. . 

C-4 Alloy HK-40, Alloy 'HC, Alloy 'CA-40, ' ~ l l o ~  C-12, 394 mn aboye 7 01 
Alloy 713C, I N  738, Incoloy 800 

f . . 
top  .3f bed 

~ c - 3 ~  : Inconel  601, .Type 321 SS, Type 310 SS, Incoloy 800, 1003 :am above 621, 640, 645 
Inconel  617, RA- 333, Type ,309 SS top  of bed 

C-3 Haynes 188, Hastelloy-X, Inconel  601, Inconel  617,. 1308 m above 605 
. . Inconel  671, . R A  333, Type 310 ss top  of bed 

. . 

. a  
I .  

AC = air-cooled 'probe;  C = uncooled coupon holder .  - 
bMater ia l s  l i s t e d  according t o  ? t ack ing  sequence on t h e  probe: f i r s t  specimer near  t h e  p ipe  bushing, .  
last  specimen near  t h e  end cap. 

C The temperatures  l i s t e d  f o r  a ir-cooled probes were measured i n  specimens of Type 321 SS, Type 304 SS, 
, Incoloy 800, 'and Type 309 SS. 

d ~ o  coolant  a i r  was r e q u i r e d ,  f o r  t h i s  pGobe. . , 



Table 15. Materials, Locations, and ~emperatures of Corrosion Specimens for Run -CT-4. 
%1.9 mol % Na2C03 added. 

Corrosion 
Probe a 

Designat ion Specimen Material 
b 

Mean 
C Temperature, 

Probe Location. O C 

C- 2 Inconel 625, Inconel 718, Incoloy 800, 
Type 310 SS, Inconel 617, Type '304 SS, 
Type 316 SS 

Bed Section 

102 mm above gas 
distributor plate 

AC-2 Inconel 601, Type 321 SS, Type 310 SS, Incoloy 800, 305 mm above gas 6.26, 648', 673 
Inconel 617, RA 333, Type 309 SS distributor plate 

Type 446 SS, Type 304 SS, 2l/t, ~ r - 1  Mo Steel, 
Incoloy 800, 9 Cr-1' Mo Steel, Type 316 SS, 
Type 309 SS 

508 mm above gas . 538, .587, 611 
distributor plate ' 

C-1 Inconel 6'01, Inconel 671, Hastelloy-X, Type.310 SS, 610 mm above gas 855 \O cn 
Haynes 188, RA.333, Type 347 SS distributor, plate 

Freeboard Section 

C-4 Alloy HK-40, Alloy HC, Alloy CA-40, Alloy C-12, 394 mm above 647 
Alloy 713C, IN 738, Incoloy 800 top of bed 

d AC-3 Incoriel 601, Type 321 SS, 9 Cr-1 Mo Steel. Incoloy 800, . 1003 mm above 548, 574, 579 
2'11, .Cr-1 Mo Steel, Type 310 SS;. Type 309 SS top of bed 

C-3 Haynes 188, Hastelloy-X, Inconel 601, Inconel 617, 
Inconel 671, RA 333, Type 310 SS 

1308 mm above 535 
top of bed 

a AC =- air-cooled probe; C = uncooled coupon holder. r 

bMaterials listed according to stacking sequence on the probe: first, specimen towards pipe bushing, 
last specimen near the end cap. 
C The temperatures listed for air-cooled probes were measured in specimens of. Type 321 SS, Type 304 SS, 
Incoloy 800, and Type 309 SS. 

J. 

d ~ o  coolant air was required for this 



The C ~ / S  mole r a t i o s  r equ i r ed  t o  main ta in  -700 ppm SO2 i n  t h e  d r y  o f f -  
gas  du r ing  each  of t h e  f o u r  100-h co r ros ion  t e s t  runs  a r e  given i n  Table 8. 
Based on t h e  Ca/S mole r a t i o s  l i s t e d  i n  t h i s  t a b l e ,  i t  appears  t h a t ' l o w -  
c o n c e n t r a t i o n  a d d i t i o n s  of e i t h e r  CaC12 (Run CT-2.) o r  NaCl (Run CT-3) gave 
i n s i g n i f i c a n t  s u l f a t i o n  enhancement. of Grove l imes tone  sorbent .  A s  d i scussed  
above, t h e  d i s p a r i t y  between these.  r e s u l t s  and those  of prev ious ly  r epo r t ed  
l abo ra to ry - sca l e  experiments  is  a t t r i b u t e d  t o  d i f f e r e n c e s  i n  t h e  manner i n  
which t h e  two types  of exper imenta l  d a t a  were genera ted .  

Chemical ana lyses  of r i f f l e d  samples of t h e  v a r i o u s , ' s o l i d s  s t reams 
added t o ,  o r  removed from, t h e  combustion system dur ing  t h e  f o u r  100-h 
c o r r o s i o n  t e s t  runs  were completed. Based on t h e s e  ana lyses  and t h e  ana lyses  
of t h e  d r y  off-gas £or SO2, C02, CO, 'and CHq, c a l c u l a t i o n s  were made of car -  
bon, s u l f u r ,  and calcium m a t e r i a l , b a I a n c e s ,  a s  w e l l  a s  combustion e f f i c i e n -  
c i e s ,  f o r  t he  fou r  runs .  Resu l t s  . . of t h e  c a l c u l a t i o n s  a r e  sumniarized in . 

Tahle 16 .  , . 

Table 16.  Carbon, S u l f u r ,  and ~ a l c i L m  Mate r i a l  R a l a n r ~ s  
and, Combustion E f f i c i e n c i e s  f o r  100-h 
Corrosion Tes t  Runs 

Experimental Condit ions . 
?.# 

Temperature:. 850°C Su l fu r  Reten t ion:  -85% (-700 ppm 
Pres su re :  101.3 kPa ( 1  atm) SO2 i n  d ry  off-gas)  
Gas Veloc i ty :  1 m / s  Coal: Sewickley, 5.46% S,  
Fluidized-Bed Height:  813 mm -12 +I00 mesh 
Excess 02: 32 d r y  off-gas Sorbent :  Grove l imes tone  (ANL- 

9501), 95.3% C ~ C O ~ ,  -10 +30 
mesh 

Ca/S Combustion ., . d Percent  Accounted fur 
, Run : Mule b ' 

. . Eff ic iency , .  
a ' .  

. No. Ra t io  .. ' Carbon Su l fu r  calciumc . % 

a 
A ~ l a l y t i c a l  accuracy,  f5% r e l a t i v e  f o r  s o l i d  samples.. 

b ~ o r  >5% su l fur . ,  a n a l y t i c i i  a c c u r a c y ,  f 5% r e l a t i v e  f o r  s o l i d  samples. 
For <5% s u l f u r ,  a n a l y t i c a l  accuracy,  ,+ lo% r e l a t i v e '  f o r  s o l i d  samples. 

C 
Ana ly t i ca l  accuracy,  k2% r e l a t i v e .  

d ~ e f . i n e d  a s  t h e  percent  o f  t o t a l  combust ible  carbon f e d  t h a t  w a s  
completely burned t o  C02. 

e 
Run condu.cted wi th  -0.3 mol % C a C 1 2  added t o  Grove l imes tone  so rben t .  

f 
Run conducted wi th  -0.'5.mol % NaCl added t o  Grove l imes tone  so rben t .  

g ~ u n  conducted w i t h  -1.9 mol % N ~ ' ~ c o ~  added t o  ~ i o v e  l imes tone  so rben t .  

hQues t ionable  v a l u e  s i n c e  t h e  C02 ana lyze r  i s  suspected of being 
i n a c c u r a t e  dur fng  t h i s  run .  



The material balances ranged from 89 t o  102% f o r  carbon, from 88 t o  
111%' f o r  s u l f u r ,  and from 98 t o  109% f o r  calcium. Since t h e  p o s s i b i l i t i e s  
f o r  inaccuracies  i n  weighing, sampling, a n a l y s i s  of t h e  var ious  s o l i d s  
streams, and ana lys i s  of t h e  dry off-gas a r e  numerous, ma te r i a l  balances of 
100 + 10% a r e  considered acceptable.  Of t h e  twelve values  shown i n  Table 16,  
n ine  (or  75%) of t h e  values a r e  wi th in  t h i s  range and t h e  remaining t h r e e  
values  are only 1 t o  2% outs ide  of t h i s  range. Combustion e f f i c iency ,  
expressed a s  t h e  percentage of t o t a l  combustible carbon fed t o  t h e  combustor 
t h a t  was burned t o  Cog, var ied  s l i g h t l y  (87 t o  88%) in'  t h e  f i r s t  t h r e e  runs. 
The higher combustion e f f i c iency  of 91% i n  t h e  four th  run is  quest ionable 
s i n c e  t h e  accuracy of t h e  C02 analyzer during t h i s  run was suspect .  

2. Evaluation of Corrosion Behavior 
(0. K. Chopra*) 

a .  In t roduct ion 

The experimental condit ions and t h e  mate r i a l s ,  loca t ion ,  and t em-  
pe ra tu re  of t h e  specimens f o r  t h e  corros ion tests a r e  given i n  Section B . l  
above. The corrosion specimens were examined meta l lographical ly  t o  evaluate  
t h e  corros ion behavior i n  terms of an average th ickness  of t h e  su r face  s c a l e  
and average depth of' i n t e r n a l  corros ive  penet ra t ion  i n  t h e  specimens. The 
surface  s c a l e  and depth of i n t e r n a l  corros ion were measured a t  severa l  loca- 
t i o n s  on t h e  specimens t o  ob ta in  an  average value.  The d i s t r i b u t i o n  and 
nature  of t h e  corros ion products were evaluated by e lec t ron  microprobe 
analyses.  

b. Results  

The top and bottom views o r  t h e  an-cooled probes and uncooled cou- 
pon holders  from t h e  four  corros ion tests a r e  shown i n  Figs. 35-42. The a i r -  
cooled tubu la r  specimens and t h e  f l a t  coupons which had been placed i n s i d e  
t h e  f l u i d i z e d  bed had t h i n  oxide scales and 20- t o  80-pm-thick su r face  depos- 
i ts  from t h e  bed material. Some of t h e  su r face  s c a l e  spa l l ed  during cooling.  
The corros ion specimens t h a t  had been placed i n  t h e  freeboard s e c t i o n  of t h e  
combustor had a f i n e  powdery deposi t  on t h e  bottom sur faces  and a loose  par- 
t i c u l a t e  deposi t  on t h e  top surfaces .  

Uncooled Corrosion Coupons. The corros ion behavior of uncooled 
corrosion coupons w a s  evaluated by measuring t h e  thickness of t h e  su r face  
scale and t h e  depth of i n t e r n a l  co r ros ive  penet ra t ion  a t  t h e  s i d e  su r faces  
and t h e  top and bottom edges of t h e  specimens-(the s i d e  su r faces  were p a r a l l e l  
t o  and t h e  top and bottom edges perpendicular  t o  t h e  flow of f l u i d i z i n g  gas 
and bed mate r i a l ) .  Average values  f o r  t h e  thickness of t h e  surface  s c a l e  and 
i p t e r n a l  corros ive  penet ra t ion  are given i n  Tables 17-20. The average t em-  
pe ra tu re  of t h e  specimens i n  these  tests w a s  %850°C. 

The corros ion specimens had 2- t o  3-um-thick oxide s c a l e  on t h e  
surface.  The i n t e r n a l  corros ive  pene t ra t ion  pr imar i ly  consis ted  of i n t e r n a l  
oxidat ion along t h e  g ra in  boundaries and patches of s u l f i d e s  ahead of t h e  
oxidat ion f r o n t .  

* 
Materials Science Division,  Argonne National Laboratory, 



TOP BOTTOM 
AC- I 

TOP BOTTOM 
AC-2 

TOP BOTTOM 
AC-3 

Fig. 35. Top and Bottom Views of Air-cooled Probes from Corrosion Test Run CT-1. No sulfation- 
enhancement agent added. Specimens stacked from top to bottom in the sequence in 
Table 12. ANL Neg. No. 306-79-53. 



TW BOTTOM 
AC-I 

TOP BOTTOM 
AC-2 

TOP BOTTOM 
AC-3 

Fig. 36. Top and Bottom Views of Air-cooled Probes from Corrosion Test Run CT-2. %0.3 mol % CaC12 
added. Specimens stacked from top to bottom in the sequence in Table 13. ANL Neg. No. 
306-79-54. 



TOP BOTTOM 
AC -I 

TOP 
AC-2 

BOTTOM TOP BOTTOM 
AC-3 

Fis. 37. Top and Bottom Vie-as of Air-cooled Probes from Corrosion Test R-_m CT-3. ~ 0 . 5  mol % NaCl 
added. Specimens stacked frcn top to bottom in the sequence in Table 14. ANL ~ e g .  No. 
306-79-52. 



TOP BOTTOM TOP TOP BOTTOM 

Fig. 38. Top and Bottom Views of Air-cooled Probes from Corrosion Test Run CT-4. 1.9 mol % Na2C03 
added. Specimens stacked from top to bottom in the sequence in Table 15. ANL Neg. No. 
306-79-386. 



TOP BOTTOM 
c-I - .  

TOP BOTTOM 
C-2 

TOP BOTTOM 
(1-3 

TOP BOTTOM 
C-4 

Fig. 39. Top and Bo~tom Views of Uncooled Coupon Holders f r ~ m  Corrosion Test Run CT-1. No 
sulfation-enhancement agent added. Specimens stacked from top to bottom in the 
sequence in Table 12. -3NL Neg. No. 306-79-49. 



TOP BOTTQM 
C-3 

TOP BOTTOM 
C-l 

TOP BOTTOM 
C-2 ' 

TOP BOTTQM 
c-4 

Fig. 40.  Top and Bottom V i e w s  of  Uncaoled Coupon Holders from Corrosion T e s t  Run CT-2. 
%0.3 mol % CaC12 added. Specimens stacked from top t o  bottom i n  the sequence 
i n  Table 13. ANL Neg. No. 306-79-51. 



TOP BOTTOM 
C- l 

TOP BOTTOM 
C-2 

TOP - BOTTOM 
C-3 

TOP BOrrOM 
C- 4 

Fig. 41. Top and Bottom Views of Uncooled Coupon Holders f r o m  Corrosion Test Run CT-3. 
%0.5 mol X NaCl added. Specimens stacked from top to bottom in the sequence 
in Table 14. -ANL Neg. No. 306-79-50. 



BOTTOM 

Fig. 42. Top and Bott 
Na2C03 added 
NO. 306-79-3 

TOP BOTTOM 
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TOP BOTTOM 
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'est 
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Run CT-4. ~ 1 . 9  mol % 
in Table 15. ANL Neg. 



Table 17. Average Values of the Thickness of Surface Scale and Internal Corrosive Penetration Measured 
in Uncooled Corrosion Coupons for Run CT-1. No sulfation-enhancement agent added. Average 
temperature of the specimens was ~845OC. 

-- -- 

Specimen Surface-scale Thickness, pm Corros5ve Penetraticr, pm 

Holder Material Top Bottom Side TOP Bottom Side Remarks 

C-1 Inconel 601 1.5 2.0 2.0 5.3 5.3 4.1 Some grain-boundary 
attack, %SO pm deep 

. -. Inconel 671 3.1 3.4 2.5 6.4 8.5 6,6 Preferential corrosive 
attack of one phase 
%15 ym deep 

Hastelloy-X 
Type 310 SS 

Haynes 188 
RA 333 
Type 347 SS 

Inconel' 625 
Inconel 718 
Incoloy 800 
Type 310 SS 

Inconel 617 

Type 304 SS 
Type 316 SS 

Internal corrosion-- 
mainly sulfides 

9.3 7.4 
5.1 5.9 
21.2 8.8 
12.9 12.7 Internal corrosion-- 

mainly sulfides 
16.1 S ,3 Some grain-boundary 

attack, $40 pm deep 
11.4 11.9 
25.0 8.5 

a 
Surface scale spalled. 



Table 18. Average Values of the Thickness of Surface Scale and ~nternal Corrosive Penetration Measured 
, in'uncooled Corrpsion Coupons for Run-CT-2.. '~0.3 mol % CaC12 added. Average temperatur.e of 

\ 
. - 

the specimens was ~845OC. . . 

surface-scale Thickness, vm cbrrbsive penitration, vm 
Specimen 
Holder Material Top Bottom 'Side Top Bottom Side Remarks :: . 

Some grain-coundary 
attack, ~ 3 3  vm deep 

Inconel 671 
Hastelloy-X 
Type 310 SS Internal corrosion-- 

mainly sulfides 
Haynes 188 
RA 333 
Type 347 SS 

1ncone1' 625 , 

Inconel 718 
Incoloy 800 
Type 310, SS Internal corrosion--. 

mainly. sulfides 
Some grain-boundary 
attack, ~ 2 5  pm deep 

Inconel 617 

Type 304 SS 
Type 316 SS 

a Surface scale spalled. 



Table>19. Average Values of the Thickness of Surface Scale and Internal Corrosive Penetration Measured 
..: . . . . in Uncooled Corrosion Coupons for Run CT-3. %0.5 mol % NaC1 acced. Average temperature of 

. .. ... . .  * . . . . . . . . . . . . .. . . . . . . . . . , . . .  the specimens was %850°C.: . .  . 

. . Surface-scale Thickness, urn Corrosive penetration, ' pm Specimen . . .  

Holder Material Top Bottom Side TOP Bottom Side . . . ' . - Remarks . . ' 

- . .. . . ','. . - . .. : \ ,  . . 
' C-1 Inconel 601 :a : .a 3.8 32.2 40.2 38.1 . . _  . .  . . -a.. :.,. 

Inconel $71 a 7.6 6.8 51.9. 97.4 80.4 
i as telloyix 
Type 310 SS Internal corrosion-- 

mainly'sulfides 
Haynes 188 
RA 333. Corrosion attack in 

some regions, 
%8O...pm deep . . ., 

. . .. . . . . . -. Typ.e 347 SS 

Inconel '625 
~nconel 718 
Incoloy 800 
~ y p e  310 .SS 

. . .  

Internal corrosion-- 
mainly sulfides 

Inconel 617 
Type 304 SS 
Type 316 SS 

a 
Surface scale spalled. 



Table 20. Average Values of t h e  Thickness of Surface Scale and I n t e r n a l  Corrosive Pene t r a t ion  Measured 
i n  Uncooled .Corrosion Coupons f o r  Run CT-4. $1.9 mol % Na2C02, added. Average temperature 
of t h e  specimens was i855"C. 

, 

Surface-scale Thickness, urn Corrosive Penet ra t ion ,  ,pm : Specimen 
Holder Mater ia l  Top .Bottom Side TOP Bottom Side'  ema arks 

C-1 ~ n c o n e l  601 2.7 2 1  . . 3.0 6.8 12.3 16.6 Some grain-boundary 
a t t a c k ,  $50 vm deep. 

Inconel  671 7.6 , 4.7. 3.1 50.8 46.6 a Corrosion behavior 
. . not  uniform 

Hastelloy-X 3.0 3.0 2.9 b 10.2 12.9 
Type 310. SS 3.4 3.4 3.2 13  .'5 17.8 12.8 In t e rna l ' co r ros ion - -  

mainly sul . f ides 
Haynes 188 2 . i  1 .8  2.1 8.0 9.8 9.5 Some grain-boundary 

4 
a t t a c k ,  $24 vm deep w 

RA 333 2.0 b 2.4 9.8 11.8 10.2 
Type 347 SS 2.7 . 2.7 2.4 10.2 9.8 9.3 I n t e r n a l  corrosion-- 

mainly s u l f i d e s  
. . 

C-.2 Inconel  625 3.8 3 .1  4 . 1  21.1 .22 .9  23.7 , . . 

~ n c o n e l  718 2.2 2.2 2.7 11.0 10.2 14.6 
Incoloy ,800 3.4 3.6 3.6 21.2 . 25.0 19.5 
Type 310 SS 3.4 3.2 3.4 18.2 18.2 19 .1  .. 

Inconel  617 3.2 .3.6 3.6 . 25.4 21.2 26.5 
Type 304 SS 2.9 2.4 3 .O 18.6 16.2 22.0 
Type 316 SS 3.4 3.4 3.4 1 6 , l  22.2 23.3 

a Extensive cor ros ion  on one s i d e  of t h e  specimen and very l i t t l e  i n t e r n a l  co r ros ive  pene t r a t ion  on t h e  
o the r .  e 

b ~ u r f  ace  s c a l e  s p a l l e d .  



Shown i n '  F igs .  43 and 44, r e s p e c t i v e l y ,  a r e  t h e  average th i cknesses  
of s u r f a c e  s c a l e  and i n t e r n a l  c o r r o s i v e  p e n e t r a t i o n ,  measured on t h e  s i d e  
s u r f a c e s  of t h e  specimens t h a t  were loca t ed  i n s i d e . t h e  f l u i d i z e d  bed a t  a  
d i s t a n c e  102 and 610 mm above t h e  f lu id i z ing -gas  , d i s t r i b u t o r  p l a t e .  I n  t h e  
absence of s a l t ,  t o t a l  co r ros ion  ( < . e . ,  t h e  combined v a l u e . o f  t h e  th i ckness  
of s u r f a c e  s c a l e  and i n t e r n a l  c o r r o s i v e  pene t r a t ion )  f o r  t h e  d i f f e r e n t  mate- 
r ia ls  v a r i e d ' f r o m  7 t o  1 5  pm. T h e , r e s u l t s  f o r  t h e  co r ros ion  t e s t s  i n  which 
s a l t  was p re sen t  showed t h a t  f o r  a l l  m a t e r i a l s ,  t h e  a d d i t i o n  of 0.3 mol % 
'CaC12 t o  t he  l imes tone  so rben t  had no s i g n i f i c a n t  e f f e c t  on co r ros ion  ,behav- 
i o r .  I n  g e n e r a l ,  t h e  a d d i t i o n  of 0.5 mol % NaCl o r  1 . 9  mol % Na2C03 increased  
t h e  t o t a l  co r ros ion  f o r  most of t h e  m a t e r i a l s .  A s i g n i f i c a n t  i n c r e a s e  i n  
i n t e r n a l  c o r r o s i v e  p e n e t r a t i o n  occurred i n  t h e  high-nickel  a l l o y s ,  namely, 
Incone l s  601, 617, and 671; RA 333; and Incoloy 800. Micrographs of t h e  
c r o s s  s e c t i o n s  of' I ncone l s  617 and 671 specimens f o r  co r ros ion  t e s t s  i n  which 
s a l t  was p re sen t  a r e  shown, i n  Fig.  45. 

Comparison of t h e  co r ros ion  behavior  of Type 310 s t a i n l e s s  s t e e l  i n  
F igs .  43 and ' 4 4  f o r  t h e  f o u r  co r ros ion  t e s t s  shows t h a t  t h e  t o t a l  co r ros ion  of 
t h i s  mat6r ia l  w a s ' g r e a t e r  a t  . the  l o c a t i o n  102 mm above t h e  gas  d i s t r i b u t o r  
p l a t e  t han  a t  t h e  610-&I p o s i t i o n .  For Haynes Al.lpy 188 a i d  Types 310, and 
347 s t a i n l e s s  s t e e l ,  t o t a l  co r ros ion  i n  t h e  presence  and.absence of s a l t  was 
e s s e n t i a l l y  t h e  same. Micrographs of Type 310 s t a i n l e s s  s t e e l  specimens 
which had been l o c a t e d ' i n s i d e  t h e  f l u i d i z e d  bed 102, and 610 mm above t h e  gas 
d i s t r , i b u t o r  p l a t e  a r e  shown i n  F igs .  46 and 47, r e s p e c t i v e l y .  

Metallographic.  .examination of co r ros ion  coupons which had been 
placed i n  t he  f reeboard  s e c t i o n  of t h e  combustor 394 and '1300 mm above t h e  
top  of t h e  ,bed (i.s., coupon h o l d e r s  C-4 and C-3, r e s p e c t i v e l y ,  Table 1 5 ) ,  
revea led  no measurable co r ros ion ;  on ly  t h e  c a s t  a l l o y  C-12 was oxid ized .  
The average  tempera tures  of t h e  specimens on.coupon ho lde r  C-4 f o r  runs  CT-1, 
-2, -3, and -4 were .673 ,  693, 701, and 647"C, r e s p e c t i v e l y .  The average 

, t empera tures  of t h e  specimens placed  on cniipnn ho lde r  C-3 wore 100 to l l O Q C  
lower.  Scanning-e1.e.c t r o n  micrograph3 of t h e  su r f  ace  region o f ,  a l l o y  C-12 f o r  
c o r r o s i o n , t e s t s  w i th  s a l t  a d d i t i o n  a r e  shown i n  Fig., 4 8 .  The th i cknesses  of . 

t h e  s u r f a c e  oxides  f o r  t e s t s  CT-2 and -3 were .between 100 and 140 pm, whereas 
i n '  CT-4, t h e  e x t e n t  of ox ida t ion  was l e s s  because t h e  temperature was %50°C 
lower.  . . 

Air-cooled Specimens. The co r ros ion  behavior  of t h e  air-cooled 
t u b u l a r  specimens was n o t  uniform, and t h e  n a t u r e  of t h e  d e p o s i t s  on t h e  
specimen s u r f a c e  var5ed.  For example, co r ros ion  w a s  g r e a t e r  under t h e  de- 
p o s i t s  con ta in ing  a  s i g n i f i c a n t  amount of a s h - t h a n  i n  t h e  reg ions 'where  t h e  
d e p o s i t s  ' c o n s i s t e d  mainly of l imes tone  m a t e r i a l .  I n  a  f  luidized-bed environ- 
ment, the. n a t u r e  of t h e , d e p o s i t s  on t h e  s u r f a c e  of t h e  tubes  can d i f f e r .  
depending on t h e  pos i t i ,on  o f ' t h e  s u r f a c e  wi th  r e s p e c t  t o  t h e  f low of t h e  
f l u i d i z i n g  gas and bed m a t e r i a l ,  Consequently, t h e  o r i e n t a t i o n  of t h e  spec i -  
men s u r f a c e  i n s i d e  t h e  combustor was marked on each specimen, and t h e  th ick-  
n e s s  of t h e  s u r f a c e  scal 'e and t h e  depth o f ' c o r r o s i v e  p e n e t r a t i o n  were measured 
a t  i n t e r v a l s  of %20° around t h e  circumference of a  specimen, The average 
v a l u e s  f o r  (1) tempera ture  and (2)  co r ros ion  of specimens exposed i n s i d e  t h e  

. f l u i d i z e d  b e d ' i n  t h e  f o u r  co r ros ion  t e s t s  a r e  g iven  i n  Tables 21 t o  24. For 
t h e  air-cooled c 'orrosion probes,  t h e  temperature of t h r e e  of t h e  seven spec i -  
mens w a s  monitored du r ing  t h e  tes t .  The average temperature of t h e  remaining 



Fig.  43 . .  Average Thickness of Surface Sca le  and I n t e r n a l  c o r r o s i v e  p e n e t r a t i o n  f o r  Corrosion Coupons 
Exposed a t  845OC I n s i d e  t h e  F lu id ized  Bed f o r  100 h  a t  a  Locat ion 102 mm-Above t h e  Gas 
D i s t r i b u t o r  P l a t e .  ANL Neg. No. 306-79-380. ; 
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INCONEL 671 

Fig. 45. SEM Micrographs of Inconels 617 and 671 After a 100-h Exposure 
Inside the Fluidized Bed. CT-2, 0.3 mol X CaC12; CT-3, 0.5 mol 
X NaC1; and CT-4, 1.9 mol % Na2C03. ANL Neg. No. 306-79-382. 



- 

CT- I 

CT- 3 

Fig. 4 6 ,  SEM Micrographs of Type 310 Stainless Steel After a 100-h 
Exposure Inside the Fluidized Red 102 mm Above the Gas 
Distributor Plate. CT-1, without sait; CT-2, 0.3 mol % 
CaC12; CT-3, 0.5 mol % NaC1; and CT-4, 1.9 mol % Na?C03. 
ANL Neg. Nu. 306-79-383. 



CT- I 

Fig. 47. SEM Micrographs of Type 310 Stainless Steel After a 100-h 
Exposure Insidc the Bluidixed Bad 610 mm Above the Gas 
Distributor Plate. CT-1, without salt; CT-2, 0.3 mol % 
CaC12; CT-3, 0.5 mol X NaC1; and CT-4, 1.9 mol % Na2C03. 
AM, Neg. No. 306-79-381. 



Fig. 48. SEM Micrographs of Alloy C-12 After a 100-h Exposure in the Freeboard Section of the Combustor. 
CT-2, 0.3 mol % CaC12; CT-3, 0.5 mol % NEC~; and CT-4, 1.9 mol % Na21203. ANL Neg. No. 308-79-384 



Table  21. Average Values of t h e  Thickness of Sur face  Sc'ale and I n t e r n a l  Cor ros ive  P e n e t r a t i o n  
Measured i n  Air-cooled Corrosion Specimens f o r  Run CT-1 

Corrosion Average Corrosive Total 
Probe Temp., Surface-scale Penetration, Corrosive 

' OC ~esi~qat iona Material ' Thickness, pm pm : . Attack, pm Remarks , 

AC-2 Inconel 601 603 ' 2.6 4.7 7.3 Maximum'corrosive attack, 
-15 pm 

AC-2 Inconel 617 697 2.5 2.6 5.1 
AC-2 RA 333 ' 712 2.4 4.5 6.9 
AC-1 Type 304 SS ' 627 2.4 1.0 3.4 
AC-1 Type 309 SS 727 2.3 2.7 5.0 
AC-2 Type 309 SS 727 5.6 5.9 11.5 Interaction between surface 

i .. scale and deposits 
AC-2 

. .  . 
Type '310 SS 

.. . 
652 4.9 . . . 6.9 , . 11.8 Interaction between surf ace 

- .  scale and deposits . . . 
AC-1 " Type 316. SS . - 712 ,2.4 4.1- 6.5 , . . . . . 
AC-2 Type 321 'SS 627 2.9 2.1 5.0 
AC-1' 1ncdioy 800. 677 3.2 '3 .6 6.8 ~nteraction between surf ace 03 P 

scale and deposits ' 
AC-2 1ricoioY 800 677 2.5.. 3.9 6.4 .Interaction between surface 

scale and deposits 
AC-1 Type 446. SS ' 603 2.1 2., 2 4.3 

697 AC-1: ' 9 Cr-1 Mo ~,teel .- - , 18.3 Maximum corrosion, ?35 pm. 
AC-1 ~e-2'14 '~r-1 Mo steel 652 ' - .- 171.9 Maximum corrosion,'%320 pm 

a 
.The a.ir-cooled corrosfon probes AC-1 and AC-2 were located inside the fluidized bed at distances 508 and 305 mm, 
respectively, above. the fluidizing-gas distributor plate; 



Table 22. Average Values of t he  l 'hickness of Surface Sca le  and I n t e r r a l  Corrosive P e n e t r a t i o n .  
Measured i n  ~ i r - c o o l e d  Corrosion Specimens f o r  Run CT-2 

Corrosion Average Corrosive Total  
Probe Temp., surfad=-scale Penet ra t ion ,  ~ o r r ~ s i v e  , 

~ e s  i g n a t  iona Mater ia l  " C Thickness, pm Attack,  pm Remarks 

AC- 2 Inconel  601 567 1 . 7  1 .8  3.5 
AC- 2 Inconel  601 663 2.2 2.6 4.8 
AC-2 RA 333 677 3.0 6.2 '9 .2 I n t e r n a l  co r ros ion  mainly 

s u l f i d e s  
AC-1 Type 304 SS 527 1 .2  1 .6  . . 2.8 
AC-1 Type 309 SS . 597 2'. 0 3.5 . . 5.5 . '  ;. 

. . 
AC-2 Type 309 SS- 685 2.0 . . 4 ;1 5.1 
AC-2 Type 310 SS 623 . 2.3 5 .0  7.3 
AC-1 . 'Type '3.16 ss 583 1 .2  2.1 . ' . s . 3  
AC- 2 Type 321 SS 597 2 .1  2.0. ' . 4 . 1 '  
AC-1 Incoloy 800 560 2.3 3.5 5.8 
AC-2 Incoloy '800 646. - 1.7 3.7 5.4 
AC-1 Type 446 SS 5 01 2.1 2.8 4,.9 ' 

AC-1 . 9 C r - 1  Mo S t e e l  . 575 - - 12.9 . M a x i m u m  co r ros ion ,  s25 pm 
AC-1 ~ e - 2 ~ 1 ~  .Cr-1  Mo S t e e l  544 - - 

. . 142.3. Maximum' cor ros ion ,  ~ 1 6 0  pm 

a The air-cooled co r ros ion  probes AC-1 and AC-2 were loca ted  i n s i d e  t h e  f l u i d i z e d  bed at d i s t ances  508 and 305 mm, 
r e spec t ive ly ,  ,above t h e  f lu id iz ing-gas  d i s t r i b u t o r  p l a t e .  . . 

. . 



Table 23. Average Values of the Thickness of Surface Scale and Internal Corrosive Penetration ' 

. Measured' in Air-cooled Corrosion Specimens for Run CT-3 
. % 

Corrosion Average ' Corrosive Total 
Probe Temp., Surface-scale Penetration, Corrosive 

~ e s  ignat iona , Material ' ' OC Thickness, vm 1 Attack, pm Remarks vm 

AC-2 Inconel 601 .529 1.9 1.7 3.6 Corrosion in some regions, 
~ 1 0  pm 

600 kc-2 Inconel 617 2.7 3.8 6.5 
AC-2 . RA 333 605 2.0 - 1.7 3.7 Corrosion in some regions, 

~ 1 0  pm. 
AC-1 Type 304 SS 588 2.4 . 1.7 4.1 
AC-2 ' Type 304 SS ' 589 . , 1.6 1.2 3.8 

605 
2. . 

AC-2 Type 309 SS . 1.7 ' 1.9 3.6 ' 

AC-2. Type 310 SS ', 570 .2.5 : 1.0 3,s - .. . 

AC-1 . Type 316 SS ' . 630 1.8 . 2.3 4.1 . 
AC-1 Type 321 SS 634 2.2 3.5 5.7 . 

AC-2 Type 321 SS 550 3.1 3.2 6.3 Intergranular attack 
6 12 

03 
AC-1 Incoloy 800 . ' 2.4 -4.0 6.4 w 

577 AC-1 Type 446 SS ' 3.0 3,. 2 6.2 Intergranular' attack 
AC-1 . '9 Cr-1 Mo Steel 622 . - - 16.5 Maximum corrosion, a0 pm 
AC-1 ~e-2'14 Cr-1 Mo Steel 600 - - 101.0 Maximum corrosion, ~ 1 4 0  pm 

a The air-cooled corrosion prob.es AC-1 &nd .AC-2 were located inside the fluidized bed at locations 305 and 508,mm. . . 

i respectively, above the fluidizing-gas distributor plate. 



  able 24. . Average Values o f  the Thickness of Surface Scale and Interral Corrosive Penetration 
Measured in Air-cooled Corrosion.Specimens for Run CT-4 

Corrosion:  Average' Corrosive To ta l  
Probe Temp., Surface-scale  Pene t r a t i on ,  Corrosive 

~ e s i ~ n h i o n ~  Mate r i a l  O C Thickness, urn urn At tack ,  pm , - Remarks 

AC-2 Inconel  601 617 2.1 1 .4  3.5 
AC-2 Inconel  617. . . .  1 660 ,, 1.3'  1 .4  2. . 7 
AC-2 ' , RA 333 . . . 667 . 2 .1  3.2 5 - 3  
AC-1 Type 304 SS 550 2.2 . .  1.7 3.9 
AC-1 Type 309 SS 605 2.7 3 . 8 ,  6.5 
AC-2 Type 309 SS 675 . .4.2 5.3 .. , 9.5 I n t e r a c t i o n  between s u r f a c e  

s c a l e  and d e p o s i t s  
640 ' 2.1 . AC-2 , Type 310 SS 2.6 4.7 
605 2.2 2.1" AC-1. ' Type 316 SS 4.3 

AC-2 Type 321 SS 628 2.3 , . .  1.9  r . 2  
AC-1 Incoloy 800 .589 2.6 3 .0  5.6 
AC-2 Incoloy 800 . 650,- 2.5 3.1 5.6 ~ n t e r a c t i o n  between su r f  ace  & 

s c a l e .  and d e p o s i t s  c. 
. AC-1 . Type 446' ss 529 2'.4 . 1.0  j 3.4 
AC-1 ' 9 C r - 1  Mo S t e e l  600 - - 13.2 Maximum corros ion ,  ~ 2 5  pm 
AC-1 ~ e - 2 ~ 1 ~  C r - 1  Mo S t e e l  . . 570 - - 113.5 +ximum corros ion ,  ~ 1 8 0  urn 

a 
The air-cooled co r ros ion  probes AC-1 and AC-2 w e r e  l o i a t e d  i n s i d e  t h e e f l u i d i r : e d  bed .t l o c a t i o n s  508 and 305 m, 
respec ' t ive ly ,  . above t h e  f lu id iz ing-gas  d i s t r i b ~ t o r  p l a t e .  . , 



co r ros ion  specimens was obta ined  from t h e  temperature p r o f i l e  a long  t h e  . 

l eng th  of t h e  probe. The average temperature of t h e  v a r i o u s  co r ros ion  spec i -  
mens v a r i e d  from 527'C t o  727OC. 

The r e s u l t s  show t h a t  a t  t h e s e  tempera tures ,  t h e  a d d i t i o n  of s a l t  
( i . e . , ' ~ a c l ,  CaC12, o r  Na2C03) had no s i g n i f i c a n t  e f f e c t  on t h e  co r ros ion  
behavior of any of t h e  m a t e r i a l s .  I n  gene ra l ,  c o r r o s i o n '  specimens of t h e  . 

va r ious  i ron-  and nickel-base a l l o y s  c o n t a i n i n g  >15% chromium had a  2- t o  
3-pm-thick s u r f a c e  s c a l e  and 2 - ' t o  5-pm i n t e r n a l  c o r r o s i v e  a t t a c k .  The t o t a l  
co r ros ion  i n  t h e  specimens f o r  t e s t  CT-1 wi th  no s a l t  added was somewhat 
g r e a t e r  than  t h a t  f o r  t h e  o t h e r  co r ros ion  t e s t s  because t h e  average tempera- 
' t u r e  of t h e  specimens dur ing  t h i s  t e s t  was %50°C h igher .  Micrographs of 
c r o s s  s e c t i o n s  of Type 310 s t a i n l e s s  s t e e l ,  Incoloy 800, Inconel  601, and 
RA 333 specimens from t h e  fou r  co r ros ion  t e s t s  a r e  shown,.in F igs .  49 and 50. 

The co r ros ion  behavior  of ~ 1 2 - 2 ~ 1 ~  C r - 1  Mo s t e e l  speciniens from t h e  
four  co r ros ion  t e s t s  i s  shown i n ' F i g .  51 and t h a t  of .Fe-9 C r - 1 '  Mo i n  F ig .  52.. 
For t h e s e  specimens, ' the t h i ckness  of t h e  s u r f a c e  s c a l e  and t h e  depth  of 

, i n t e r n a l  co r ros ive  p e n e t r a t i o n  were not  measured s e p a r a t e l y  because t h e  
depth  o f  i n t e r n a l  co r ros ion  was r e l a t i v e l y  smal l  compared t o  t h e  th i ckness  
of t h e  s c a l e .  For t h e  v a r i o u s  experimental  cond i t i ons  i n  t h e  fou r  r u n s ,  
t h e  average va lues  of t h e  t o t a l  co r ros ion  a t  t empera tures  near  627'C f o r  
~e-2'14 C r - 1  Mo and Fe-9 C r - 1  Mo specimens were %I35 and 15  pm, r e s p e c t i v e l y .  

, 

The co r ros ion  s c a l e s  f o r  t h e s e  s t e e l s  were q u i t e  porous, i n d i c a t i n g  i n t e r -  
a c t i o n ' w i t h  t h e  d e p o s i t s  from t h e  bed m a t e r i a l .  S imi l a r  behavior  was ' . 

observed i n  ' s eve ra l  high-chromium a l l o y s ,  e.g., Type 309 s t a i n l e s s  s t e e l  and 
' Incoloy 800. 

The d i s t r i b u t i o n  and n a t u r e  of t.he co r ros ion  products  i n  t h e  s u r f a c e  
. . s c a l e s  were i n v e s t i g a t e d  by e l e c t r o n  microprobe ana lyses .  The X-ray images 

f o r  Fe, 0 ,  C r ,  Ca, S ,  S i ,  and K i n  t h e  s c a l e s  observed on ~e-2'14 C r - 1  Mo and 
, Fe-9 Cr-1,Mo specimens a r e  shown i n  F igs .  53 .and 54, r e s p e c t i v e l y .  The 

r e s u l t s  i n d i c a t e  t h a t  t h e  s c a l e s  c o n s i s t  o f '  two d i s t i n c t . l a y e r s :  . a n  inne r  
l a y e r  of a mixed oxide  of i r o n  and chromium.and a n  o u t e r  l a y e r  con ta in ing  
v a r i o u s  ,elements (e.g., Fe, 0 ,  C a ,  S, ~ i ,  and K) from t h e  bed m a t e r i a l .  The 
presence of t h e s e  elements  i n d i c a t e s  t h a t  t h e  o u t e r  l a y e r  of t h e  s c a l e  'forms 
by t h e  i n t e r a c t i o n  of t h e  d e p o s i t s  w i th  t h e  s c a l e ,  whereas t h e  i n n e r  l a y e r  
forms by c o r r o s i o n  of t h e  specimen m a t e r i a l .  For t h e  Fe-9 ~ r - 1  Mo s t e e l ,  t h e  
e x t e n t  of i n t e r a c t i o n  between t h e  d e p o s i t s  and t h e  s c a l e  i s  l e s s  than'  t h a t  . . 

f o r  ~ e - 2 ~ 1 ~  C r - 1  Mo s t e e l .  This  d i f f e r e n c e  i s  probably due t o  t h e  h ighe r  con- 
c e n t r a t i o n  of chromium i n  t h e  s u r f a c e  s c a l e s .  

The co r ros ion  behavior  of t h e  specimens i n s t a l l e d  on air-cooled 
type  co r ros ion  probes which were exposed i n  t h e  f reeboard  r eg ion  of t h e  com- 
bus to r  i s  be ing  eva lua t ed .  The r e s u l t s  w i l l  p rovide  a  b e t t e r  understanding 
of t h e  mechanism of t h e  r e a c t i o n  of t h e  d e p o s i t s  wi th  t h e  s c a l e .  Longer 
d u r a t i o n  (500 t o  1000 h)  co r ros ion  t e s t s  a r e  being conducted to. f u r t h e r  eval-  
u a t e  t h e  e f f e c t  of s a l t s  on t h e  performance of va r fous  s t r u c t u r a l  m a t e r i a l s  
i n  t h e  f luidized-bed combustion environment. . . 
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c  . Conclusions 
. . 

Resu l t s  from t h e  100-h tests i n d i c a t e  t h a t  a t  ?850°C., t h e  ad ,d i t ion  
of 0 , .3 ,mol '% C a C 1 2  t o  t h e  f l u i d i z e d  bed had no s i g n i f i c a n t  e f f e c t  on t h e  cor-  
r o s i o n  behavior  of t h e  v a r i o u s  m a t e r i a l s .  The a d d i t i o n  of 0.5 mol % NaCl o r  
1 .9  mol % Na2C03 inc reased  t h e  co r ros ion  r a t e s  of mo.st of t h e  m a t e r i a l s .  .In,  
g e n e r a l ,  a u s t e n i t i c  s t a i n l e s s ' s t e e l s  and Haynes Alloy 188 e x h i b i t  b e t t e r  
r e s i s t a n c e  t o  a c c e l e r a t e d  co r ros ion  i n  t h e  presence of s a l t s  than  do t h e  high- 
n i c k e l  a l l o y s .  Except fbr Fe-9 C r - 1  Mo S t e e l  ( a l l o y  C-12) which was oxid ized ,  
materials loca t ed  i n  t h e .  f reeboard  s e c t i o n .  o f .  t h e  combustor a t  t empera tures  
between 525 and 705OC showed no d e t e c t a b l e  co r ros ion  (i.e., <2 um). 

The r e s u l t s  f o r  t h e  air-cooled specimens e x p o s h  i n  t h e  f l u i d i z e d  
bed a t  tempera tures  between 525 and , 7 3 0 ~ ~ "  show t h a t  s a l t  a d d i t i o n  has  no 
e f f e c t  on' t h e  c o r r o s i o n  behavior  of any of t h e  materia1.s. A t  these t e ? p ~ ~ - a - .  
t u r e e .  t h e  lnw alloy Fe- 2lI4 C L - 1  Mu sreel shows .oonoiderable  uxidacion regard- 
k s s  of t h e  presence  o r  absence of s a l t ,  and t h e - s u r f a c e  s c a l e  i n t e r a c t s , ' w i t h  
t h e  d e p o s i t s  from , the  bed .mater ia1 .  
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