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ABSTRACT 

This  work suppor ts  t h e  development s t u d i e s  f o r  atmospheric 
and p re s su r i zed  f  luidized-bed c o a l  combus t i o n ,  Laboratory and 
process  development s t u d i e s  a r e  aimed a t  providing needed i n f o r -  
mation on l imes tone  u t i l i z a t i o n ,  c o n t r o l  of emission of a l k a l i  
meta l  compounds and SO2 dur ing  combustion, p a r t i c u l a t e  loadings  
of f l u e  gas ,  and o t h e r  a s p e c t s  of f luidized-bed c o a l  combustion. 

This  r e p o r t  p re sen t s  information on: t h e  SO2 r e a c t i v i t i e s  
and thus  t h e  l imestone requirements of s i x t y  d i f f e r e n t  l imes tones ,  
t h e  morphology of a  few s e l e c t e d  s tones ,  t h e  e f f e c t  of water  i n  
the gaseous mixture  on t h e  SO2 r c a c t i v i t i e s  of t h r e e  l imes tones ,  
t he  e f f e c t  of combustion condi t ions  on t h e  a t t r i t i o n  of lime- 
s t o n e s ,  t h e  e f f e c t  of temperature on SO2 r e t e n t i o n  hy l imestone 
i n  a  carbon burnup c e l l ,  t h e  e f f e c t  of CaC12 and MgC12 a d d i t i v e s  
on t h e  SO2 capac i ty  of l imes tones ,  t h e  use  of diatomaceous e a r t h  
and a c t i v a t e d  b a u x i t e  t o  remove a l k a l i  metal  compounds from simu- 
l a t e d  combustion gas mixtures ,  s e l e c t i o n  of l a s e r  spectroscopy 
methods t o  be eva lua ted  f o r  t h e  measurement of gaseous a l k a l i  
meta l  s p e c i e s  i n  ho t  f l u e  gases ,  t h e  a p p l i c a t i o n  of a c o u s t i c  
d u s t  condi t ion ing  t o  f l u e  gas  c leaning ,  and t h e  conceptual  
des ign  of a  granular-bed f i l t e r  f o r  c leaning  of f l u e  gas i n  a  
200-MWe fluidized-bed combustion f a c i l i t y .  

SUMMARY 

Task A. Gaseous P o l l u t a n t  Emission Control  i n  Fluidized-Bed 
Combus t i o n  (FBC) 

Included i n  t h i s  t a s k  i s  work on SO2 emission c o n t r o l ,  l imestone charac- 
t e r i z a t i o n ,  and chemical enhancement of l imestone r e a c t i v i t y .  

Reac t iv i ty  of Limestones wi th  S u l f u r  Dioxide. The SO2 r e a c t i v i t i e s  of 
60 d i f f e r e n t  l imestones have been measured, us ing  a  thermal g rav ime t r i c  ana- 
l y z e r  and the  r e s u l t s  were used t o  p r e d i c t  t h e  performance of t he  s t o n e s  i n  
an atmospheric f lu id ized-bed  combustor. Est imates  were made f o r  combustor 
s u p e r f i c i a l  gas  v e l o c i t i e s  of 2 .4  and 3.6 m / s  and f o r  r e t e n t i o n s  of 83 and 
90% of t h e  s u l f u r  d iox ide  l i b e r a t e d  by t h e  combustion of a  coa l  conta in ing  



4.3% s u l f u r .  A t  a gas  v e l o c i t y  of 2.4 m / s ,  about one-half of t h e  s tones  
t e s t e d  a r e  p red ic t ed  t o  r e q u i r e  0.5 kg o r  l e s s  of s t o n e  pe r  kg of c o a l  i n  
o r d e r  t o  meet t h e  83% s u l f u r  r e t e n t i o n  requirement ,  and 1 kg o r  l e s s  of s tone  
p e r  kg of coa l  i s  r equ i r ed  t o  meet t he  90% s u l f u r  r e t e n t i o n  requirement .  A t  
a s u p e r f i c i a l  g a s  v e l o c i t y  o£ 3.6 m / s ,  about one-third of t h e  s tones  requi red  
1 kg o r  l e s s  of s t o n e  pe r  kg of c o a l  t o  meet t h e  90% r e t e n t i o n  requirement .  

Pe t rog raph ic  Examination of Limestones. A s  t h e  preceding s e c t i o n  ind i -  
c a t e s ,  t h e r e  i s  a  wide v a r i a t i o n  i n  t h e  SO2 r e a c t i v i t y  of l imestones having 
e s s e n t i a l l y  t h e  same chemical composition. I n  an a t tempt  t o  understand t h e  
causes  of t h e s e  d i f f e r e n c e s ,  t h e  morphologies of a  few s e l e c t e d  s t o n e s  have 
been determined, u s ing  pe t rog raph ic  methods. Two c a l c i t i c  and two do lomi t i c  
l imes tones  r e p r e s e n t a t i v e  of low and h igh  SO2 r e a c t i v i t y  were examined. The 
h i g h l y  r e a c t i v e  dolomi te  was made up of sma l l  g r a i n s  and was h igh ly  porous 
w h i l e  t he  poor ly  r e a c t i v e  dolomite  contained very  coa r se  g r a i n s .  The h ighly  
r e a c t i v e  c a l c i t i c  l imes tone  contained very  sma l l  g r a i n s  and had h i g h  poPositY 
w h i l e  t h e  poor ly  r e a c t i v e  s t o n e  cons i s t ed  of f i n e  g r a i n s  b u t  had very  low 
p o r o s i t y .  A s t o n e  which is  a  "popper" (i.e., explodes on c a l c i n a t i o n )  was 
examined. The g r a i n s  of t h i s  s t o n e  contained a  l a r g e  number of submicroscopic 
i n c l u s i o n s  which may b e  r e l a t e d  t o  i t s  tendency t o  d e c r e p i t a t e  when ca l c ined .  

E f f e c t  of Water on SO2 R e a c t i v i t y .  The SO2 r e a c t i v i t y  of t h r e e  lime- 
s t o n e s  was measured i n  a  TGA wi th  gaseous water  ( ~ 7 % )  p re sen t  and absent  from 
t h e  s u l f a t i o n  gas  mixture .  The e x t e n t  of conversion of t h e  CaC03 t o  CaS04 
was t h e  same, whether gaseous water  was p re sen t  o r  absent .  

A t t r i t i o n  of Limestone. To eva lua t e  t h e  p o t e n t i a l  u t i l i t y  of a  l imestone 
i t s  r a t e  of a t t r i t i o n  under FBC condi t ions  must b e  considered.  To determine 
t h e  in f luence  of c a l c i n a t i o n ,  s u l f a t i o n ,  and temperature on t h e  r a t e  of 
a t t r i t i o n ,  l a b o r a t o r y  s t u d i e s  have been done us ing  two d i f f e r e n t  l imestones 
and one dolomite  (-14 +30 mesh). The h ighe r  temperature (870 Us. 25°C) had 
d i f f e r i n g  e f f e c t s  on the  a t t r i t i o n  r a t e s  of t h e  l imes tones  (2203 and .Greer )  
and dolomite  (Tymochtee). The a t t r i t i o n  r a t e  a t  870°C f o r  a l l  t h r e e  s t o n e s  
was n o t  s i g n i f i c a n t l y  changed by preca lc i r la t ion .  Tests made under s imulta-  
neous c a l c i n a t i o n - s u l f a t i o n  cond i t i ons  a t  870°C ind ica t ed  t h a t  t h e  r a t e  of 
a t t r i t i 0 n . w a . s  e i t h e r  unchanged o r  decreased from t h e  r a t e  measured under 
c a l c i n a t i o n  cond i t i ons .  

Carbon Burnup C e l l  S tud ie s .  .A p rocess  development u n i t  (PDU) h a s  been 
opera ted .be tween 850 and 1100°C wi th  v a r i o u s  l imes tone  bed m a t e r i a l s .  The 
r e s u l t s  sugges t  t h a t  SO2 r e t e n t i o n  i s  a  s t r o n g  i n v e r s e  func t ion  of tempera- 
t u r e .  A t  llOO°C, e s s e n t i a l l y  no SO2 was r e t a i n e d  by v i r g i n  o r  by previous ly  
s u l f a t e d  l imes tones  o r  do lomi tes .  

Enhancement of Limestone S u l f a t i o n .  Enhancement of t h e  SO2 c a p a c i t y  -- .- 
of l imes tones  by the  use  of a d d i t i v e s  ( smal l  amounts of va r ious  a l k a l i  meta l  
n r  a l k a l i n e  e a r t h  s a l t s )  i s  being s t u d i e d .  Such enhancement could r e s u l t  i n  
a s i g n i f i c a n t  dec rease  i n  t he  amount of l imes tone  needed f o r  t h e  c o n t r o l  of 
SO2 emissions from FBC systems. Calcium c h l o r i d e  i s  b e i n g  eva lua ted  as a n  
a d d i t i v e .  Tes t s  on f i f t e e n  d i f f e r e n t  l imes tones  i n d i c a t e  t h a t  a  lower con- 
c e n t r a t i o n  of CaC12 than  of NaCl i s  needed t o  achieve  optimum SO2 r e a c t i v i t y  
enhancement. It was found t h a t  sma l l  a d d i t i o n s  of CaC12 a f f e c t  t h e  SO2 re-  
a c t i v i t y  of l imes tone  by t h e  same mechanism a s  f o r  NaCl ( s tud ied  e a r l i e r ) ,  
i.e., by inc reas ing  t h e  average pore diameter  of t he  s tone  p a r t i c l e s .  



Pore d iameters  f o r  maximum conversion of CaO t o  CaS04 range from 0.2 t o  0 .4  pm. 

The e f f e c t  of MgC12 on t h e  SO2 r e a c t i v i t y  of f o u r  r e p r e s e n t a t i v e  s t o n e s  
was s t u d i e d ;  MgC12 behaved nea r ly  t h e  same a s  CaC12. 

Pore volume-pore d iameter  p r o f i l e s  have-been  compared f o r  f o u r  d i f f e r e n t  
s t o n e s ,  us ing  NaC1, CaC12, and MgC12 each a t  t h e  0.5 mol % l e v e l .  The l a r g e s t  
i n c r e a s e s  i n  average pore diameter  from adding t h e s e  s a l t s  were produced i n  
t h e  p u r e s t  s t o n e s  and t h e  s m a l l e s t  i n c r e a s e s  i n  t h e  s t o n e s  having t h e  h i g h e s t  

impur i ty  l e v e l s .  Other d a t a  g i v e  t h e  SO2 r e a c t i v i t y  f o r  f o u r  d i f f e r e n t  s t ones  
and, i n  t u r n ,  each of t h e  a d d i t i v e s ,  NaC1, NaOH, Na2C03, Na2S04, Na2Si03, 
Na2Si03'9H20, CaC12, MgC12, Ca(OH)2, CaS04, and H3B03 a t  a  concen t r a t i on  of  
1 mol %. 

Task B.  Turbine Corrodent S tud ie s  

Included i n  t h i s  t a s k  i s  work on t h e  emission of a l k a l i  me ta l  compounds 
from combustion systems and on methods f o r  t h e  removal from h o t  f l u e  gases  of 
a l k a l i  compounds ( r a t h e r  than  a l l  p a r t i c u l a t e s  r epo r t ed  i n  Task D). Resu l t s  
a r e  r epo r t ed  on s t u d i e s  of t he  u s e  of  g r anu la r  so rben t s  f o r  t h e  removal from 
a  h o t  gas  s t ream of gaseous a l k a l i  meta l  c h l o r i d e s  and the  pre l iminary  r e s u l t s  
of an e v a l u a t i o n  of l a s e r  spec t roscopy  systems (Appendix C) p o t e n t i a l l y  use- 
f u l  Lor i n  8 i tu  gaseous s p e c i e s  measurement on h o t  f l u e  gases .  

Removal of A l k a l i  Metal Compounds from Hot F lue  Gas of Coal Combustion. 

So l id  s o r b e n t s  a r e  under s tudy  f o r  t h e  removal of gaseous a l k a l i  me ta l  com- 
pounds from h o t  f l u e  gases .  A l abo ra to ry - sca l e  h o r i z o n t a l  combustor ves se l  
is used.  Res is tance  hea t ing  i s  used t o  h e a t  t h e  f i x e d  bed of so rben t  and 
induc t ion  hea t ing  t o  vapor i ze  t h e  a l k a l i  meta l  compound. Diatomaceous e a r t h  
and a c t i v a t e d  b a u x i t e  were e a r l i e r  found t o  be  e f f e c t i v e  m a t e r i a l s  f o r  t h e  
removal of gaseous NaCl and K C 1  from s imula ted  combustion gas  mix tures .  The 
e f f e c t s  of temperature  ( i n  t h e  range  800-880°C) and t h e  d u r a t i o n  of t e s t s  
( 1  t o  6 h)  have been s t u d i e d  f o r  t h e s e  two s o r b e n t s .  The capac i ty  of t h e  
diatomaceous e a r t h  was g r e a t e r  than  t h a t  of t h e  a c t i v a t e d  b a u x i t e  on a  weight  
b a s i s  b u t  was less than t h a t  of a c t i v a t e d  b a u x i t e  on a  volume b a s i s .  It was 
found t h e  s o r p t i o n  c a p a c i t y  of b o t h  s o r b e n t s  i n c r e a s e s  n o n l i n e a r l y  w i t h  exper- 
i u e n t a l  tirue. T h i s  sugges t s  t h a t  under t h e  experimental  c o n d i t i o n s ,  t h e  
r e a c t i o n  r a t e  between NaCl and diatomaceous e a r t h  and t h e  adso rp t ion  of NaCl 
on a c t i v a t e d  b a u x i t e  a r e  n o t  c o n t r o l l e d  by t h e  mass t r a n s f e r  o f  NaCl vapor 
from t h e  bu lk  of f l u e  gas  t o  t he  e x t e r n a l  s u r f a c e  of t h e  so rben t .  

Development and Appl ica t ion  of a  Laser  Spectroscopy System f o r  FBC Gas 
Spec ies  Measurement (Reported i n  Appendix C). The use  of a  l a s e r  spec t ro-  
scopy system f o r  t h e  q u a n t i t a t i v e  measurement of  gaseous a l k a l i  me ta l  s p e c i e s  
i n  h o t  f l u e  gases  is under.  i n v e s t i g a t i o n .  A pre l iminary  e v a l u a t i o n  has  been 
made of most p o s s i b l e  methods, and t h r e e  have been chosen f o r  more d e t a i l e d  
s tudy:  (1)  resonant  abso rp t ion  n e a r  9 pm, , (2) i n t e n s e  l o c a l  h e a t i n g  t o  y i e l d  
ion ized  sodium, and (3)  p h o t o l y t i c  d i s s o c i a t i o n  of sodium c h l o r i d e .  



Task D.  P a r t i c u l a t e  Cont ro l  S tud ie s  

An experimental  program is cont inuing  a t  ANL t o  t e s t  and eva lua t e  promis- 
i n g  f l u e  gas c leaning  methods i n  t h e  f l u e  gas  system of t h e  15.2-cm-dia-PFBC. 
Techniques being i n v e s t i g a t e d  a r e  a c o u s t i c  d u s t  cond i t i on ing ,  h igh  e f f i c i e n c y  
cont ro l led-vor tex  cyc lones ,  and granular-bed. f i l t e r s .  * 

Acoust ic  Dust Condit ioning.  Work i s  c u r r e n t l y  be ing  c a r r i e d  out  a t  t h e  
Un ive r s i t y  of Toronto under a  subcon t r ac t  t o  develop and f a b r i c a t e  a  pu l se - j e t  
sound gene ra to r ,  a  resonant  manifold,  and a c o u s t i c  t rea tment  s e c t i o n s  f o r  sub- 
sequent  i n s t a l l a t i o n  and t e s t i n g  i n  t h e  f l u e  gas  system of t h e  ANL combustor. 

Pro to type  p u l s e - j e t s  a r e  c u r r e n t l y  be ing  f a b r i c a t e d  and t e s t e d  a t  ambient 
cond i t i ons  t o  f i n a l i z e  t h e  des ign  of t h e  p u l s e - j e t  f o r  ope ra t ion  a t  e l eva t ed  
p r e s s u r e .  Typica l  q u a l i t a t i v e  c a p a b i l i t i e s  a r e  a  sound i n t e n s i t y  of 135 dB 
a t  200 t o  450 H z .  

F a b r i c a t i o n  of t h e  resonant  manifold has a l s o  been completed. I n i t i a l  
t e s t i n g  a t  ambient p re s su re  i s  scheduled t o  begin s h o r t l y .  

The in s t rumen ta t ion  arrangements f o r  p re s su re  and flow c o n t r o l  between 
t h e  p u l s e  je t - resonant  manifold system and t h e  p re s su r i zed  FBC have been 
developed. 

TAN-JET Cyclone. A Donaldson Company h igh-ef f ic iency  cont ro l led-vor tex  
cyclone has been rece ived  f o r  i n s t a l l a t i o n  and t e s t i n g  i n  t h e  ANL FBC system. 

Granular-Bed ~ i l t e r  . Current ly ,  a  conceptual  des ign  of a  granular-bed 
f i l t e r  f o r  a  200-MWe demonstrat ion FBC f a c i l i t y  i s  being made, based on 
exper imenta l  r e s u l t s  p rev ious ly  r epo r t ed .  Presented a r e  mass balances around 
t h e  combustor and g ranu la r  bed t o  a s s e s s  t h e  pe rmis s ib l e  working range of 
parameters  f o r  t h e  g ranu la r  bed, such a s  bed depth and gas v e l o c i t y  through 
t h c  bcd . 

* 
The use  of granular-bed f i l t e r s  t o  remove a l k a l i  meta l  compounds is be ing  
i n v e s t i g a t e d  i n  Task B .  



TASK A. GASEOUS POLLUTANT EMISSION CONTROL I N  FBC 

1. R e a c t i v i t y  of Limestones w i t h  S u l f u r  Dioxide 
(R. B .  Snyder and W .  I r a  Wilson) 

Sixty-one l imestones* have been t e s t e d  on t h e  TGA f o r  r e a c t i v i t y  w i t h  SO2 
a t  900°C us ing  a  gas  mix ture  conta in ing  0.3% SO2 There i s  a  l a r g e  v a r i a b i l i t y  
i n  t h e  SO2 r e a c t i v i t y  of l imes tones  and i n  t h e  e x t e n t  of conversion of  t h e  
calcium carbonate  t o  calcium s u l f a t e .  For t h e  high-calcium (>go% CaC03) lime- 
s t o n e s  t e s t e d ,  t h e  conversion of  CaC03 t o  CaS04 ranged from 19 t o  66%; f o r  t h e  
dolomites  (40-60% CaC03), t h e  range was 21 t o  100%. 

Using t h e  l imes tone  SO2 r e a c t i v i t y  curves .  (no t  shown), e s t i m a t e s  were 
made of t h e  q u a n t i t y  of l imes tone  necessary p e r  u n i t  weight  of c o a l  t o  m e e t  
Federa l  SO2 emission s t anda rds  (Table 1 ) .  Es t imates  were made f o r  a  f l u i d i z e d -  
bed c o a l  combustor opera ted  w i t h  a  0.9-m bed dep th ,  s u p e r f i c i a l  gas  v e l o c i t i e s  
of  2.4 m / s  (8  f t / s )  and 3.6 m / s  (12 f t / s ) ;  t h e  c o a l  was assumed t o  c o n t a i n  
4.3% S wi th  a  hea t ing  va lue  of 28,300 kJ/kg (12,200 B t u / l b ) .  Es t imates  have 
been made f o r  bo th  t h e  c u r r e n t  SO2 emission s t anda rd  (1.2 l b  so2/106 Btu, 
which f o r  t h e  c o a l  cons idered  r e q u i r e s  83% s u l f u r  r e t e n t i o n ) ,  and t h e  new 
pending s tandard  t h a t  r e q u i r e s  90% SO2 r e t e n t i o n .  I n  Table  1, t h e  kg of l i m e -  
s t one lkg  of c o a l  r equ i r ed  f o r  t h e  r e a c t o r  ope ra t i ng  wi th  two d i f f e r e n t  gas  
v e l o c i t i e s  and f o r  t he  two SO2 emission s t anda rds  a r e  g iven  f o r  48 of  t h e  62 
s t o n e s  t e s t e d .  

For a  r e a c t o r  opera ted  a t  2.4 m / s  ( 8  f t / s ) ,  54% of t h e  s t o n e s  t e s t e d  
r equ i r ed  l e s s  than 0.5 kglkg of c o a l  t o .mee t  t h e  c u r r e n t  s tandard  and l e s s  
than  1 .0  lcg/kg of c o a l  t o  r e t a i n  90% of t h e  s u l f u r .  This  included 38% of t h e  
dolomites  (calcium carbonate  percentage ,  48 t o  60%) and 652 of t h e  l imes tones  
(pe rcen t  calcium carbonate  g r e a t e r  than 90%).  For o p e r a t i o n  of a  r e a c t o r  a t  
3.6 m / s  gas  v e l o c i t y ,  1 3  of t h e  48 s t o n e s  t e s t e d  and analyzed (27%, i.e., 27% 
of t h e  dolomites  and 25% of t h e  l imes tones)  r equ i r ed  less than 1 kglkg of 
c o a l  t o  remove 90% of t h e  s u l f u r .  Eighty pe rcen t  of  a l l  t h e  s t o n e s  could 
r e t a i n  90% of t h e  s u l f u r  w i t h  r e a c t o r  ope ra t i ng  a t  3.6 m / s  (12 f t / s ) .  With a  
r e a c t o r  ope ra t i ng  a t  2.4 m / s  (8  f t / s ) ,  98% of t h e  s t o n e s  could remove 90% of 
t h e  s u l f u r .  

These r e s u l t s .  sugges t  t h a t  a  l a r g e  f r a c t i o n  of  t h e  ca lcareous  s t o n e s  
have a  h igh  r e a c t i v i t y  w i t h  SO2. S ince  l imes tones  and dolomites  a r e  extremely 
p l e n t i f u l  throughout t h e  United S t a t e s ,  t h e s e  r e s u l t s  sugges t  t h a t  i t  would 
be  h igh ly  l i k e l y  t h a t  a  s t o n e  having a  h igh  r e a c t i v i t y  wi th  SO2 could be  
found near  a  chosen combustor s i t e ,  minimizing l imes tone  requirements  and 
l imes tone  d i s p o s a l  c o s t .  Highly r e a c t i v e  s t o n e s  (54% of  t h e  s t o n e s  t e s t e d )  
would r e q u i r e  between 0.25 and 0.5 kg of s tone lkg  of  c o a l  t o  meet t h e  c u r r e n t  
SO2 emission s tandard  (with t h e  combus tor .opera t ing  a t  2 .4  m/s ) .  For 90% 
s u l f u r  removal, 0.3-1.0 kg of t h e s e  s t o n e s  would be  r equ i r ed  per  ki logram of 
c o a l .  

It can b e  s een  from Table  1 t h a t  i n c r e a s i n g  t h e  s u l f u r  r e t e n t i o n  r equ i r e -  
ment from 83% t o  90% i n c r e a s e s  t h e  l imes tone  q u a n t i t y ,  on t h e  average ,  by ~ 9 0 %  

* 
The sou rces  and compositions of t h e  l imes tones  used i n  t h e s e  s t u d i e s  a r e  
g iven  i n  Appendices A and B.  



Table 1. Limestore Require& to Meet Indicated EPA Standards, kg Stonelkg Coal 

Reactor !-a Reactor lib Total Ca Quality 
Limestone 0.6 lb s/lob Btu 907: S Removal 0.6 lb ~ 1 1 0 ~  B ~ L  90% S Removal Utiliz., % of stoned 

ANL-4801 
ANL-4901 
ANL-4902 
ANL- 49 03 
ANL-5001 
Tymochtee 
(ANL-5 101) 

ANL-5102 
ANL-5201 
ANL-5202 
ANL-5203 
ANL- 5 204 
ANL-5205 
ANL-5206 
ANL-5207 
1337 
(ANL-5301) 

ANL-5302 
ANL-5303 
ANL-5304 
'ANL-5401 
ANL-5402 
ANL-5403 
ANL-5501 
Dolowhite 
(MIL-5601) 

ANL-5602 
ANL-5603 
1351 
(ANL-6101) 

-- 
0.47 . 
-- 

Impossible 

-- 
0.40 -- 

Impossible 

0.95 
2.6 
2.2 
2.1 
3.9 
3.9 -- 
0.70 

Impossible 

0.89 
Impossible 

3.3 
-- 
-- 
0.75 
- - 

Impossible 

(contd) 



Table 1, (contd) 

b TGA' 
Reactor Reactor B Total Ca Quality 

Li~estone 0.6 lb s/lob Btu 90% S Removal 0.6 lb ~ 1 1 0 ~  Btu 90% S Removal Utiliz., % of stoned 

ANL- 6 30 1 
ANL-6401 
ANL-6501 
ANL- 6 7 01 
ANL-6702 
ANL-7401 
Greer 
(ANL-8001) 

1360 
(ANL-8101) 

ANL-8301 
Chaney 
(ANL-8701) 

1343 
(An-8901) 

ANL-8902 
ANL-8903 
1336 
(AXL-9201) 
ANL-9401 
ANL-9402 
C-ro-~e 
(AXL-9501) 

ANL-9502 
ANL-9 503 
ANL-9504 
ANL-9505 
2203 
(ANL-9601) 

ANL-9602 

1.2 
- - 

Impossible 
0.95 
- - 
2.5 

2.2 

0.88 
2.9 

0.66 

-- 
Impossible 

1.2 

-- 
0.89 

Impossible 

1.3 
Impossible 

1.8 
1.1 
1.8 

Impossible 
2.1 

(contd) 



"ble 1. (con td)  
- -- 

a b TGA' 
Reac to r  A Reac tor  B T o t a l  Ca Q u a l i t y  

Limestone 0 . 6  l b  silob Btu 90% S Renoval 0 . 6  l b  s/lob B t m  90% S R e n ~ v a l  U t i l i z . ,  % of S tone  d 

ANL-9603 0 .55 
Gerrnany V a l l e y  

(ANL-9701) 0.96 
ANL-9 702 0.52 
ANL-9703 0.27 
ANL-9704 - 
ANL-9 705 0 .41  
ANL-9706 0.34 
ANL-9801 0.52 
ANL-9 802 0.32 
ANL-9803 - 
Am-9901 0.39 
ANL- 99 0 2 0 .31  
ANL-9903 0 -31 
Range 0.37-2.4 
Calcium-SO2 

Rate  C o n s t a n t ,  k 31.5 

Imposs ib le  
1 . 4  
0 .42 
- - 

1 . 8  
0.92 
1 . 4  
0 .91 
- - 

0.72 
I m p o s s i t l e  

1 .9  
0.42-m 

a 
R e a c t o r  A o p e r a t e s  w i t h  a 0.9-m bed dep th  a t  2.4 m / s .  

b ~ e a c t o r  B o p e r a t e s  w i t h  a 0.9-rn bed dep th  a t  3 .6  m / s .  
C 

T h i s  column l i s ts  tl-.e percen tages  of Ca i n  the l i m e s t o n e  (-50 +70 mesh) t h a t  c o n v e r t s  t o  CaS04 when t h e  
s t o n e  i s  f i r s t  p r e c e l c i n e d  i n  20% C02 a t  900°C, t h e n  r e a c t e d  a t .  900°C w i t h  z 0.3% SO2-5% 02-balance N2 
g a s  m i x t u r s  f o r  3 h .  

d 
One star i s  a n  a r b i t r a r y  d e s i g n a t i o n  of a good l i m e s t o n e  t h a t  r e q u i r e s  l e s s  t h a n  0 . 5  and 1 . 0  kg 
l i m e s t o n e l k g  of c o a l  when t h e  EPA e n i s s i o n  s t a n d a r d s  of 0.6 l b  s / 1 0 6  Btu i n p u t  and 90% s u l f u r  removal,  
r e s p e c t i v e l y ,  must be  m e t  i n  Reac to r  A.  Two s t a r s  i s  f o r  a s t o n e  t h a t  n o t  o n l y  meets  t h e  above 
requ i rements  b u t  a l s o  r e q u i r e s  l e s s  t h a n  1 kg/kg c o a l  when Reac to r  B (12 f t i s )  i s  used and 90% s u l f u r  
removal is  r e q u i r e d .  



and %150% f o r  a  r e a c t o r  ope ra t i ng  a t  2.4 m / s  ( 8  f t / s )  and 3.'6 m / s  (12 f t / s ) ,  
r e s p e c t i v e l y .  The h igher  SO2 r e t e n t i o n  (90%) r e q u i r e s  a  much l a r g e r  calcium- 
SO2 r e a c t i v i t y .  From t h e  f luid-bed d e s u l f u r i z a t i o n  equa t ion  developed by 
Westinghouse,'  t h e  r a t e  cons t an t  k f o r  t h e  calcium-SO2 r e a c t i o n  can be  calcu-  
l a t e d  f o r  t h e  four  sets of cond i t i ons  s t u d i e d .  These r e a c t i o n  r a t e  va lues  
(31.5,  53.5,  47, and 80) a r e  given a t  t h e  bottom of Table  1, where t h e  r a t e  
cons t an t  has  t h e  un i t , - ' .  Not ice  t h a t  t o  i n c r e a s e  t h e  SO2 r e t e n t i o n  from 
83% t o  90%, t h e  r e a c t i v i t y  o r  r a t e  cons t an t  must be  increased  by %70%. 

It should be  noted t h a t  t o r a l  calcium u t i l i z a t i o n  determined w i t h  t h e  TGA 
(Table  1 )  is no t  a  good i n d i c a t o r  of l imes tone  performance i n  t h e  combustor. 
For example, t h e  convers ions  of CaC03 t o  CaS04 of ANL-5102, ANL-5201, and 
ANL-5203 a r e  a l l  above 90%; n e v e r t h e l e s s ,  t h e i r  l imes tone  requirements  a r e  
p ro j ec t ed  t o  be  s l i g h t l y  h ighe r  than f o r  t h e  m a j o r i t y  of  t h e  s t o n e s .  A s  
another  example, i f  ANL-8001 (Greer) i s  compared w i t h  ANL-7401, ANL-7401 has  
a  h ighe r  calcium conversion on t h e  TGA, y e t  r e q u i r e s  a  g r e a t e r  amount of 
s t one lkg  of c o a l  than  does ANL-8001. A t h i r d  example t h a t  i l l u s t r a t e s  t h e  
l a c k  of c o r r e l a t i o n  between calcium carbonate  s u l f a t i o n  on a  TGA and p ro j ec t ed  
l imes tone  requirements  is a  comparison of ANL-9901 and ANL-9902. For ANL-9902, 
56.7% of t h e  CaC03 i s  converted t o  CaS04, compared w i t h  39.6% f o r  ANL-9901. 
However, when 90% SO2 r e t e n t i o n  is r equ i r ed ,  ANL-9901 r e q u i r e s  l e s s  l imes tone  
than ANL-9902 does.  F igure  1 shows t h e  r e a c t i v i t y  curves  f o r  t h e  two s tones .  
The s u l f a t i o n  of ANL-9901 is  much f a s t e r  than  t h e  s u l f a t i o n  of ANL-9902. 
S ince  t h e  maximum SO2 r e s idence  t i m e  i n  a  f l u i d  bed of 0.9-m bed depth  w i t h  
3.6 m / s  gas  v e l o c i t y  i s  approximately 0.25 s ,  a n  important  f a c t o r  i n  ob ta in-  
i n g  h igh  SO2 r e t e n t i o n  is a  h igh  calcium-SO2 r e a c t i v i t y .  Thus, a  d e s i r a b l e  
s t o n e  would have h igh  r eac t iv iLy  a long  w i t h  a  l a r g e  t o t a l  conversion of 
calcium t o  calcium s u l f a t e .  Thus, ANL-9901 i s  a  s u p e r i o r  s t o n e  t o  ANL-9902. 

F ig .  1. 

R e a c t i v i t y  Curves f o r  
ANL-9901 and ANL-9902 
Stones . 

0 
0 2 0  4 0  6 0  8 0  100 120 

TIME, min 

The p r o j e c t i o n s  of l imes tone  requirements  given i n  Table  1 are s e n s l c i v e  
t o  t h e  r a t e  of t h e  calcium-SO2 reac t ion- - in  o t h e r  words, t h e  s l o p e s  of t h e  
curves  g iven  i n  F ig .  1. Thus, sma l l  changes i n  r a t e s  of calcium conversion 
t o  CaS04 can produce l a r g e  changes i n  p ro j ec t ed  l imes tone  requirements .  The 
r e s u l t s  g iven  i n  Table 1 a r e  more r e l i a b l e  f o r  comparisons of l imes tones  than 
a s  a b s o l u t e  v a l u e s .  F i n a l l y ,  t h e  purpose of g iv ing  t h e  r e s u l t s  i n  Table  1 t o  
two s i g n i f i c a n t .  f i g u r e s  i s  comparison of l imes tones  w i t h  each o t h e r ,  n o t  t o  
sugges t  t h a t  t he  p ro j ec t ed  l imes tone  requirements  a r e  a c c u r a t e  t o  two s i g n i f i -  
c a n t  f i g u r e s .  The accuracy of t h e  p ro j ec t ed  l imes tone  requirements  is  no t  
known, and they should be  used w i t h  cau t ion .  



2. Pe t rographic  Examination of Limestones 
(R. B. Snyder, H. L. Fuchs,* and W .  I r a  Wilson) 

The preceding s e c t i o n  of t h i s  r e p o r t  i n d i c a t e s  t h a t  t h e r e  i s  a  l a r g e  
v a r i a t i o n  i n  calcium u t i l z a t i o n  f o r  v a r i o u s  l i .mestones which have e s s e n t i a l l y  
t h e  same chemical composition. It i s  be l i eved  t h a t  t h e s e  d i f f e r e n c e s  i n  SO2 
capac i ty  of s t o n e s  of  s i m i l a r  composition i s  due t o  v a r i a t i o n s  i n  s t o n e  
p h y s i c a l  p r o p e r t i e s ,  such a s  p o r o s i t y ,  g ra in  s i z e ,  and g r a i n  d e f e c t s .  To 
i n v e s t i g a t e  t h i s ,  f i v e  ' s tones  were s e l e c t e d  f o r  i n i t i a l  s tudy  ( s e e  Table 2) .  
Two l imes tones  were of s i m i l a r  c o m p o s i t ~ o n  b u t  had widely d i f f e r e n t  SO2 ..reac- 
t i v i t y .  Two were dolomites  having d i f f e r e n t  SO2 r e a c t i v i t i e s .  The f i f t h  one 
was chosen s i n c e  i t  i s  a  llpopper"--that i s ,  t h i s  s tone  explodes upon ca lc ina-  
t i o n .  It i s  important  t o  understand t h e  l a t t e r  proper ty  i f  t h e  tendency of 
l imes tones  t o  break  up i n  ' f l u i d i z e d  beds i s  t o  b e  understood. 

Pe t rog raph ic  examinat ions of t h e  f i v e  cal .cn.r~m~s rocks w e r e  perfurmcd by 
h'uchs .* H i s  d i s c ~ i s s i o n  of t h e  r e s u l t s  fo l lows .  

Pol i shed  s e c t i o n s  were made of p a r t i c u l a t e  samples from enrh of  t h e  f i v e  
rocks  fo l lowing  vacuum-impregnation w i t h  epoxy r e s i n .  These s e c t i o n s  were 
examined i n  r e f l e c t e d  po la r i zed  l i g h t .  To f i n d  any i n c l u s i o n s  which might: 
a£ f e c t  t h e  "popping" tendency during r a p i d  temperature excurs ions ,  crushed 
p a r t i c l e s  were examined i n  t r ansmi t t ed  l i g h t .  Avcrage g r a i n  s i z e s  were e s t i -  
mated, and these  may b e  i n  e r r o r  by a  f a c t o r  of two. More r e l i a b l e  g r a i n  s i z e  
measurements could b e  made by p o i n t  count ing s e v e r a l  hundred g r a i n s  i n  t h i n  
s e c t i o n s  of  each sample, b u t  t h a t  method i s  more time-consuming than is t h e  
method chosen. 

Table 2 .  Limestones Chosen f o r  Study of 
Se lec ted  Phys i ca l  P r o p e r t i e s  

Conversion of Ca t o  
CaC0 3  %CU3 CaS04 a t  9 0 0 ' ~  

Limes tone Cuntent ,  7; Content,  "/, i n  3 h ,  % Remarks 

ANL-9 802 9 8 

Germany Valley 9 7 

ANL=5001 50 -- This  s t o n e  explodes 
upon c a l c i n a t i o n .  

* 
Chemistry Div is ion ,  Argonne National  Laboratory.  



a.  ANL-5402 Dolomite 

The ANL-5402 dolomi te  sample, more than  any o t h e r s ,  is  heterogeneous 
i n  composition t o  t h e  e x t e n t  t h a t  t h e  chemical a n a l y s i s  i s  n o t  r e p r e s e n t a t i v e  
of  any i n d i v i d u a l  p a r t i c l e  of t h e  approximately 30 p a r t i c l e s  examined. White 
p a r t i c l e s  p re sen t  a r e  f ine-gra ined  c a l c i t e  ( m i c r i t i c )  w i t h  smal l  amounts of 
dolomite  b a r e l y  d e t e c t a b l e  i n  t h e  X-ray p a t t e r n .  These make up about  15-20% 
of t h e  sample. I n  c o n t r a s t ,  most of t h e  p a r t i c l e s  a r e  grey  porous dolomite  
con ta in ing  smal l  amounts of c a l c i t e .  The average g r a i n  s i z e  of t h e  do lomi te  
i s  about 15  pm, b u t  some p a r t i c l e s  a r e  a s  l a r g e  a s  300 pm. Undoubtedly, t he  
h igh  po ros i t y  and h igh  pe rmeab i l i t y  of t h i s  sample c o n t r i b u t e  t o  i t s  h igh  
r e a c t i v i t y .  The 10% Si02  conten t  i nd i ca t ed  by t h e  wet chemical a n a l y s i s  of 
t h e  sample i s  no t  thought  t o  be  r e p r e s e n t a t i v e .  Other examination i n d i c a t e d  
t h a t  t h e  S i02  con ten t  i s  more l i k e l y  t o  b e  2-3%. 

b.  ANL-5501 Dolomite 

This  do lomi te  i s  analogous t o  marble ,  i.e., i t  has  been metamorpho- 
sed t o  a  very  coa r se  c r y s t a l l i n e  product .  Grain s i z e s  range from 0.2 t o  1 .0  
mm, and t h e  average g r a i n  s i z e  i s  between 0.5 t o  0.7 mm. I nc lu s ions  of 
o l i v i n e ,  Mg2Si04, a r e  common and were probably formed by a  r e a c t i o n  between 
t h e  dolomite  and country rock.  D e t r i t a l  o l i v i n e s  der ived  from b a s i c  igneous 
rocks  con ta in  a .high concen t r a t i on  of f a y a l i t e  (Fe2Si04) component. Moreover, 
t h i s  dolomite  con ta in s  some b l u e  v e s i c u l a r  g l a s s  a s  v e i n s ,  i n d i c a t i n g  a  prox- 
imi ty  t o  vo l can i c  e r u p t i o n s  sometime i n  i t s  h i s t o r y .  The low r e a c t i v i t y  of 
t h i s  s t o n e  probably r c s u l t s  from its e x c e p t i o n a l l y  l a r g e  g r a i n  s i z e  produced 
by metamorphism. 

c .  ANL-9802 Limestone 

It i s  d i f f i c u l t  t o  e s t i m a t e  t h e  average g r a i n  s i z e  from t h e  po l i sh-  
ed s e c t i o n  of  t h i s  l imes tone  because t h e  f i n e r  g r a i n s  tend t o  pluck o u t  du r ing  
po l i sh ing .  Crushed p a r t i c l e s  viewed i n  t r ansmi t t ed  l i g h t  show t h a t  t h e  
average  g r a i n  s i z e  i s  from 3  t o  6 pm. Normally, t h e  vacuum-impregnation t r e a t -  
ment promotes g r e a t e r  r e t e n t i o n  of g r a i n s  u n l e s s  t h e  pe rmeab i l i t y  of  t hose  
g r a i n s  i s  low. The h igh  r e a c t i v i t y  of t h i s  l imes tone  i s  probably l i nked  wi th  
h igh  p o r o s i t y  b u t  l i m i t e d  somewhat by i ts  appa ren t ly  low permeabi l i ty .  Thc 
l a t t e r  e f f e c t ,  however, may be  n e g l i g i b l e  a f t e r  c a l c z n a t i o n .  

d .  ANL-9701 (Germany Val ley)  Limestone 

This  l imes tone  is  f ine-gra ined  and dense f o r  t h e  most p a r t  bu t  con- 
t a i n s  some coa r se r  vein-deposi ted c a l c i t e .  Grain s i z e s  a r e  predominantly i n  
t h e  5  pm range.  I t  is  apparent  t h a t  t h e  f ine-gra ined  tex t l i re  of t h i o  l ime  
stolte Is nor: conducive t o  h igh  SO2 r e a c t i v i t y .  The dense ly  packed c r y s t a l -  
l i t e s  have low p o r o s i t y  and low permeabi l i ty , .  I m p u r i t i e s  inc . l~ide smal l  
amounts u1 Fe203, q u a r t z ,  and an  undefined opaque phase which may be  a  
s u l f i d e  o t h e r  than FeS o r  FeS2. 

e .  ANL-5001 Dolvmite 

This  dolomite  was s t u d i e d  a s  be ing  a  "popper". It i s  a  coarse-  
g ra ined  equ ig ranu la r  rock d i s p l a y i n g  a  c e c r y s t a l l i z a t i o n  t e x t u r e  t h a t  i s  
t y p i c a l  of most,  i f  no t  a l l ,  coa r se  d o l o l ~ ~ i k e s .  Grain s i z e s  range from 30 pm 
t o  400 pm; t h e  average s i z e  i s  a140 pm. The predominant i m p u r i t i e s  a r e  c h e r t  



and q u a r t z ,  and t r a c e  amounts of p y r i t e  a r e  p re sen t .  S i l i c a  p a r t i c l e s  are .  
o f t e n  a s  l a r g e  a s  t h e  dolomi te  p a r t i c l e s ,  and a sampling problem h e r e  cou'ld 
a f f e c t  t h e  measured Si02 con ten t .  So lu t ion  e f f e c t s  have opened some g r a i n  
boundar ies  which a r e  f i l l e d  w i t h  noncalcareous cement. This  f e a t u r e  could 
i n f l u e n c e  t h e  i n t e g r i t y  of some p a r t i c l e s ,  i nc reas ing  i t  o r  decreas ing  i t ,  
depending upon t h e  n a t u r e  of t h e  cementing m a t e r i a l .  

The dolomi te  c r y s t a l s  a r e  clouded w i t h  micron t o  submicron inc lu-  
s i o n s  which appear opaque i n  t r ansmi t t ed  l i g h t .  The i n c l u s i o n s  may be l i q u i d ,  
gaseous ,  o r  perhaps s o l i d  o rgan ic s  and t h e i r  number might provide  a rough 
i n d i c a t o r  of "popping". ANL-5001 dolomite  is  ve ry  s i m i l a r  t o  ANL-5301 dolo- 
m i t e  (1337).  Both a r e  coarse-grained and have clouded c r y s t a l s ,  and i t  is  
u n c e r t a i n  why t h i s  s t o n e  is more of  a "popper" than  is 1337. The n a t u r e  of 
i n c l u s i o n s ,  a s  w e l l  a s  t h e i r  coaccn t r a t ionc  , may b e  s i g n i  f i r a n t .  

f . Conclusion 

There reamins some uncer ta in . ty  as t o  whether t h e  p e t r o g r a p h i . ~  prop- 
e r t i - e s  of t he  two f ine-grained limesebncs (ANL-9002 and AMTJ9701) aan accoiainf 
f o r  t h e i r  d f f e r e n c e s  i n  r e a c t i v i t i e s .  Po ros i ty  measurements may b e  b e t t e r  
i n d i c a t o r s  of r e a c t i v i t y .  It should b e  noted t h a t  a l though t h e r e  may be some 
c o r r e l a t i o n  between t h e  pe t rog raph ic  p r o p e r t i e s  of uncalcined ca lcareous  rocks  
and t h e i r  s u l f a t i o n  p r o p e r t i e s ,  t h e  n a t u r e  of t h e i r  ca l c ined  products  may be 
e q u a l l y  s i g n i f i c a n t .  

3.  E f f e c t  of Water on SO2 R e a c t i v i t y  
( R .  B .  Snyder and W.  . I r a  Wilson) 

The r e a c t i v i t y  of l imes tones  wi th  SO2 i n  t h e  presence of oxygen has been 
i n v e s t i g a t e d  us ing  a TGA. I n  t h e s e  experiments ,  a s y n t h e t i c  combustion gas 
con ta in ing  0.3% SO2, 5% 02,  and t h e  ba lance  N2 has  been r eac t ed  w i t h  t h e  
limestnnes . However, i n  a f luidized-bed combus t o r ,  t h e  combustion gas con ta ins  
agp ro~ ima t . e ly  7% H20. Therefore ,  t h r e e  l imes tones  were r eac t ed  wi th  a . m i x t u r c  
of 0 .3% SO2-5% 02 gas con ta in ing  va r ious  concermcraLlu~~s of I120. Au tail be 
s e e n  i n  Table 3 ,  t h e  presence  of H20 i n  t h e  r e a c t a n t  gas had e s s e n t i a l l y  no 
e f f e c t  on the  limestone-SO2 r e a c t i v i t y .  

4.  Limestone A t t r i t i o n  i n  a F lu id i zed  Bed 
(R. B .  Snyder and W.  I r a  Wilson) 

The a t t r i t i o n  r a t e  of two l imes tones  and one dolomite  have been s t u d i e d .  
The a t t r i t i o n  t e s t s . w e r e  performed i n  a 5.08-cm-ID q u a r t z  f l u i d i z e d  bed. A 
g l a s s  f r i t  was used a s  t h e  g r i d  p l a t e .  The tube  was hea t ed .by  a n  e x t e r n a l  
e l e c t r i c a l  furnace .  The a t t r i t i o n  t e s t s  were ba tch  t e s t s ,  w i th  rhe sLarLiag 
m a t e r i a l s  each screened  t o  -14 +30 mesh. The amount of a t t r i t i o n  a f t e r  8-h 
t e s t s  w a s  ca l cu la t ed  by two d i f f e r e n t  methods: (1) a s  t h e  percentage of t h e  
o r i g i n a l  m a t e r i a l  t h a t  was l o s t  overhead ( a l l  m a t e r i a l  l o s t  overhead was 
s m a l l e r  than 70 mesh) and ( 2 )  a s  t h e  percentage of t h e  o r i g i n a l  m a t e r i a l  
s m a l l e r  than  30 mesh. Four a t t r i t i o n  t e s t s  were performed on each m a t e r i a l :  
(1)  p reca l c ined  m a t e r i a l  a t  20°C i n  a i r ,  (2)  p reca l c ined  m a t e r i a l  a t  870°C i n  
a i r ,  (3) t he  o r i g i n a l  m a t e r i a l  a t  870°C i n  a i r ,  and (4 )  t h e  o r i g i n a l  m a t e r i a l  
a t  870°C i n  0.3% S02, t h e  ba l ance  a i r .  The d i f f e r e n c e  i n  r e s u l t s  f o r  (1)  and 
(2)  was due only  t o  t h e  d i f f e r e n c e  i n  ope ra t ing  temperatures .  The e f f e c t  of 
c a l c i n a t i o n  on a t t r i t i o n  r a t e  can  be found by comparing t h e  r e s u l t s  of (2) 



Table 3. Reac t iv i ty  of Various Limestones 
(-18 +20 mesh) a t  900°C Using 
0.3% SO2-5% 02-H20 and N2. 

H20 i n  Conversion of 
Syn the t i c  Combus t i o n  C a  t o  CaS04 i n  

Limes tone Gas, % 2 112 h ,  % 

- - 

a 
Germany Valley l imes tone .  

b ~ r o v e  l imestone.  
C 

Greer l imestone.  

and ( 3 ) .  F i n a l l y ,  t he  e f f e c t  of s u l f a t i o n  on s t o n e  a t t r i t i o n  r a t e  can be 
determined by comparing t h e  r e s u l t s  of t e s t s  (3)  and (4 ) .  The r e s u l t s  a r e  
given i n  Table 4 . for  Greer l imes tone ,  l imes tone  2203, and ~ ~ m o c h t e e  dolomite .  

Severa l  conclus ions  can be  drawn from these  r e s u l t s :  

(1) The h ighe r  temperature (870°C) had d i f f e r i n g  e f f e c t s  on the  a t t r i -  
t i o n  r a t e s  of t h e  l imes tones  (2203 and Greer) and dolomite .  Addi t iona l  
experiments w i t h  dolomites  a r e  needed t o  determine the  e f f e c t  of temperature 
on a t t r i t i o n .  

(2) Ca lc ina t ion  has  no e f f e c t  on a t t r i t i o n  r a t e .  The a t t r i t i o n  r a t e s  
of preca lc ined  and v i r g i n  m a t e r i a l  were i d e n t i c a l  f o r  each s tone .  This  con- 
c lu s ion  i s  n o t  v a l i d  f o r  those  l imes tones  o r  dolomites  t h a t  a r e  "poppers".* 

(3) S u l f a t i o n  of s t o n e s  gene ra l ly  decreases  t he  a t t r i t i o n  r a t e .  Reduc- 
t i o n s  i n  a t t r i t i o n  due t o  s u l f a t i o n  f o r  Tymochtee dolomite  and l imes tone  2203 
were 70% and 60%, r e s p e c t i v e l y .  Greer showed no a t t r i t i o n  l o s s  s i n c e  t h i s  

* " ~ o ~ p e r s "  a r e  s tones  which, a s  t h e  p a r t i c l e s  r u p t u r e  o r  break up upon 
c a l c i n a t i o n ,  make a  popping sound. Some s t o n e s  a c t u a l l y  explode i n t o  
v e r y  f i n e  . p a r t i c l e s .  Of the  65 s t o n e s  t e s t e d  t o  d a t e ,  approximately 
20% a r e  "poppers". 
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Table 4. Limestone Attrition Tests 
--  - -  

Wt % Loss After 8 h 

Limes tone Loss 14aterial Smaller 
Test (-14 +30 mesh) Conditions Overhead than 30 mesh 

1 Precalcined Greer 20°C, air 4 10 
2 Precalcined Greer 870°C, air 6 11 
3 Greer 870°C, air' 6 14 
4 Greer 870°C, 0.3% SO2, 

bal. air 11 15 

1 Precalcined Tymochtee 20°C, air 16 2 7 
2 Precalcined Tymochtee 870°C, a2r 9 21 
3 Tymochtee 870°C, air 10 2 3 
4 Tymochtee 870°C, 0.3% SO2, 

bal. air 3 10 

1 Precalcined 2203 20°C, air 4 1 55 
2 Precalcined 2203 870°C, air 9 2 96 
3 Limestone 2203 870°C; air 9 4 9 7 
4 Limestone 2203 870°C, 0.3% SO2, 

bal. air 3 8 49 

limestone in its natural form is very attrition-resistant.; the results for 
Greer for runs (3) and (4) are identical within experimental error. 

(4) The extent of sulfation or rate of sulfation is important. Even 
though Tymochtee dolomite is a softer stone than Greer (compare tests 1, 2, 
and 3 for Greer and Tymochtee), simultaneous calcination and sulfation of 
Tymochtee produced a stone that was more attrition-resistant than Greer. 
This is in agreement with previous results (ANL/CEN/FE-77-3) of attrition 
studies of Greer and .Tymochtee dolomite in the PDU pressurized combustor. 
Greer limestone and Tymochtee dolomite losses due to attrition and elutria- 
tion were 20% and 16%, respectively, for Greer limestone and Tymochtee 
dolomite. 

(5) Some limestones are less attrition-resistant than are dolomites. 
For example, limestone 2203 is a very soft high-calcium stone (96% CaC03). 

(6) Composition may be important. Large quantities of Al, Si, and Fe 
in stone may produce more attrition-resistant stones. This can only be 
determined by examining a large number of limestones and dolomites 
(ANL/CEN/FE-77-3) . 

(7) Other limestone physical properties s11c.h as grain size and grain 
defects are important. As shown previously (ANL/CEN/FE-77-3), limestones 
with similar compositions can have widely different attrition rates. 



5 .  Carbon Burnup C e l l  S t u d i e s  
(R.  B.  Snyder,  E. B. Smyk, R. L.  Beaudry, and J .  R. Falkenberg)  

The s u l f u r  r e t e n t i o n  a t  carbon burnup c e l l  (CBC) cond i t i ons  has .been  
e s t ima ted ,  us ing  p rev ious ly  r epo r t ed  TGA d a t a .  The r e s u l t s  sugges t  t h a t  60- 
80% SO2 r e t e n t i o n  may b e  p o s s i b l e .  To f u r t h e r  i n v e s t i g a t e  t h i s ,  s t u d i e s  were 
i n t i a t e d ,  us ing  a s  a  carbon burnup c e l l  a  PDU combustor having a  10.8-cm 
diameter  and a  46-cm bed h e i g h t .  

Typica l  CBC r e s u l t s  f o r  one ana lyze r  a r e  given i n  Table  5  and r e s u l t s  
f o r  two ana lyze r s  showing t h e  u n c e r t a i n t y  i n  SO2 r e t e n t i o n  a r e  g iven  i n  
F ig .  2. The CBC was opera ted  a t  t empera tures  between 850 and 1100°C w i t h  t h e  
bed f l u i d i z e d .  A t  850°C wi th  Greer l imes tone  and Sewickley c o a l  (4.3% S ) ,  
approximately 88% s u l f u r  r e t e n t i o n  was ob ta ined  (Ca/S.= 12)  i n  good agreement 
w i t h  a  TGA e s t i m a t e  of 93%. A t  1000 and 1050°C, SO2 r e t e n t i o n  decreased  t o  
70 and 55% (Fig .  2 ) ,  r e s p e c t i v e l y .  S u l f u r  r e t e n t i o n  dropped r a p i d l y  between 
1050 t o  1100°C. A t  llOO°C, SO2 r e t e n t i o n  ranged from 0  t o  6% (Fig.  2 ) .  This  
d i sagreed  w i t h  TGA r e s u l t s ,  which p ro j ec t ed  r e t e n t i o n  of 85% of t h e  SO2. 

When s u l f a t e d  Greer l imes tone  (8.2% S) was used a t  850°C (CaO/S = 1 1 . 4 ) ,  
84% of  t h e  SO2 was r e t a i n e d  (Fig.  2 ) .  However, above 1050°C, p a r t i a l  regen- 
e r a t i o n  of t h e  . su l f a t ed  Greer l imes tone  occur red .  A t  llOO°C, approximately 
20% of t h e  CaSO+ i n  t h e  s u l f a t e d  Greer was converted t o  CaO, producing 
approximately 4400 ppm SO2 i n  t h e  of f -gas .  

By use  of s u l f a t e d  Tymochtee do lomi te  (7% S) a t  850°C approximately 90% 
of t h e  SO2 was r e t a i n e d  (F ig .  2 ) .  Re ten t ion  of SO2 decreased t o  76, 35, and 
6% a t  1000, 1050, and llOO°C, r e s p e c t i v e l y .  The s u l f a t e d  Tymochtee performed 
b e t t e r  than s u l f a t e d  Greer and e s s e n t i a l l y  t h e  same a s  f r e s h  Greer l imes tone .  
This sugges t s  t h a t  r e l e a s e  o r  c a p t u r e  of SO2 a t  t h e  ope ra t i ng  temperature  of 
1100°C is  dependent upon t h e  type of CaS04-bearing m a t e r i a l  used.  

Normal CBC o p e r a t i o n  w i l l  u se  combustor overhead m a t e r i a l  ( " f l y  ash") .  
S ince  t h i s  m a t e r i a l  i s  somewhat d i f f e r e n t  from t h e  m a t e r i a l s  f ed  i n  runs  
16a-22, overhead m a t e r i a l  from t h e  15.2-cm-ID p re s su r i zed  combustor was test- 
ed. Due t o  t he  low h e a t i n g  va lue  of 3000 B t u / l b ,  f o r  t h i s  overhead m a t e r i a l  
and i t s  sma l l  p a r t i c l e  s i z e ,  i t  was n o t  p o s s i b l e  t o . s u s t a i n  t h e  d e s i r e d  temp- 
e r a t u r e s .  Char was added t o  i n c r e a s e  t h e  h e a t i n g  va lue  of t h e  f u e l .  
Never the less ,  i t  was s t i l l  imposs ib le  t o  c o n t r o l  t h e  r e a c t o r  a t  1100°C. The 
smal l  p a r t i c l e s  became en t r a ined  i n  t h e  f l u i d i z i n g  gas ;  w i t h i n  5  min, t hey  
plugged t h e  off-gas  f i l t e r s ,  caus ing  t h e  p r e s s u r e  t o  i n c r e a s e  and p reven t ing  
ope ra t i on  of t h e  combustor. 

6.  Enhancement of Limestone S u l f a t i o n  
(J .  A. Shearer  and C .  B .  Turner)  

The enhancement of s u l f a t i o n  of l imes tones  i n  an FBC environment by t h e  
a d d i t i o n  of i no rgan ic  s a l t s  can g r e a t l y  reduce t h e  q u a n t i t i e s  of s t o n e  neces- 
a ry  t o  meet EPA a i r  p o l l u t i o n  s t anda rds  f o r  s u l f u r  emi t ted  from f lu id ized-bed  
c o a l  combustors. I n  p a r t i c u l a r ,  r e s u l t s  r epo r t ed  e a r l i e r  (ANLICENIFE-78-3) 
on t h e  e f f e c t  of CaCI2 on a  few s e l e c t  s t o n e s  showed much g r e a t e r  s u l f a t i o n  
than f o r  NaCl wi th  t r a c e  amounts of s a l t  added (10.5 mol %). 



Table 5.  Process  Development Unit  Carbon Burz-~up C e l l  Tes t s  

Run Temp. , Bed 
No. " C Ma te r i a l  

S u p e r f i c i a l  
Gas 

Veloc i ty ,  
m/ s 

Calc.  
O2 i n  SO2 from so2 
Of f-Gas , Sewickley SO2, ppm Reten t ion ,  a z Coal , ppm % 

12 1100 Sznd 

16a 850 Greer 

16b 1050 Greer 

17a . lo00 Gr eer 

17b 1100 Gr eer 1.7 6.2 2800 3000 0 

17 c 1100 Greer 1 .6  6.7 2700 3000 0 

18a 850 Su l f a t ed  Greer 1 .7  13.5 1475 300 8 0 
b 

18b 1000 S u l f a t e d  Greer 1 .7  10.5 2000 1200 4 0 

18c 1050 Sul . fa ted Greer 1 .7  9 2250 2200 3 

18d 1100 Su1.f a t ed  Greer 1 . 7  6.4 2750 4800 c 

1 9  850 S u l f a t e d  Tymochtee 1 . 7  . 11 .8  1750 300 8 3 
d 

2 0a 1000 Su l f a t ed  Tymochtee 1.7 9 .O 2270 600 7 4 

2 0b 1050 - S u l f a t e d  Tymochtee 1 .7  8 . O  2450 1450 41  

2 2 1100 Su l f a t ed  Tymochtee 1.7 8 .3  2400 2200 8 

a 
ppm SO2, assuming t h a t  a l l  s u l f u r  i n  t h e  c o a l  was converted t o  SO2 and was p r e s e n t  i n  t h e  off-gas .  

b ~ u l f a t e d  Greer l im=stone contained 8.22 S .  
C 
Regenerat ion of 15-25%,of t h e  s u l f a t e d  Greer occurred.  

d ~ u l f  aced Tymochtee contained 7% S. 
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During t h i s  r e p o r t  pe r iod ,  a  l a r g e  number of l imes tones ,  w i th  added CaC12, 
r e p r e s e n t i n g  cons ide rab le  v a r i a t i o n  i n  compositions and morphologies were 
r e a c t e d  wi th  a  s imula ted  f l u e  gas i n  a  tube  furnace .  The f l u e  gas  cons i s t ed  
of  0.3% SO2, 5% 02, 20% C02, and t h e  ba lance  N 2 .  Reacti.on was c a r r i e d  
o u t  a t  850°C f o r  6  h ,  us ing  e i t h e r  un t r ea t ed  s tones  o r  s tones  t r e a t e d  wi th  
a n  evaporated aqueous s o l u t i o n  of CaC12. Chemical ana lyses  f o r  t he  v i r g i n  
s t o n e s  a r e  l i s t e d  i n  Table 6. Resu l t s  f o r  s u l f a t i o n  experiments c a r r i e d  out  
w i t h  t h e s e  l imes tones  a r e  presented  i n  Table 7 a s  percent  of CaO converted 
t o  CaS04. Data a r e  presented  f o r  un t r ea t ed  s tones ,  l imestones t r e a t e d  w i t h  
0 . 1  mol % CaC12, and s t o n e s  t r e a t e d  wi th  0 .5  rnol % CaC12. A s  suggested by t h e  
r e s u l t s  of e a r l i e r  work, (ANL/CEN/FE-78-3), maximum conversions t o  s u l f a t e  a r e  
achieved wi th  CaC12 a d d i t i o n s  of 20 .5  rnol %; comparison of Tables.  6 and 7 shows 
t h a t  l a r g e r  q u a n t i t i e s  of s a l t  a r e  g e n e r a l l y  r equ i r ed  f o r  s tones  having the  
g r e a t e s t  impur i ty  con ten t .  I n  almost a l l  c a ses ,  except  wi th  some very pure 
l imes tones ,  t h e  maximum conversion t o  s u l f a t e  approaches 50-60%. Even i n  
t h e s e  pure  s t o n e s ,  r e a c t i v i t y  i n c r e a s e s  s u b s t a n t i a l l y  i n  comparison t o  no 
t r ea tmen t .  

The amounts of CaC12 r equ i r ed  a r e  s o  smal l  t h a t  t h i s  s a l t  appears  more 
promising than NaCl (which r e q u i r e s  21.0 rnol % a s  a  s u l f a t i o n  enhancer) .  I n  
FBCs, t h e  i n t r o d u c t i o n  of major amounts of c o r r o s i v e  s p e c i e s  is  t o  be avoided. 
Also i n d i c a t i n g  t h e  d e s i r a b i l i t y  of CaC12 is  t h a t  i t  i s  used r o u t i n e l y  a s  a  
f reeze-proof ing  m a t e r i a l  f o r  c o a l  s t o r a g e  p i l e s  i n  q u a n t i t i e s  comparable t o  
t hose  used i n  t h i s  work wi th  no apparent  major c o r r o s i v e , e f f e c t s .  I n  a  pro- 
gram p a r a l l e l i n g  t h i s  s u l f a t i o n  enhancement work, a  s e r i e s  of s t e e l s  a r e  
be ing  exposed t o  a  s imula ted  f l u e  gas t h a t  has  passed through a  bed of CaC12 
con ta in ing  l imes tone ,  fol lowed by m e t a l l o g r a p l ~ i c  a r la lys i s  ul: t h e  s t e e l s  t o  
determine any c o r r o s i v e  e f f e c t s  (ANL/CEN/FE-78-5). 

The e f f e c t s  of CaC12 on t h e  ca l c ined  l imes tone  a r e  s i m i l a r  t o  t h e  e f f e c t s  
of NaCl a d d i t i o n .  When e i t h e r  sa l t  i s  added t o  t h e  l imestone dur ing  ca lc ina-  
t i o n ,  t h e  average po re  diameters  of t he  c a l c i n e s  i nc rease .  Representa t ive  
curves  a r e  presented  l a t e r  i n  t h i s  r e p o r t .  CaC12 is s l i g h t l y  more e f f e c t i v e  
rhan N a C l  i n  terms of i n c r e a s i n g  t h e  pore d iameters ,  and smal le r  amounts of 
CaC12 than  of NaCl a r e  r equ i r ed  t o  produce t h e  same magnitude of s h i f t .  The 
p o r o s i t y  reaches  an  optimum pore s i z e  d i s t r i b u t i o n  w i t h  r e spec t  t o  s u l f a t i o n  
w i t h  sma l l  a d d i t i o n s  of C a C 1 2 .  The maximum s u l f a t i o n  r e a c t i v i t y  occurs  near  
0.3 um, as shown i n  F ig .  3 ,  which p l o t s  "average" pore diameter  V S .  percent  
conversion f o r  a  s e l e c t e d  few s t o n e s  t r e a t e d  w i t h  va r ious  amounts of CaC12. 
The average pore d iameters  were c a l c u l a t e d  from s u r f a c e  a r e a s  and volumes f o r  
t h o s e  pores  l a r g e r  than  o r  equal  t o  0 .01  pm s i n c e  sma l l e r  pores  a r e  i ne f f ec -  
t i v e  i n  s u l f a t i o n .  The range of pore s i z e  d i s t r i b u t i o n s  r e s u l t i n g  i n  optimum 
s u l f a t i o n  r e a c t i v i t y  us ing  CaC12 i s  t h e  same range observed t o  g ive  optimum 
r c a c t i v i t y  f o r  MaCl a d d i t i o n .  'I'his suppor t s  t h e  concept t h a t  pore size and 
d i s t r i b u t i o n  c o n s t i t u t e  t h e  major c o n t r o l l i n g  f a c t o r s  determining t h e  e x t e n t  of 
s u l f a t i o n  of l imes tones  i n  S02/02 mixtures  f o r  p a r t i c l e s  averaging 18-20 mesh. 

I n  cont inuing  the  s tudy of t h e  e f f e c t s  of d i f f e r e n t  s a l t s ,  MgC12 was 
used and was found t o  b e  an  e i f e c t i v e  enhancer of l imes tone  s u l f a t i o n  a t  very 
low concen t r a t ions .  Table 8 l i s t s  the  percent  conversions of a v a i l a b l e  CaO 
t o  CaS04 f o r  f o u r  l imes tones  t r e a t e d  w i t h  MgC12 ( introduced v i a  evapora t ion  
from a n  aqueous s l u r r y ) .  The same e f f e c t  is p resen t  (h igh  conversions a t  
b o t h  low and h igh  a d d i t i v e  concen t r a t ions )  a s  was observed f o r  CaC12 (ANL/CEN/ 
FE-78-3). In  t h e  low-MgC12-concentration reg ion  (20.5 rnol %),  p o r o s i t y  changes 
occur  t h a t  a r e . f a v o r a b l e .  t o  s u l f a t i o n  v i a  t r a c e  amdunts of a l i q u i d  phase. 



Table  6 .  Wet Chemical ~ n a l ~ s e s ~  of V i r g i n  S t o n e s  

Limestone CaC03, MgC03, Fe203, A1203, S i 0 2 ,  Na20, K20, 
D e s i g n a t i o n  wt % wt % wt % wt % wt % w t  % w t  % 

ANL-7401 
ANL-8001 
ANL-8101 
ANL-8301 
ANL-8 701 
ANL-8903 
ANL-8902 
ANL-8901 
ANL-9201 
ANL-9401 
ANL-9501 
ANL-9504 
ANL-9601 
ANL-9701 
C a l c i t e  

a 
Analyses  performed by A n a l y t i c a l  Chemistry L a b o r a t o r y ,  ANL. 

Tab le  7. S u l f a t i o n  of Limestone w i t h  Added 
C a C 1 2  a t  850°C i n  6 h.  0 .3% SO2, 
5% 0 2 ,  20% C02, and t h e  b a l a n c e  N2 

CaO To CaS04, % Convers ion 

Limes t o n e  U n t r e a t e d  With With 
D e s i g n a t i o n  Blank 0 . 1  mol % CaC12 0 .5  mol % C a C 1 2  

ANL-7401 
ANL-8001 
ANL-8101 
ANL-8301 
ANL-8701 
ANL-8903 
ANL- 89 02 
ANL-8901 
ANL-9 201 
ANL-9401 
ANL- 9 50 1 
NJL 3504 
ANL-9601 
ANL-9 701 
C a l c i t e  



Table 8 .  Conversion t o  S u l f a t e  i n  6 h wi th  0.3% SO2 a t  850°C 
f o r  Limestones Preca lc ined  w i t h  MgC12 Addi t ive  a t  
850°C, 1 h i n  5% 02,  20% C02, and t h e  Balance N2.  

Limes tone  
MgC12 Added, a CaO t o  CaSO,,, 

mol % % conversion 

ANL-8001 (Greer) 
( ~ 2 0 %  Impur i t i e s )  

ANL-8903 
(Q9% I m p u r i t i e s )  

ANL-9501 (Grove) 
( ~ 4 2  Impur i t i e s )  

('~0% I m p u r i t i e s )  

st MgCI2 was in t roduced  v i a  evapora t ion  from a n  aqueous s l u r r y .  

Intermediate amouiiCs u1 E1gC.l2 (1-2 mol 2) decrease  t h e  r e a c t i v i t y  of t h e  
s t o n e .  Higher concen t r a t ions  (>2 mol %) r e s u l t  in l a r g e  amounts of a l i q u i d  
phase  forming, w i t h  s u b s t a n t i a l  amounts of d i s so lved  CaO a c c e l e r a t i n g  the 
format ion  of CaS04. 

With r e s p e c t  t o  t h e  magnitude of t h e  e f f e c t  of MgC12 i n  comparison wi th  
NaCl and CaC12 dur ing  c a l c i n a t i o n ,  F igures  4,  5 ,  and 6 show p o r o s i t y  curves 
f o r  f o u r  l imes tones  t r e a t e d  wi th  (1) NaC1, (2) CaC12, and (3) MgC12, respec- 
t i v e l y .  The h o r i z o n t a l  b a r s  w i t h  arrowheads mark t h e  e x t e n t  t o  which pore  
d iameters  of t he  m a j o r i t y  of pores  s h i f t e d  when 0.5 mol % s a l t  w a s  added t o  
u n t r e a t e d  s t o n e s .  I n  a l l  t h r e e  graphs,  t h e  e f f e c t  of s a l t  is g r e a t e s t  
f o r  t h e  p u r e s t  l imes tone ,  decreas ing  as t h e  impuri ty  content  i nc reases .  
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Fig .  3 .  Percent  Conversion t o  S u l f a t e  v s .  Average Pore 
Diameter f o r  Four Limestones Su l f a t ed  a t  85OUC, 
5 h i n  0.3% SO2, 5% 02, 20% CO2,  and t h e  ba lance  
N 2  ca l c ined  1 h wi th  and wi thout  CaC12 Addit ion.  

A s  a  r e s u l t ,  e f f e c t s  on ANL-8001 w i t h  ' ~ 2 0 %  i m p u r i t i e s  a r e  very  smal l .  The 
r e l a t i v e  o rde r  of e f f e c t i v e n e s s  of t h e  t h r e e  s a l t s  f o r  a  given.mo1 percent  i 
s a l t  i s  MgC12 > CaC12 > NaC1. I n  terms of weight percent  a d d i t i o n ,  MgC12 and 
CaC12 a r e  comparable. Much l e s s  of e i t h e r  is  r equ i r ed  than of NaC1. Most of 
t h e  t r e a t e d  l imes tones  show an i n c r e a s e  i n  t h e  t o t a l  p o r o s i t y  a t  0.5 mol % 
sal t  ( i n  comparison t o  p o r o s i t i e s  of t h e  un t r ea t ed  s tones )  a s  w e l l  as a s h i f t  
t o  l a r g e r ,  average pore diameters .  

Concurrent ly w i th  t h e  .CaC12 and MgC12 work, t h e . e f f e c t s  of o t h e r  i no rgan ic  
salts were s t u d i e d .  Table 9 l ists percent  conversions t o  CaS04 f o r  fou r . l ime-  
s tones  t r e a t e d  w i t h  a  v a r i e t y  of s a l t s  each of '  which w a s  added t o  g ive  a  
concen t r a t ion  of 1 mol %. Related to-our i n t e r p r e t a t i o n  of t h e s e  d a t a  is  our  
understanding of t h e  e f f e c t s  of N a C l  and CaC12--it has  become apparent  t h a t  
maximum e f f e c t s  cannot be found by us ing  only one concen t r a t ion  of s a l t  i n  a  
s i n g l e  s u l f a t i o n  experiment.  Po ros i ty  curves a t  s e v e r a l  s a l t  concen t r a t ions  
can be  used t o  determine the  concen t r a t ion  of a  sal t  most l i k e l y  t o  g ive  
maximum r e a c t i v i t y  wi th  S02/02, based on t h e  assumption t h a t  t h e r e  i s  a n  
optimum pore d i s t r i b u t i o n  f o r  l imes tone  s u l f a t i o n ,  r e g a r d l e s s  of composition. 
Once t h i s  s a l t  concen t r a t ion  i s  found, a s e r i e s  of b racke t ing  s u l f a t i o n  exper- 
iments should s e r v e  t o  i n d i c a t e  t h e  maximum s u l f a t i o n s  ach ievab le  f o r  t h e  
p a r t i c u l a r  Etone and s a l t  used. Never the less ,  t h e  d a t a  i n  Table 9 show t h a t  
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ANL-8903 (9% Impurities) 

-(b) No salt; (b l)  0 .5  mol O/O CaCl, - 

ANL-9501 (3% Impurities) - 
(c) No salt; ( c ' )  0.5 rnol O/O CaCI2 
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Fig. 5. Changes in Porosity upon Addition of 0.5 mol % 
CaC12 to Limestones Calcined at 850°C, 1 h, in 
5% 02, 20% C02, and the balance N2. 
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- (b) No salt; (bl) 0.5 mol O/O MgCI2 - 

- ANL-9501 ( 3 %  Impurities) - 
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F i g ,  6 .  Changes i n  P o r o s i t y  upon Addit ion of 0.5 rnol % MgC12 
LO Eilursto~les Calcified at  SSOVC, 1 11 i n  5"/,2, 20% 
C02, and t h e  ba lance  N 2 .  



Table 9. Conversion to Sulfate after 6 h with 013% SO2 at 850°C £.or Limestones Precalcined with Inorganic 
Additives (1 mol %) at 850°c, 1 h in 5% 02, 202 C02, and the balance N2. 

Calcite Spar, ANL-9501 (Grove), ANL-8903, ANL-8001 (Greer) , 
Additive No Impurities ~ 4 %  Impurities %9% Impurities %20% Impurities 

Untreated 

NaCl 

NaOH 

Na2C0 3 

Na2S04 

Na2Si03 

Na2Si03 '9H20 

CaC12 

QC12 

(OH) 2 

CaF2 

CaS04 

H3B03 

38.0 

43.9 

Early 41.0 pos. effect 

40.0 pos. effect 

46.8 pos. effect 

40.3 

44.9 

50.6 

54.7 

49 .O 

45.8 

46.1 

46.8 



most of t he  s a l t s  t e s t e d  have measurable ' e f f e c t s  e i t h e r  p o s i t i v e  o r  nega t ive .  
Hence a l l  a r e  p o t e n t i a l  su l fa t ion-enhancers  a t  proper  s a l t  con.centrat ions.  

The number of l imes tone  types s tud ied  is  being increased  (1) t o  v e r i f y  
t h a t  t h e s e  e f f e c t s  occur  f o r  many p o s s i b l e  c.ombinations of s t o n e  composition 
and morphology and (2)  t o  reduce s i g n i f i c a n t  s t a t i s t i c a l  e r r o r  i n  sampling 
and i n  making c o r r e l a t i o n s  i n  gene ra l .  Both s u l f a t i o n  and p o r o s i t y  measure- 
.merits on un t r ea t ed  and s a l t - t r e a t e d  s tones  a r e  r equ i r ed .  



TASK B .  TURBINE CORRODENT STUDIES 

1. Removal of A l k a l i  Metal Compounds from Hot F lue  Gas of Coal Combustion 
(S. Lee and D .  Fredrickson)  

I n  t h e  p rospec t ive  a p p l i c a t i o n  of p r e s su r i zed  f lu id ized-bed  combustion 
of c o a l  f o r  power gene ra t i on ,  a  p o t e n t i a l  problem t o  be  so lved  i s  co r ros ion  
of t u r b i n e  b l ades  ( i n  a  gas  t u r b i n e  downstream from t h e  f lu id ized-bed  combus- 
t o r )  due t o  t h e  a t t a c k  of a l k a l i  meta l  compounds i n  t h e  hot' f l u e  gas .  This  
problem can be  e l imina t ed  by reducing t h e  concen t r a t i on  of a l k a l i  meta l  com- 
pounds i n  t h e  ho t  f l u e  gas  t o  a  l e v e l  t o l e r a b l e  f o r  a  t u r b i n e  b l ade .  A way 
of  accomplishing t h i s  i s  t o  remove t h e  a l k a l i  meta l  compounds" from t h e  h o t  
f l u e  gas  i n  a  ho t  fixed-bed so rben t  f i l t e r  b e f o r e  t h e  gas  i s  expanded i n t o  a  
t u r b i n e .  The o b j e c t i v e  of t h i s  t a s k  i s  t o  develop an  e f f e c t i v e  so rben t  f o r  
u se  i n  a  h o t  fixed-bed sorbent  f i l t e r .  

a .  Removal of Sodium Chlor ide  w i t h  Act iva ted  Bauxi te  and Diatomaceous 
Ear th  

Experimental r e s u l t s  p resen ted  i n  t h e  prev ious  r e p o r t  of t h i s  s e r i e s  
(ANL/CEN/FE-78-3) showed t h a t  diatomaceous e a r t h ,  a c t i v a t e d  b a u x i t e ,  and 
k a o l i n  c l a y  e f f e c t i v e l y  remove bo th  NaCl and K C 1  vapors  from simulated d ry  
f l u e  gas of PFBC. Systematic  s t u d i e s  have been c a r r i e d  o u t  i n  t h i s  r e p o r t  
pe r iod  t o  i n v e s t i g a t e  t h e  e f f e c t s  of some o p e r a t i n g  v a r i a b l e s  on t h e  s o r p t i o n  
performance of two of t h e s e  so rben t s .  R e s u l t s  of a  s e r i e s  of experiments  t o  
examine t h e  e f f e c t  of so rben t  bed temperature  on t h e  s o r p t i o n  c a p a b i l i t y  of 
diatomaceous e a r t h  and a c t i v a t e d  baux i t e  f o r  NaCl vapor a r e  presen ted  below. 

Table  10 g ives  t h e  experimental  cond i t i ons  f o r  t h i s  s e r i e s  of 
experiments .  The s o r p t i o n  c a p a b i l i t y  of a  sorbent  can be  a f f e c t e d  t o  d i f f e r -  
e n t  degrees  by s e v e r a l  ope ra t i ng  v a r i a b l e s  [such a s  bed tempera ture ,  p r e s s u r e ,  
a l k a l i  meta l  compound vapor concen t r a t i on  i n  t h e  f l u e  gas ,  l i n e a r  v e l o c i t y  and 
hour ly  gas  space v e l o c i t y  (GHSV) of t h e  f l u e  gas ,  e t c . ] .  U n t i l  t h e s e  v a r i a b l e s  
a r e  f u l l y  s t u d i e d ,  t h e  magnitudes of t h e i r  e f f e c t s  on t'he s o r p t i o n  c a p a b i l i t y  
of a  so rben t  can only b e  e s t ima ted .  To e f f e c t i v e l y  examine . the  e f f e c t  of one 
v a r i a b l e  ( so rben t  bed temperature  i n  t h i s  work) w i t h i n  a  r ea sonab le  exper i -  
mental  t ime, t h e  o t h e r  v a r i a b l e s  have t o  b e  cons t an t  and t h e i r  e f f e c t s  on t h e  
s o r p t i o n  c a p a b i l i t y  of a  so rben t  should b e  t h e o r e t i c a l l y  minimized t o  prevent  
t h e i r  masking the  e f f e c t  of t h e  v a r i a b l e  be ing  observed;  t h e r e f o r e ,  a s  shown 
i n  Table  1 0 ,  a  f a i r l y  t h i n  bed of so rben t  and h igh  GHSV w e r e  chosen. These 
cond i t i ons  a l s o  allowed b e t t e r  c o n t r o l  of t h e  bed temperature  (the. v a r i a b l e  
observed) .  The GHSV i s  r e l a t e d  t o  t h e  r a t e  of f l u e  gas  throughput  through 
t h e  bed; t h e  r e c i p r o c a l  of i t  i s  t h e  c o n t a c t  t i m e  of t h e  f l u e  gas w i th  t h e  
s o r b e n t .  The con tac t  t i m e  f o r  t h i s  s e r i e s  of experiments  was on t h e  o rde r  of 
0.05 s .  

I n  t h i s  s e r i e s  of experiments ,  15  and 30 g  of diatomaceous e a r t h  and 
a c t i v a t e d  b a u x i t e  s o r b e n t s ,  r e s p e c t i v e l y ,  was t e s t e d  i n  each run .  The accu- 
racy  of t h e  measured sodium conten t  i n  t h e  so rben t  depends on t h e  method of 
ob t a in ing  a  r e p r e s e n t a t i v e  sample of t h e  sorbent  f o r  a n a l y s i s .  The exper i -  
mental  procedures  f o r  ana lyz ing  t h e  sodium con ten t  i n  t h e  so rben t  were a s  
fo l lows:  Represen t a t i ve  samples of t h e  sorbent  f o r  a n a l y s i s  were ob ta ined  by 

* 
Removal of a l l  p a r t i c u l a t e s  from f l u e  gas  is  being s t u d i e d  i n  Task D .  



Table 10 .  Experimental Condit ions f o r  Tes t ing  Diatomaceous Earth.  and Acti-  
va t ed  Bauxite  f o r  NaCl Vapor Capture.  

Avg . Sorbent-Bed Temp. 

System Pres su re  

P a r t i c l e  S i z e  of Sorbent 

Thickness of Sorbent Bed 

Flowing Gas Composition 

Gas Flow Rate 

Linear  Veloc i ty  of Flowing Gas 
through t h e  Bed 

GHSV (hour ly  gas  space v e l o c i t y )  

NaCl Vapor Concentrat ion i n  Flowing 
Gas a t  Sorbent  Bed I n l e t  

800 and 880°C 

-8 +10 mesh 

3% 0, 
16% C02 
300 ppm SO2 
Balance N2 

69 t o  Q98 ppm 

a 
I n  a run ,  preheated s y n t h e t i c  f l u e  gas  e n t e r s  t h e  h o r i z o n t a l  
combustor v e s s e l ,  passes  over  t h e  a l k a l i  meta l  compound which 
i s  vaporized by induc t ion  h e a t i n g ,  passes  through hea ted  
so rben t  r e t a i n e d  by two p i e c e s  of plat inum g a u z e ' i n s i d e  t h e  
f i l t e r  bed c o n t a i n e r ,  p a s s e s o v e r  a co ld  t r a p ,  and f i n a l l y  
passes  through a g l a s s  wool f i l t e r  which s e r v e s  a s  a backup 
for t h e  sold t r a p .  

f i r s t  g r inding  t h e  e n t i r e  amount of t h e  sorbent  t e s t e d  t o  about -100 mesh 
powder. Af t e r  thorough mixing of t h e  powder, r e p r e s n e t a t i v e  samples (one-gram 
samples f o r  diatomaceous e a r t h  and one-half-gram samples f o r  activated baux i t e )  
were taken f o r  f u r t h e r  p repa ra t ion  of a n a l y s i s  s o l u t i o n s .  Diatomaceous e a r t h  
samples were each d i s so lved  i n  a mixture of concent ra ted  H2S04, HF, and HNO3 
accord ing  t o  t h e  method used by Bureau of Mines .2 For a c t i v a t e d  baux i t e ,  t h e  
sample was fused w i t h  NH4HF2 and then  d.issolved i n  s l i g h t l y  a c i d i f i e d  d i s t i l l e d  
wa te r .  The r e s u l t i n g  s o l u t i o n s  were analyzed f o r  sodium, us ing  flame emission 
spectrometry.  

Tables  11 and 12 show t h e  m a t e r i a l  ba lances  of NaCl from t h e  t e s t i c p  
of diatomaceous e a r t h  and' a c t i v a t e d  baux i t e ,  r e s p e c t i v e l y ,  f o r  N a C l  vapor 
c a p t u r e  as a f u n c t i o n  of so rben t  bed temperature and d u r a t i o n  of t he  exper i -  
ments.  Since t o t a l  NaCl vapor t r anspor t ed  i n  t h e  880°C s e r i e s  of experiments 
w a s  s u b s t a n t i a l l y  h ighe r  t han  t h a t  i n  t h e  800°C s e r i e s  t h e  s o r p t i o n  c a p a c i t i e s  
from t h e  880°C s e r i e s  were r e c a l c u l a t e d  t o  an  800°C b a s i s  and a r e  given i n  
parentheses  i n  row 3 of bo th  t a b l e s .  These were used i n  p l o t s  (Fig.  7 )  t o  
a l low t h e  s o r p t i o n  c a p a c i t y  t o  b e  compared a t  t h e  same b a s i s .  



T a b l e  11. D i s t r i b u t i o n s  of NaCl w i t h  NaCl Vapor Capture  by Diatomaceous E a r t h  a s  a Func t ion  of Temperature  
and Experiment Dura t ion .  I n  each exper iment ,  15 .0  g  s o r b e n t  was t e s t e d  a t  a tmospher ic  p r e s s u r e  
i n  a s imula ted  d r y  PFBC f l u e  g a s  a t  a l i n e a r  v e l o c i t y  of 25 cm/s and GHSV=67,000 h-' a t  800°C. 

Experiment 

HGC-19 HGC-21 HGC- 20 HGC-34 HGC-22 HGC-23 HGC- 24 ~ ~ c - 2 9 ~  

Sorben t  Bed 
Temperature,  O C  

~ x p e r i m e n t a l  Time, h  1 2 3  4  - 5  1 2 3  6  

T o t a l  NaC1, mg 
(1)  N a C l  C o l l e c t e d  by 

( a )  'Cold Trap 7  2  7  6  5  9 5  5  4  2  5  6  182 
(b)  Glass  Wool F i l t e r  3  1 5  37 4  7  2  9  3  1 107 

(2)  N a C l  Ca t u r e d  by 
Sorben': g 129 29 6  388 516 124 - . -  - 251 343 - 544 

(3)  T o t a l  139 338 490 658 1 3 1  302 430 833 

(4 )  S o r p t i o n  Capac i ty ,  
mg NaCl/g s o r b e n t  , 8 . 6  19 .7  25.9 34.4 8 . 3  16 .7  22.9 36.3  
[ (2 )  1151 ( 8 . 1 ) C  (17.6)C (22.7)C (32.9)C 

a 
The system p r e s s u r e  i n c r e a s e d  t o  146 kPa a t  t h e  end of t h e  exper iment .  T h i s  was because  t h e  g l a s s  
wool f i l t e r  g r a d u a l l y  became compacted owing t o  t h e  h i g h  f low.  

b ~ o d i u m  c o n c e n t r a t i o n s  of t h e  s o r b e n t  were o b t a i n e d  by d i s s o l v i n g  r e p r e s e n t a t i v e  samples of s o r b e n t  i n  
a m i x t u r e  of H2S0,+, HF, and HN03,  and t h e n  a n a l y z i n g  t h e  s o l u t i o n  u s i n g  t h e  f l ame  e m i s s i o n  spectrome- 
t r y  (FE). FE ana1ysi .s  was done by R. Bane. 

=va lues  t h a t  would be  o b t a i n e d  i f  t h e  cor responding  amounts of N a C l  vapof2gere  t r a n s p o r t e d  as i n  t h e  
8 0 0 ' ~  series of exper iments .  For  example, 8 . 1  was o b t a i n e d  from 1 3 1  x  T3T/15. 



, l e  12.  D i s t r i b u t i o n s  of NaCl w i t h  N a C l  Vapor Zapture  by A c t i v a t e d  Bauxi te  a s  a Func t ion  of Temperature 
and Experiment Dura t ion .  I n  each  exper iment ,  30.0  g s o r b e n t  was t e s t e d  a t  a tmospher ic  p r e s s u r e  
i n  a s i m u l a t e d  d r y  PFBC f l u e  g a s  a t  a l i n e a r  v e l o c i t y  of 25 cm/s and GHSV=67,000 h-l a t  800°C. 

Exp e r  irr.ent 

Sorben t  Bed 
Temperzture ,  O C  

Exper imental  Time, h 

(1)  NaC.1  C o l l e c t e d  by 
( a )  Cold Trap 
(b)  Glass Wocl F i l t e r  

(2) N a C l  Ca turec .  by 
Sorben t  g 

(3) T o t a l  

(4)  S o r p t i o n  C a p s c i t y ,  
mg NaCl/g s o r b e n t  
[ (2)  I301 

T o t a l  N a C 1 ,  mg 

-- - 

a 
System p r e s s u r e  i n c r e a s e d  t o  169 kPa a t  t h e  end od t h e  exper iments .  T h i s  was because  t h e  g l a s s  wool 
f i l t e r  g r a d u a l l y  became compacted owing t o  t h e  h i g h  f low.  

b ~ o d i u m  c o n c e n t r a t i o r .  of t h e  s o r b e n t  was o b t a i n e d  )y f u s i n g  r e p r e s e n t a t i v e  samples of t h e  s o r b e n t  w i t h  
NH4HF2, d i s s o l v i n g  t h e  samples i n  d i s t i l l e d  w a t e r ,  and t h e n  a n a l y z i n g  t h e  s o l u t i o n s  u s i n g  f l ame  emiss ion  
s p e c t r o m e t r y  (PE) .  FE a n a l y s i s  was done by P.  Bane. 

L 
Analyses  n o t  y e t  c o r q l e t e d .  
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Fig.  7 .  E f f e c t  of Sorbent Bed Temperature on Sorp t ion  Capacity a s  a  
Funct ion of .Experimenta1 Time. Experimental d a t a  f o r  880°C 
was ad jus t ed  t o  b e  on the  same b a s i s  a s  t h e  800°C d a t a .  

As  can be  seen i n  F ig .  7 ,  t h e  s o r p t i o n  capac i ty  of diatomaceous 
e a r t h  i s  g r e a t e r  than  t h a t  of a c t i v a t e d  b a u x i t e  on a  weight b a s i s  (i.e., m i l -  
l igrams of NaCl per  gram of s o r b e n t ) .  This  is  due t o  a c t i v a t e d  b a u x i t e  being 
more dense than  diatomaceous e a r t h .  I n  a l l  of t h e s e  experiments,  a  1.3-cm- 
t h i c k  bed was packed wi th  sorbent ;  on a  volume b a s i s  (i.e., mil l igrams of NaCl 
p e r  m i l l i l i t e r  of s o r b e n t ) ,  t h e  s o r p t i o n  c a p a c i t i e s  of a c t i v a t e d  b a u x i t e  a r e  
g r e a t e r  than those  of diatomaceous e a r t h .  

A s  shown i n  F ig .  7 ,  t h e  s o r p t i o n  capac i ty  of diatomaceous e a r t h  in- 
c r e a s e s  a t  t h e  h ighe r  sorbent  bed temperature.  This i n d i c a t e s  t h a t  t he  
r e a c t i o n  r a t e  between NaCl vapor and diatomaceous e a r t h  i s  probably endothermic. 
F igure  7 a l s o  shows t h a t  t h e  s o r p t i o n  c a p a c i t i e s  of both diatomaceous e a r t h  
and a c t i v a t e d  baux i t e  i nc rease  n o n l i n i a r l y  w i t h  experimental  t ime.  This  
sugges ts  t h a t  under t h e  experimental  cond i t i ons ,  t h e  r e a c t i o n  r a t e  f o r  NaCl 
and diatomac'eous e a r t h  and t h e  adso rp t ion  r a t e  of NaCl on a c t i v a t e d  b a u x i t e  
a r e  no t  c o n t r o l l e d  by t h e  mass t r a n s f e r  of NaCl vapor from t h e  bulk  of f l u e  
gas t o  t h e  e x t e r n a l  s u r f a c e  of t h e  so rben t  . 3  

The e f f e c t  of t h e  l i n e a r  v e l o c i t y  of the. f l u e  gas  pass ing  through 
t h e  bed i s  t o  b e  s t u d i e d  because i t  af  f e c t s  no t  only t h e  mass t r a n s f e r  phenom- 
enon, b u t  a l s o  is a n  important  parameter i n  des igning  a  s o r b e r .  For a  given 
volumetr ic  flow r a t e  of f l u e  gas ,  t h e  l i n e a r  gas  v e l o c i t y  determines t h e  bed 
c ros s - sec t iona l  a r e a  of a  so rbe r .  To s tudy  t h e  e f f e c t  of t h e  l i n e a r  gas  



v e l o c i t y  on t h e  s o r p t i o n  capac i ty  of bo th  diatomaceous e a r t h  and a c t i v a t e d  
b a u x i t e  a t  h igh  l i n e a r  v e l o c i t i e s ,  a  bed con ta ine r  w i th  a  sma l l e r  c r o s s  
s e c t i o n  than t h e  one p r e s e n t l y  used is be ing  used. This  i s  necessary  because 
t h e r e  i s  a  l i m i t  t o  t h e  gas  flow r a t e  t h a t  can b e  passed through a  combustor 
wi thout  s u b s t a n t i a l l y  i n c r e a s i n g  t h e  system p res su re .  Two f i l t e r  bed contain- 
e r s  w i t h  sma l l  c r o s s  s e c t i o n s  have been f a b r i c a t e d .  One con ta ine r  w i l l  a l low 
a  l i n e a r  gas v e l o c i t y  of 66 cm/s ( o r  26 i n . / s ) ,  t h e  o t h e r  155 cm/s ( o r  6 1  
i n . / s ) .  A s e r i e s  of t e s t s  is be ing  conducted a t  t h e s e  h igh  l i n e a r  gas  
v e l o c i t i e s .  

b .  Apparatus f o r  Removal of A l k a l i  Metal S u l f a t e s  

So f a r ,  bo th  diatomaceous e a r t h  and a c t i v a t e d  b a u x i t e  have been 
shown t o  be  very  e f f e c t i v e  so rben t s  f o r  c a p t u r i n g , b o t h  NaCl and K C 1  vapors  
p r e s e n t  i n  s imula ted  dry f l u e  g a s  of PFBC. Sodium and potassium a s  ~ u l f a t e s  
a r e  a l s o  e.xp~r.te,l:l t o  b c  prcsegt: I n  ~ l t c !  f lue  8113 from e s a l  co~buur ia r i . .  Hot 
c o r r o s i o n  i n  a  gas  t u r b i n e  is caused by a l k a l i  meta l  s u l f a t e s  p re sen t  a s  
l i q u i d  f i lms  on meta l  s u r f a c e s .  Therefore,  f o r  a  so rben t  t o  be  a candida te  
f o r  remnving a i k a l i  mcta l  coupuunds from h o t  f l u e  gas of c o a l  combustion, i ts  
a b i l i t y  t o  r e t a i n  a l k a l i  meta l  s u l f a t e s  has t o  b e  demonstrated. Recause 
a l k a l i  meta l  s u l f a t e s  have s u b s t a n t i a l l y  lower vapor p r e s s u r e s  than t h e i r  
c h l o r i d e s ,  and because t h e  a l lowable  maximum operati-ng temperature of t h e  
l abo ra to ry - sca l e  fixed-bed combustor v e s s e l  (p re sen t ly  used f o r  NaCl and K C 1  
vapor  s o r p t i o n  t e s t s )  is  l i m i t e d  t o  900°C, t h e  s o r p t i o n  c a p a b i l i t y  of t h e  
s o r b e n t s  f o r  a l k a l i  meta l  s u l f a t e s  cannot b e  determined us ing  t h a t  combustor. 
A smal l - sca le  s o r p t i o n  t e s t  r i g  t h a t  can b e  opera ted  up t o  1250°C has  been 
assembled. F igure  8 i s  a  schematic  diagram of t h e  appara tus .  

I n  t h i s  t e s t  r i g ,  a  known amount of a l k a l i  metal  s u l f a t c s  i n  a  p l a t i -  
num .sample pan i s  vaporized i n s i d e  a  pure  A1203 tube  t h a t  is  heated by a  
t u b u l a r  furnace .  A s t ream of preheated s y n t h e t i c  PFBC f l u e  gas  c a r r i e s  t h e  
a l k a l i  meta l  s u l f a t e  vapnr downstream through (I) a bed of t h e  so rben t  t o  b e  
t e s t e d  and (2)  a condenser.  F i n a l l y ,  t h e  gas I s  vented t o  an exhaust .  The 
s o r b e n t  bed I s  supported by a plat inum gauze and qua r t z  tubing t h a t  i s  i n s e r t -  
ed c o n c e n t r i c a l l y  i n s i d e  t h e  A1203 tube.  The A1203 tube i s  capped on both ends 
w i t h  l a v a  end caps .  Ceramic f i b e r  provides  t h e  s e a l  between t h e  A1203 tube 
and t h e  end caps.  The temperatures  of t h e  sample and t h e  so rben t  bed a r e  
measured wi th  thermocouples.  A t  t h e  end of a n  experiment,  t h e  weight of a lka-  
li meta l  s u l f a t e  r e s i d u e  is measured, and t h e  so rben t  i s  analyzed f o r  a l k a l i  
me ta l  t o  determine t h e  s o r p t i o n  capac i ty  of t h e  so rben t .  

The temperature p r o f i l e  a long t h e  c e n t e r  of t h e  A1203 tube i s  pres- 
e n t l y  being measured and ad jus t ed .  From t h i s ,  a  p o s i t i o n  of a sorbent  bed 
w i l l  b e  determined t h a t  w i l l  al.lnw t h e  bed temperalure ro be  c o n t r o l l e d  with- 
i n  t h e  planned t e s t  range (800 t o  900°C). Systematic  s tudy  i n  which t h i s  t e s t  
r i g  w i l l  be  used i s  expected t o  start  soon. 
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TASK D. PARTICULATE CONTROL STUDIES 
W. Swi f t ,  G. Tea t s ,  S. Smith, and J. Stockbar 

I n  PFBC, t h e  ho t  f l u e  gas  from t h e  combustor must b e  expanded through a  
gas  t u r b i n e  t o  recover  energy and make t h e  process  economic. To prevent  
p o s s i b l e  co r ros ion  and e ros ion  of t he  t u r b i n e  hardware by p a r t i c u l a t e  ma t t e r  
e n t r a i n e d  i n  t h e  f l u e  gas ,  t h e  p a r t i c l e  loading must be  reduced t o  acceptab ly  
low l e v e l s .  An experimental  program is  under way a t  ANL t o  t e s t  and eva lua t e  
promising f l u e  gas c l ean ing  methods i n  t h e  f lue-gas system of t h e  15.2-cm-dia 
f luidized-bed combustor. Control  methods being i n v e s t i g a t e d  inc lude  a c o u s t i c  
d u s t  cond i t i on ing  (i.e., agglomerat ion) ,  a  h igh  e f f i c i e n c y  cont ro l led-vor tex  
cyc lone ,  and a granular-bed f i l t e r . "  

1. Acoustic Dust Condit ioning 

Acoustic d u s t  condi t ion ing  i s  a technique t o  enhance t h e  a a , ~ u r a l  tendency 
of po lydispersed  p a r t i c u l a t e s  t o  impact upon each o t h e r  and agglomerate.  Thus, 
t h e  use  of a c o u s t i c s  i n  c o n t r o l l i n g  f i n e  p a r t i c l e  emissions is  a  process  where- 
by t h e  mean s i z e  of t h e  e f f l u e n t  p a r t i c l e s  i s  s i g n i f i c a n t l y  increased  (and 
cor respondingly  t h e i r  number i s  decreased)  by exposure t o  h igh - in t ens i ty  
f i n i ~ e - a m p l i t u d e  a c o u s t i c  f i e l d s .  A s  de sc r ibed ,  a c o u s t i c  d u s t  condi t ion ing  is 
designed t o  i n c r e a s e  t h e  c o l l e c t i o n  e f . f ic iency  nf  r lnr~mctsem duot c o l l e c t o r s .  

Work i s  c u r r e n t l y  being c a r r i e d  out  a t  t h e  Un ive r s i t y  of Toronto t o  de- 
ve lop  and f a b r i c a t e  a  p u l s e - j e t  a c o u s t i c  dust-condit ioning system c o n s i s t i n g  
of a pu l se - j e t  sound gene ra to r ,  a  resonant  manifold,  and an acous t ic - t rea tment  
s e c t i o n .  A f u n c t i o n a l  d e s c r i p t i o n  of t h e  components i n  t h e  system was pre- 
s en ted  p rev ious ly  (ANL/CEN/FE-77-3). Reported he re  i s  t h e  progress  made at 
t h e  Univers i ty  of Toronto toward completion of t h ~ .  f a h r i c a t e d  pu lcc - j c t ,  
a c o u s t i c  dus t -condi t ion ing  system, which is t o  b e  i n s t a l l e d  i n  t h e  f l u e  gas  
system of the  ANL 15.2-cm-dia combustor f o r  t e s t i n g  and eva lua t ion .  

a .  Pulse-Je t  Development and Tes t ing  a t  Ambient P re s su re  . . 

A pro to type  p u l s e - j e t  (Phase I )  has  been f a b r i c a t e d  and assembled 
on a  t e s t  bench, a s  s chemat i ca l ly  shown i n  F ig .  9 .  The t e s t  u n i t  was designed 
t o  permi t  t h e  t e s t i n g  of a  wide range of geometr ica l  con f igu ra t ions .  It was 
t e s t e d  a t  ambient p r e s s u r e  f o r  subsequent t e s t i n g  of a second u n i t  a t  high 
p r e s s u r e .  The o b j e c t i v e s  of t h e  t e s t s  a r e  t o  achieve  a  high l e v e l  of sound 
i n t e n s i t y  over a  wide range  of frequency. The geometr ica l  con f igu ra t ions  
were v a r i e d  a s  fo l lows:  

1. I n t a k e  and exhaust p i p e  conf igu ra t ions  were v a r i e d .  

2 ,  Three combustion chambers of s i m i l a r  geometry b u t  
d i f f e r e n t  l eng ths  and diameters  were examined. 

3 .  Fuel  nozz le  geometry was v a r i e d .  

Propane gas was used a s  t h e  f u e l  f o r  t h e  pu l se - j e t .  

* 
The use  of granular-bed f i l t e r s  t o  remove a l k a l i  meta l  compounds i s  being 
i n v e s t i g a t e d  i n  Task B.  
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Table 1 3  summarizes t h e  q u a l i t a t i v e  r e s u l t s  ob ta ined  dur ing  t h e  
c u r r e n t  s e r i e s  of tests a t  ambient p re s su re .  

b .  Resonant Manifold 

Cons t ruc t ion  of t he  resonant  manifold has  been completed. Tes t ing  
of t h e  u n i t  a t  ambient p r e s s u r e  i s  be ing  i n i t i a t e d .  Should t h e  a c o u s t i c  
performance of t h e  manifold prove t o  be  s a t i s f a c t o r y ,  t h e  manifold (which i s  
made of heavy gauge s t e e l )  w i l l  b e  used f o r  high-pressure t e s t i n g  a f t e r  t h e  
a d d i t i o n  of i n s t rumen ta t ion  f i t t i n g s .  The b a s i c  geometry of t h e  resonant  
manifold i s  i l l u s t r a t e d  i n  Fig.  9 .  

Table  13. Q u a l i t a t i v e  Capab i l i t y  of Pulse-Je t  Operat ion a t  Ambient P r e s s u r e  
. .. 

Cht l r ac re r i s t i c  Capab i l i t y  Comments 
~ - 

Sound I n t e n s i t y  - <I35 dB 0111:~:i~ned us ing  cnmhvation chs~~ ibc r  N o .  
2 ,  w i t h  i t s  exhaust  p ipe  instal.JAed a t  
one en? of a 0.30-m-dia vent. ~ a k h e r  
t h a n  i n  t h e  resonant  manifold duc t .  
Thp sens ing  nicrsplirs~lt: was i n s f a i l e d  
i n  t h e  w a l l  of t h e  ven t  duct  3.05 m 
downstream from t h e  exhaust p ipe ;  t h e  
microphone was o r i e n t e d  f o r  gauging 
of inc idence  sound va lues .  

Sound Frequency 200 t o  450 Hz Frequency depends 011 tile combined 
1 ength of t he  i n t a k e  p ipe ,  cullbusrion 
chamber, and exhaust  p ipe .  

A i r  I n t a k e  Uperat ion w i t h  o r  without  forced  flow 
of a i r  t o  t h e  combustion chamber had 
no e f f e c t  on sound i n t e n s i t y  o r  
frequency. 

c .  Pulse-Je t  Development and Tes t ing  a t  Elevated P res su re  

The geometry of t h e  high-pressure p u l s e - j e t  w i l l  b e  f i n a l i z e d  based 
on t h e  f i n d i n g s  of t h e  t e s t s  a t  ambient p re s su re .  A combustion chamber (No. 
4 )  has  been f a b r i c a t e d  (Phase 11) t h a t  i s  a  d i r e c t  cvpy of combustion chamber 
No. 2  ( s e e  Table 13)  f o r  h igh -p res s~ l r e  t e s t i n g ,  

Ins t rumenta t ion  arrangements f o r  p r e s s u r e  and flow c o n t r o l  i n  t h e  
h igh-pressure  pulse- j  e t  system a r e  schemat ica l ly  i l l u s t r a t e d  i n  F ig .  10 .  The 
pneumatic c o n t r o l s  and va lves  r equ i r ed  have been ordered.  

d .  Future  Work 

Debugging of t h e  ambient-pressure p u l s e  j e t  and resonant  manifold 
w i l l  cont inue .  Design, manufacture,  and procurement of it-ems f o r  t h e  high- 
p r e s s u r e  t e s t  equipment w i l l  a l s o  cont inue ,  a long  w i t h  f a b r i c a t i o n  and 
i n s t a l l a t i o n  of t h e  high-pressure c o n t r o l  pane l  and supply systems. 
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2. TAN-JET Cyclone 

A f t e r  cons ide rab le  de lay ,  a cont ro l led-vor tex  high-eff ic iency cyclone 
(TAN-JET) has been r ece ived  from t h e  Donaldson Company f o r  t e s t f n g  and 
e v a l u a t i o n  i n  t h e  f l u e  gas  system of t h e  ANL 15.2-cm-dia combustor ( s ee  ANL/ 
CEN/FE-77-3 and ANL/CEN/FE-77-8). The cyclone w i l l  be extremely u s e f u l  i n  
t e s t i n g  of t h e  granular-bed f i l t e r  concept being evaluated a t  ANL and i n  
eva lua t ing  t h e  a c o u s t i c  d u s t  condi t ion ing  concept.  I n s t a l l a t i o n  of t h e  TAN- 
JET w i l l  r e q u i r e  cons ide rab le  mod i f i ca t ion  t o  t h e  e x i s t i n g  flue-gas system. 
P ip ing  diagrams and suppor t  s t r u c t u r e s  f o r  t h e  cyclone have been prepared and 
a r e  be ing  p r e f a b r i c a t e d  f o r  i n s t a l l a t i o n  where p o s s i b l e .  When p re fab r i ca t ed  
i tems  a r e  completed and t h e r e  is  an a p p r o p r i a t e  break  i n  t h e  t e s t i n g  schedule 
of t h e  combustor, i n s t a l l a t i o n  of t h e  cyclone will proceed. 

3. Granular-Bed - ,,,- F i l t e r  
. - .- -. 

I n i t i a l  t e s t i n g  of a g ranu la r  fixed-bed f i l t e r  in t h e  f l u e  gas  'system of 
t h e  ANL 15.2-cm-dia combustor was r e c e n t l y  completed. R e s u l t s  QE t he  tests, 
which were performed t o  t e s t  t h e  concept of u s ing  t h e  l imes tone  from t h e  PFBC 
process  as the granular-bed medium, were r epo r t ed  previous ly  (.see ANL/CEN/FE- 
77-8). 

Curren t ly ,  a conceptua l  des ign  of a granular-bed f i l t e r  f o r  a 200-MWe 
demonstrat ion f a c i l i t y  is  being made, based on t h e  experimental  r e s u l t s ,  t o  
e v a l u a t e  whether t h e  b a s i c  concept of u s ing  l imestone i n  t h e  f i l t e r  is  
f e a s i b l e .  

The b a s i c  assumptions f o r  t h e  conceptual  des ign  a r e  given i n  Table 14.  
A s imple  mass b.alance based on t h e  assi imptions w a s  made and i c  prcocntcd i n  
Fig .  11. The m a s s  ba lance  i n d i c a t e s  t h a t  $17.3 Mg/h of s o l i d s  overflow from 
t h e  cornbugtor would be  a v a i l a b l e  f o r  u s e  i n  t h e  granular-bed f i l t e r  a s  t h e  
f i l t r a t i o n  medium. Based on a bulk d e u s i t y  of 1370 kg/m3 f o r  t h e  s u l f a t e d  
so rben t ,  %12.6 m3/h of t h e  s u l f a t e d  so rben t  would be a v a i l a b l e  f o r  u s e  i n  t h e  
granular-bed f f l f e r .  

I r r e s p e c t i v e  of t h e  granular-bed f i l t e r  design,  a s imple  mass balance 
can b e  made.on t h e  f i l t e r  t o  i n d i c a t e  maximum f i l t e r  c ros s - sec t iona l  s u r f a c e  
a r e a  a s  a func t ion  of granu.l..ar-bed f i l t e r  t h i ckness  and frequency of f i l t e r  
r egene ra t ion ,  i.e., t h e  number of t imes t h e  g ranu la r  bed would be changed per  
hour of ope ra t ing  time. The r e s u l t s  of t h i s  a n a l y s i s  a r e  shown i n  Fig.  12.  
A t  a g iven  bed th i ckness ,  t h e  maximum f i l t e r  a r e a  p o s s i b l e  decreases  r a p i d l y  
a s  t h e  frequency of bed r egene ra t ion  (c leaning)  i nc reases .  A t  a bed th i ckness  
of'10, cm, f o r  example, i nc reas ing  the  number of bed changes per  hour from 0.5 
t o  3.0 dec reases  t h e  maximum f i l t e r  a r e a  p o s s i b l e  from $255 m2 t o  $42 m2.  

The m a t e r i a l  ba lance  around t h e  combustor a l s o  al lows c a l c u l a t i o n  of t h e  
vo lume t r i c  flow r a t e  which would have t o  be handled by t h e  granular-bed f i l t e r .  
Thus, t h e  l i n e a r  v e l o c i t y  of t h e  f l u e  gas  through t h e  granular-bed f i l t e r  can 
be  c a l c u l a t e d  a s  a f u n c t i o n  of t h e  f i l t e r  s u r f a c e  a rea ,  t h e  ope ra t ing  tempera- 
t u r e ,  and t h e  p re s su re .  F igu re  1 3  i l l u s t r a t e s  t h e  r e s u l t s  f o r  a f i l t e r  
opera ted  a t  815OC. 



Flue Gas: 759 Mg/h; 
63.1. m3/s 
815OC and 1.01 MPa 

Solids Carry -over: 11.9 Mg/h 
Loading: 5 2  9/m3 

COMBUSTOR 

2 0 0  MWe 

Coal: 59.5 Mg /h  

Sorbent: 24.2 Mg/h 
m 

Solids Overflow: 
17.3 Mg/h  

Air:  704 Mg/h I 

F i g .  11. M a t e r i a l  Balance f o r  200-MWe Demonstra t ion 
P l a n t  Based on  Assumptions i n  T a b l e  14.  
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Fig .  12. Maximum Granular-Bed F i l t e r  Su r f ace  Area a s  a  Funct ion of 
Bed Depth and Bed Regenerat ion Frequency 

The s i g n i f i c a n t  obse rva t ion  t o  b e  made from Fig.  1 3  i~ t h a t  t o  main ta in  
a  r e l a t i v e l y  low gas v e l o c i t y  through t h e  f i l t e r ,  i.e., 0 . 1  t o  0.2 m / s ,  a  
t o t a l  f i l t e r  s u r f a c e  a r e a  between ~ 1 6 0  m2 and 630 m2 is r equ i r ed ,  depending 
upon t h e  system ope ra t i ng  p r e s s u r e .  Re fe r r ing  back t o  F ig .  1 2 ,  i n  o rde r  t o  
d e s i g n  a granular-bed f i l t e r  w i t h  160 m2 ( t h e  s u r f a c e  necessary  t o  handle  63.1 
m 3 / s  of g a s  a t  815OC, 2.02 MPa, and a gas v e l o c i t y  of 0 .2  m / s  and a granr l~ l la r -  
bed f i l t e r  t h i cknes s  of 10  cm r e q u i r e s  t h a t  t h e  bed be  rep laced  more o f t e n  
t han  once per  hour .  

The ~ i e x t  s t e p  i n  t h e  a n a l y s i s  w i l l  b e  t o  determine t h e  i n i t i a l  p r e s su re  
drop a c r o s s  t h e  c l e a n  f i l t e r  a s  a  f u n c t i o n  of v e l o c i t y ,  bed depth ,  p r e s s u r e ,  
and t h e  r a t e  of  p r e s s u r e  drop i n c r e a s e  a c r o s s  t h e  bed a s  a  f u n c t i o n  of veloc- 
i t y .  The i n i t i a l  p r e s s u r e  drop a c r o s s  t h e  c l e a n  bed can be  e s t ima ted  from 
t h e  Ergun c o r r e l a t i o n ,  and t h e  i n c r e a s e  i n  p r e s s u r e  drop w i t h  t i m e  can be  
e s t ima ted  from t h e  experimental  r e s u l t s  r epo r t ed  prev ious ly .  



Table 14.  Assumptions used a s  a  Bas is  f o r  t h e  Conceptual Design of a 
Granular-Bed F i l t e r  f o r  a  200-MWe ~ e m o n s - t r a t i o n  P l a n t  

Coal : 

Sorbent : 

Excess A i r :  

Ca/S Rat io  

Cycle Eff ic iency:  

Sewickley c o a l  wi th  a  hea t ing  va lue  of 
13,000 Btu/ lb and con ta in ing  4 . 3 %  
s u l f u r  

Tymochtee dolomite  conta in ing  20 w t  % 
calcium, once- through ope ra t  ion  

40% (conversion of hea t ing  va lue  i n  
c o a l  t o  e l e c t r i c  power) 

Bulk Density of Su l f a t ed  Sorbent:  1370 .kg/m3 

P a r t i c l e  Carryover i n  t h e  Flue Gas: 100% of c o a l  ash  p l u s  20% of sorbent  

0 a 
(3 

0 
0 100 2 0 0  300 400 5 0 0  

FILTER SURFACE AREA, m2 

I 
- Operating Temperature: 815OC - 

Numbers on curves indicate 
- operating pressure in MPa. - 
- Total Flow: 63.1 m3/s - 

- - 

- - 

- - 

- - 

Fig .  13. Gas Velocf t y  .through Granular-Bed 
F i l t e r  a s  a Function of F i l t e r  
Area and Operating P res su re  
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APPENDIX A 

Limestone Designat ions and Sources 

Limes tone  
Suppl ie r  Locat ion Limes tone 

ANL-4801 Midwest Aggregates Corp. F o r t  Wayne, I N  

ANL-4901 -- 
ANL-4902 Vulcan Mate r i a l s  
ANL-4903 Black Creek Limestone Co. 

Monroe, W I  
McCook Complex, IL 
Black Creek, W I  

ANL-5001 Har r i s  Limestone Co. Piedmont, MO 

E. E. Duff 'and Sons 
P o r t e r  Limes Cone Co . Hunt sv i l l e ,  OH 

Rockton, I L  

Midwest Aggregates Corp. 
Midwest Aggregates Corp. 
B u l l i t t  County Stone Co. 
James River Limestone Co. 
Mayvil le  White Lime Works 
Mayville White Lime Works 
Quapaw Co. 

F o r t  Wayne, I N  
Fo r t  Wayne, I N  
Shephardvi l le ,  KY 
Buchanan, VA 
Mayvil le ,  W I  
Mayville,  W I  
Drumrigh t , OK 

ANL-5301 
ANL-5302 
ANL-5303 
ANL- 5304 

Chas. P f i z e r  Co. 
Vulcan Mate r i a l s  Co. 
May Stone and Sand 
Vulcan Mate r i a l s  Co. 

Gibsonburg , OH 
Birmingham, AL 
For t  Wayne, I N  
Parsons ,  TN 

ANL-5401 
ANL-5402 
ANL- 5403 

De l t a  Mining Co. 
Raid Quarr ies  (Medusa Aggregates) 
U.  S. S t e e l  Corp. 

M i l l  Creek, OK 
Bur l ing ton ,  I A  
Chicago, IL 

ANL- 5 501 Lime Products  Corp. Union, ME 

ANL-5601 
ANL-5602 
ANL- 5603 

Kaiser  R r I r a c t o r i e s  
G.  & W. H. Corson, Inc.  
York Stone Co. 

S a l i n a s ,  CA 
Plymouth Meeting PA 
York, PA 

J e f f  e ry  Limestone Co. Parma, M I  

Meshberger Stone,  Inc .  Columbus, I N  

ANL- 6401 G.  & W. H. Corson, Inc .  Plymouth Meeting, PA 

Meshberger Stone, I n c  . Columbus, I N  

Osmundson Bros. 
Vulcan Mate r i a l s  Co. 

Adams, MN 
Parsons ,  TN 

F o r t  Calhoun Limestone Co . For t  Calhoun, NE 

(contd) 



APPENDIX A (Contd) 

Limestone Designations and Sources 

Limes tone 
Supplier Limestone Locat ion 

Greer Limestone Co. 
- - -- 

Morgantown, WV 

Monmouth Stone Co. Monmouth, IL 

Vulcan Materials Co. Birmingham, AL 

Hnnper Brother3 Quarry 
Vulcan Materials Co. 
Civil Bcnd Bethany Falls 

beeping Water, NE 
Parsons, TN 
Eethaay, MO 

Georgia Marble Co. 

Pete Lien and Sons 
Lime Products Corp. 

Rapid City, SD 
Union, ME 

Grove Lime Co. 
American Aggregates 
Southern Materials 
Rose Equ5,pment , Inc. 
Midwest Minera 1.n 

Stephens City, VA 
Indianapolis, IN 
Ocala, FL 
Weeping Waters, NE 
Piresburg , KS 

Columbia Quarry Co. 
Delta Mfning Curp .  
G. & W. H. Corson, Inc. 

Valmeyer, IL 
Mill. Creek, OK 
Plymollth Meeting, PA 

Greer Lhestone Co. 
Hemphill Brothers 
Austin White Lime Co. 
Midwes t Limestone Co . 
Western Materials Co. 
U. S. Steel Corp. 

Morgalltown, WV 
Seattle, WA 
McNeil, TX 
Gilmore City, IA 
Orleans, IN 
C11icog0, IL 

Iowa Limestone Co. 
Chem. Lime Inc. 
Rigsby and Barnard Quarry 

Alden, IA 
Clifton, TX 
Cave In Rock, IL 

ANL-9901 Western Materials Co. 
ANL-9902 Southern Materials 
ANL-9903 Calcium Carbonate Co. 

Orleans, IN 
Ocala, FL 
Fnrt Dodge, IA 



APPENDIX B . 
Composition (wt %) of Limestones and Dolomites 

Limes tone 

ANL-5801 
ANL-4901 
ANL-4902 
ANL-4903 
ANL-5001 
Tymochtee (ANL-5101) 
ANL-5102 
ANL-5201 
ANL-5202 
ANL-5203 
ANL-5204 
ANL-5205 
ANL-5206 
ANL-5207 
1337 (ANL-5301) 
ANL-5302 
ANL-5303 
ANL-5 304 
ANL-5401 
ANL-5402 
ANL-5403 
ANL-5501 
Dolowhite (ANT,-5601) 
ANL-5602 
ANL-5603 
1351 (ANL-6101) 
ANL-6301 
ANL-6401 
ANL-6501 
ANL- 6 701 
ANL-6702 
ANL- 7401 
Greer (ANL-8001) 
1360 (ANL-8101) 
ANL-8301 
Chaney (ANL-8701) 
1343 (ANL-8901) 
ANL- 89 0 2 
ANL-8903 
1336 (ANL-9 201) 
ANL-9401 
ANL- 9 40 2. 
Grove (ANL-9 501) 
ANL-9502 
ANL-9 503 
ANL-9504 
ANL-9505 
2203 (ANL-9601) 

(Contd) 



APPENDIX B (Contd) 

Composition (wt %) of Limestones and Dolomites 

Limes tone CaC03 MgC03 Fe203 A1203 Si02 Na20 K20 

ANL-9602 96.2 0.43 0.12 0.21 1.19 0.03 0.01 
ANL-9603 96.4 1.56 0.10 0.30 0.70 0.05 0.11 
Germany Valley (ANL-9701) 97.8 0.6 0.10 1.8 0.2 0.25 -- 
ANL-9 702 97.5 0.68 0.05 0.05 0.21 0.01 0.01 
ANL-9703 97.6 0.58 0.19 0.50 1.08 0.03 0.17 
ANL-9 704 97.8 0.34 0.30 0.05 0.15 0.04 0.02 
ANL-9705 97.3 0.53 0.17 0.35 0.20 0.05 0.01 
ANL-9706 97.3 0.98 0.08 0.06 0.23 0.03 0.01 
ANL- 9 80 1 98.3 0.6 0.15 0.16 0.20 0.04 0.20 
ANT.,-9 80 3. 98.2 o . / ~ I  0.18 0.10 0.23 0 . ~ 4  O . O ~  
ANL-9 803 98.0 1.26 0.07 0.14 1.47 0.02 0.02 
ANL-9901 99.1 0.60 0.05 0.06 0,17 <Q.01.3 4.01 
ANT!-9902 99.1 U.38 0.05 0.04 U.13 0.04 0.01 
ANL-9903 93.8 0.53 0.02. U.16 0.24 0.20 0.01 



APPENDIX C .  DEVELOPMENT AND A P P L I C A T I O N  O F  A LASER 

SPECTROSCOPY SYSTEM FOR FBC GAS S P E C I E S  

MEASUREMENT: SYSTEM CONCEPTS EVALUATION 

P r e p a r e d  f o r :  

ARGONNE NATTONAL LABORATORY 
A r g o n n e ,  I l l i n o i s  60439 

C o n t r a c t  N o . . 3 1 - 1 0 9 - 3 8 - 4 1 0 7  

SPECTRON DEVELOPMENT LABORATORIES I N C .  

3303 H a r b o r  B o u l e v a r d ,  S u i t e  G-3 
C o s t a  M e s a ,  C a l i f o r n i a  92626 (714)  5 4 9 - 8 4 7 7  



SUMMARY 

The f i r s t  p a r t  ana lyzes  t h e  problem t o  which t h e  bu lk  of t h i s  and sub- 
sequent  r e p o r t s  i s  p r i m a r i l y  addressed.  Some gene ra l  phenomenology of t h e  
h o t  co r ros ion  p roces s  caused by s u l f a t e  depos i t i on  is  o u t l i n e d  and t h e  mea- 
surement problems de f ined .  Various phys i ca l  phenomena a r e  considered f o r  
t h e i r  p o t e n t i a l  i n  making t h e  r equ i r ed  measurements. Others a r e  considered,  
n o t  f o r  t h e i r  u se fu lnes s ,  b u t  f o r  t h e  degree t o  which they  may obscure o r  
render  i n  e r r o r  those  i n  t h e  former ca tegory .  Many techniques which appear 
t o  b e  s u p e r f i c i a l l y  a t t r a c t i v e  may b e  r e j e c t e d  f o r  s imple and unambiguous 
reasons  - o t h e r s  m e r i t  f u r t h e r  a n a l y s i s  and a r e  shown h e r e  t o  b e  worthy of 
more d e t a i l e d  cons ide ra t ions .  
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1.0  INTRODUCTION 

Background 

There i s  very cons ide rab le  i n t e r e s t  i n  gene ra t ing  e l e c t r i c i t y  from 
c o a l  whose q u a l i t y  o r  s u l f u r  conten t  needs s p e c i a l  combustion f a c i l i t i e s  t o  
meet p o l l u t i o n  requirements .  F lu id i zed  bed combustors w i th  a d d i t i v e s  which 
prevent  excess ive  emission of oxides of s u l f u r  a r e  being i n v e s t i g a t e d ,  and 
t o  r a i s e .  system e f f i c i e n c y  combined cyc le  systems a r e  under a c t i v e  examina- 
t i o n .  The major p a r t i c u l a t e s  a r e  removed from t h e  h o t  gas  s t ream by cyclones 
and g ranu la r  bed f i l t e r s  p r i o r  t o  impingement on t h e  f i r s t  s t a g e  of a  gas  
t u r b i n e .  The h igher  t h e  t u r b i n e  i n l e t  temperature,  i n  gene ra l ,  t h e  more 
energy may be  e x t r a c t e d  and t h e  more e f f i c i e n t  t h e  t o t a l  system may be. There 
a r e ,  of course,  l i m i t s  on top temperature of t u rb ine  m a t e r i a l s  and i t  has  be- 
come usua l  t o  a r r ange  t o  cool  t h e  b l ade  s u r f a c e s  by i n j e c t i o n  of a  coo le r  
medium. The t r a n s p i r a t i o n ,  i n j e c t i o n  o r  f i l m  cool ing  guarantees  t h a t  t h e  
b lade  w i l l  be  below t h e  temperature of  t h e  gas s t ream and al though t h i s  i m -  
proves both  e f f i c i e n c y  , because a  h ighe r  t u r b i n e  i n l e t  temperature i s  
permi t ted ,  and b l ade  l i f e ,  from thermal  cons ide ra t ions ,  t h e r e  i s  a  tendency 
f o r  t h e  l e s s  v o l a t i l e  spec i e s  i n  t h e  e f f l u x  of t h e  c o a l  burner  t o  condense on 
t h e  b l ade . .  P a r t i c u l a r l y  prone t o  such condensat ion a r e  t h e  s u l f a t e s  of a l k a l i  
meta ls  p re sen t  bo th  i n  t h e  o r i g i n a l  c o a l  and t o  a  comparable e x t e n t  i n  t h e  
dolomite added t o  suppress  s u l f u r  emission.  

It appears  from published d a t a  t h a t  ho t  co r ros ion  of many t u r b i n e  
m a t e r i a l s  is  i n i t i a t e d  by a  depos i ted  l a y e r  of l i q u i d  s u l f a t e s  of sodium and/ 
o r  potassium. A mixture  of t h e s e  may mel t  a t  a  lower temperature than e i t h e r  
pure m a t e r i a l ,  and indeed t h e  presence of Ca o r  Mg s u l f a t e s  may a l s o  a l t e r  t h e  
tendency t o  form a  l i q u i d  l a y e r .  

I t  appears  t h a t  i f  a  t h i n  l a y e r  of a  l i q u i d  s u l f a t e  is  p re sen t  on t h e  
s u r f a c e  of a  nickel-based a l l o y ,  where t h e r e  i s  an  excess  of oxygen above t h e  
g u l f a t e  l a y e r ,  t h a t  c e r t a i n  t r a n s p o r t  mechanisms ope ra t e .  The p a r t i a l  pres- 
s u r e  of oxygen a t  t h e  base  of t h e  l i q u i d  l a y e r  causes a  r e a c t i o n  wi th  l o c a l  
s u r f a c e  N i O  t o  form an uns t ab le  "n icke la te"  i o n  [ N ~ o $ - ]  which migra tes  t o  t h e  
s u r f a c e  of t h e  l a y e r  removing n i c k e l .  Residual  s u l f u r  a t  t h e  base  migra tes  
i n t o  t h e  n i c k e l  pe rmi t t i ng  the  oxygen imbalance t o  be maintained.  This  
s u l f i d a t i o n  co r ros ion  then  proceeds t o  remove n i c k e l  a t  a  h igh  r a t e ,  t h e  con- 
s t a n t  amount of s u l f u r  migra t ing  i n t o  s u r f a c e  l a y e r s  of co r ros ion  p i t s  and 
t h e  oxygen be ing  suppl ied  cont inuously from t h e  s u r f a c e .  The Na2S04 p l ays  
t h e  p a r t  of a  c a r r i e r  medium i n  which t h e  undes i r ab le  r e a c t i o n s  may proceed, 
bu t  i t  is not  consumed. The co r ros ion  t h e r e f o r e  i s  an uns t ab le  "runaway" 
process  f o r  which prevent ion  of t h e  e x i s t e n c e  of a  l a y e r  of l i q u i d  s u l f a t e  i s  
much more e f f e c t i v e  than  r e l y i n g  on methods f o r  i t s  removal. A d e t a i l e d  s tudy 
of t hese  mechanisms1 i s  a v a i l a b l e .  

It appears  t h a t  a l though e ros ion  and a c c r e t i o n  f o u l i n g  may be depen- 
den t  upon gas borne p a r t i c u l a t e s ,  t h e  main source  of hot  co r ros ion  i n i t i a t o r s  
is d i r e c t  condensation on t h e  meta l  from t h e  vapor phase. This  i s  e s p e c i a l l y  
l i k e l y  t o  occur on cooled elements such a s  t h e  t u r b i n e  b l a d e s .  Unless t h e r e  
i s  s i g n i f i c a n t  presence of molybdenum oxide2 i t  appears  t h a t  l i q u i d  s u l f a t e  
condensation ( l ead ing  t o  s u l f i d a t i o n )  i s  t h e  dominant i n i t i a t o r  of co r ros ion  
and hence i s  t h a t  p roper ty  which must b e  monitored and c o n t r o l l e d  t o  reduce 
o r  prevent  s e r i o u s  meta l  a t t a c k .  The dominance of t h i s  mechanism is suppor ted3  



by t h e  presence of co r ros ion  a f t e r  on ly  a  b r i e f  excurs ion  i n t o  a  Na2S04 depo- 
s i t i o n  regime. 

From t h i s  t h e  c o n t r o l  func t ion  becomes such a s  t o  prevent  any deposi- 
t i o n ,  however t r a n s i e n t ,  from occurr ing .  Once any Na2S04 has condensed, t h e  
damage is done and c o r r o s i o n  w i l l  cont inue  c a t a s t r o p h i c a l l y  un le s s  t h e  s u l f a t e  
l a y e r  e i t h e r  completely s o l i d i f i e s  o r  is  removed. Removal mechanisms f o r  
l i q u i d  s u l f a t e  a r e  d iscussed  i n  Reference 6 .  Condensation on upstream p a r t i -  
c l e s  o r  coo le r  s t r u c t u r e s  may p r o t e c t  t h e  t u r b i n e  b l ades ,  b u t  i s  un l ike ly  o r  
undes i r ab le :  i t  i s  c e r t a i n l y  no t  a  long term s o l u t i o n  i n  a  cont inuously 
ope ra t ing  f a c i l i t y .  Avoidance of Na2S04 presence  a t  concent ra t ions  above t h e  
d e p o s i t i o n  th re sho ld  f o r  t h e  b l ade  temperature is a s a t i s f a c t o r y  prevent ive .  
It f u r t h e r  appears  t h a t  d i r e c t  d e p o s i t i o n  a s  a  s o l i d ,  provided t h a t  i t  never  
reaches  f u s i o n  temperature,  is  a l s o  a  cu re .  It mag n o t  always be  p o s s i b l e  nor 
convenient  t o  o p e r a t e  t h e  t u r b i n e  b l a d e s  below t h e  minimum mel t ing  temperature 
of any p o s s i b l e  e u t e c t i c  of depos i ted  spec i e s .  

Many  reference^^-^ in t roduce  t h e  somewhat complex high temperature 
chemistry and phys ics  ~f t h e  e f f l u x  from a f l i ~ i d z i e d  h ~ r l  rmnh i i s tn r .  n t h ~ r  
work has  been d i r e c t e d  towards t h e  monitor ing of emissions10 and t h e i r  
c o n t r o l .  4-1 l Non-intrusive monitor ing i s  c u r r e n t l y  a v a i l a b l e  commercially 
u s ing  va r ious  techniques  f o r  t h e  p o l l u t a n t s  which a r e  more normally considered 
t o  be environmental ly  d e l e t e r i o u s ,  e . g . ,  NO,, SO2, p a r t i c w i a t e s ,  e t c .  The 
problem of non in t rus ive  monitor ing of a l k a l l  meta ls  and t h e i r  compounds f o r  
co r ros ion  avoidance is  l e s s  w e l l  s t u d i e d  and c e r t a i n l y  more d i f f i c u l t .  

There a r e  two c l a s s e s  of candida te  techniques f o r  t r a c e  s p e c i e s  
monitor ing:  ( a )  t h e  a n a l y s i s  of' an  e x t r a c t e d  sample and (b) t h e  non in t rus ive  
obse rva t ion  of a parameter q u a n t i t a t i v e l y  changed by t h e  presence of t h e  
spec1 es of i n t e r e s t  . 

A d i scuss ion  of c l a s s  (a)  i s  no t  a p p r o p r i a t e  t o  t h i s  r e p o r t  a s  i t  i s  
be ing  adequately pursued elsewhere.  The cons ide ra t ion  of c l a s s  (b) i s  open- 
ended i n  t h a t  i t  should explore a l l  techniques  which m i g h t  her.ome ~ r n n n m i r a l l y  
f e a s i b l e  and o f f e r  advantages over  a n a l y s i s  of a n  e x t r a c t e d  sample w i t h  res -  
pec t  t o  process  monitor ing and c o n t r o l .  

1 .2 Environment and Cons t r a in t s  

The f l u e  gases  i n  a c o a l  f i r e d  FBC would be  a t  about 850°C (1123 K)  
and about  l o 3  kPa ( c .  10 atmospheres)12 p r i o r  t o  e n t r y  i n t o  t h e  combined cyc le  
t u rb ine .  A t  t h i s  p o i n t  t h e  f l u e  gases  w i l l  have been through probably two 
c y c h n e  s e p a r a t o r s  and a  g ranu la r  bed f i l t e r  whieh w i l l  have removed most of 
t h e  p a r t i c u l a t e s  e s p e c i a l l y  those  i n  t h e  l a r g e r  size ranges , .above  a few pm 
( s a y ) .  There may be  p a r t i c l e s  below t h e s e  s i z e s ,  and poss ib ly  even a  few 
rogues which escape t h e  clean-up process .  The gases  w i l l  con ta in  a  l a r g e  
number of r e s i d u a l  molecules der ived  from contaminants i n  t h e  o r i g i n a l ,  f a i r l y  
low and v a r i a b l e  grade  c o a l ,  and v a r i o u s  so rben t s  added t o  minimize emission 
of s u l f u r  ox ides .  The p i p e  which c a r r i e s  t h e  f l u e  gases  i n  t h e  f a c i l i t y  i n  
ques t ion  f o r  t h i s  c o n t r a c t  has  a  t y p i c a l  diameter  of 0 . 1  m and may b e  modified 
t o  accep t  windows, t r anspa ren t  t o  va r ious  s e c t i o n s  of t h e  e lec t romagnet ic  
spectrum. It i s  a n t i c i p a t e d  t h a t  t h e  windows could be  prevented from changing 
t h e i r  t ransmiss ion  p r o p e r t i e s  wi th  t ime by one of a  number of techniques wide- 
l y  us,ed i n  t hose  i n d u s t r i e s  where such engineer ing  a r t s  a r e  requi red ,  e . g . ,  



hea t ing ,  cool ing ,  purging, washing, e t c .  a s  app ropr i a t e .  I n  t h i s  ca se  we 
might suggest  hea t ing ,  an  appa ren t ly  cu r ious  choice  u n t i l  t h e  o t h e r  c o n s t r a i n t s  
of n e i t h e r  a d d i t i o n  t o  nor  s u b t r a c t i o n  from t h e  t e s t  flow a r e  considered.  
Cooling the  window, o f t e n  a  popular  method of p r o t e c t i n g  t h e  window would 
he re  l e a d  t o  condensation and immediate l o s s  of t ransmiss ion .  

Many good techniques of a n a l y s i s  of t r a c e  s p e c i e s  i n  gases  a r e  he re  
precluded by t h e  requirements not  t o  e x t r a c t  a  sample of t h e  gas ;  such methods 
a r e  t h e  s u b j e c t  of o t h e r  c u r r e n t  s t u d i e s  which themselves o f f e r  g r e a t  promise 
once t h e  p r i c e  of sample e x t r a c t i o n  i s  pa id .  

The gases  may thus  b e  observed v i a  one, o r  two opposed, window(s) and 
al though flowing p a s t  a t  some speed may be  assumed t o  be i n  complete chemical 
and thermodynamic equi l ibr ium.  Thus t h e  t ime s c a l e  of concen t r a t ion  change 
i s  cha rac t e r i zed  by response times of t he  FBC over bed chemical make up t o  
changes i n  combusting m a t e r i a l s .  This  w i l l  almost c e r t a i n l y  be  of o rde r  m s  
and l a r g e r ,  probably up t o  hours a s  feeds tock  chemistry v a r i e s .  P a r t i c l e  
loading may vary very r a p i d l y ,  having consequences of vary ing  se r iousness  
depending upon t h e  monitor methdd which we choose t o  use.  

1 .3  The Problem 

The purpose f o r  which t h i s  c o n t r a c t  w a s  e s t a b l i s h e d  is  seen  t o  be t h a t  
of monitor ing t h e  gaseous concent ra t ion  of a l k a l i  meta l  s u l f a t e s  w i th  pa r t i cu -  
l a r  regard t o  d e t e c t i n g  t h e  po in t  a t  which t h e r e  may e x i s t ,  f o r  whatever 
reason,  a  l a y e r o f  l i q u i d  s u l f a t e  upon t h e  s u r f a c e s  of turbine b lades .  Such 
a t h i n  l a y e r  i n  t h e  l i q u i d  phase only w i l l  l e a d  t o  s eve re  meta l  a t t a c k  and 
removal of most probably t h e  n i c k e l ,  of most s u i t a b l e  t u rb ine  b l ade  a l l o y s .  
This  does no t ,  of course,  apply t o  ceramic b l ades  which may g a i n  popu la r i t y  
i n  t h e  f u t u r e .  

The accu ra t e  monitor ing of t h i s  condensat ion po in t  may u l t i m a t e l y  b e  
used a s  a  c o n t r o l  parameter f o r  bed a d d i t i v e  chemistry t o  avoid t h e  co r ros ion  
condi t ion .  The quin tessence  of c o n t r o l  i s  t o  avoid t h e  depos i t i on  of any 
s u l f a t e .  The co r ros ion  mechanism appears  t o  use  s u l f a t e  a s  a  c a t a l y t i c  i n i t i -  
a t o r  whereby a l o c a l  medium is provided which prevents  n i c k e l  p a s s i f i c a t i o n  
and provides oxygen t r a n s p o r t  and n i c k e l  ox ide  removal a s  an  uns t ab le  t r a n s i e n t  
"nickelate" .  There a r e  o t h e r  suggested mechanisms b u t  t h i s  1s adequate  t o  
provide necessary and s u f f i c i e n t  cond i t i on  t o  prevent  depos i t i on  of s u l f a t e .  

The presence of sodium and s u l f u r  compounds i n  t h e  f u e l  and p o l l u t i o n  
c o n t r o l  a d d i t i v e s  makes i t  c e r t a i n  t h a t  i f  t h e  emi t ted  q u a n t i t i e s  of t h e s e  a r e  
high enough t h e  sodium spec ie s  found i n  t h e  gas phase w i l l  b e  sodium s u l f a t e ,  
c h l o r i d e  and oxide/hydroxide w i t h  sundry dimers.  An equi l ibr ium d i s t r i b u t i o n  
is  shown i n  Reference 6 and reproduced h e r e  a s  F igure  C-1. An equi l ibr ium 
p res su re  map f rom. the  same r e fe rence  is included as Figure C-2, and a  product 
d i s t r i b u t i o n  map f o r  vary ing  f u e l  a i r  r a t i o  trom Refe re l~ce  9 as Figure  C-3. 
There is  a weal th  of t e c h n i c a l  d a t a  i n  t h e  l i t e r a t u r e  b u t  i n  most ca ses  t h e  
emphasis has  been on t h e o r e t i c a l  p red ic t ions  from t h e  b a s i s  of chemical thermo- 
dynamics. Measurements have proved t o  b e  d i f f i c u l t  i n  t h e s e  ha r sh  engineer ing  
environments. What measurements do e x i s t  i n d i c a t e  t h a t  t h e  t h e o r e t i c a l  assump- 
t i o n s  have been q u i t e  adequate  a s  f a r  a s  they have gone b u t  a complete 
c h a r a c t e r i z a t i o n  of what is going on i ~ i  combined c y c l e  demonstrator and pro- 
posed f u l l  s c a l e  i n s t a l l a t i o n s  is  y e t  t o  be  d e t a i l e d .  
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The main c o n t r o l l i n g  parameter f o r  depos i t i on  of codi~rm S d f a t e ,  which 
appea r s .  i n  t h i s  Argonne apgl icat i .nn t n  clominate t h e  potclcoium cf f e c t s ,  is ,  no L 
s u r p r i s i n g l y ,  t h e  concen t r a t ion  of Na2S0,, i n  t h e  gas phase. There Eeemo no 
c l e a r  mechanism f o r  t r a n s f e r r i n g  s u l f a t e s  from p a r t i c u l a t e s  t o  b l ade  s u r f a c e s  
except  v i a  t h e  vapor phase so  f o r  t h e  purposes of t h i s  i n i t i a l  e x e r c i s e  t h e  
p a r t i c l e s  a r e  regarded only a s  a . s o u r c e  of e r r o r  o r  inconvenience i n  t h e  as- 
sessment of gaseous concen t r a t ions ,  and a r e  d iscussed  as such. We may j u s t i f y  
t h i s  f u r t h e r  by no t ing  thar  s i n c e  t h e  b l sdcc  arc coo1,er than tl!e gas slxeaan, 
i f  t h e r e  e x i s t s  any Na2S04 e i t h e r  a s  l i q u i d  o r  s o l i d  on t h e  p a r t i c l e s  i t  w i l l  
b.e i n  equ i l i b r ium wi th  t h e  gaseous Na2S04, and hence evapora te  o r  sublime t o  
b e  depos i t ed  on coo le r  s u r f a c e s .  The p r o b a b i l i t y  of t h i s  process  w i l l  b e  
a c c e s s i b l e  v i a  measurement of gas  phase concen t r a t ions .  

The presence of sodium s u l f a t e  as an  und i s soc i a t ed  molecule i n  
t h e s e  environmental cond i t i ons  is  a  consequence of i t s  g r e a t  s t a b i l i t y .  Know-. 
i n g  o t h e r  p r o p e r t i e s ,  such as temperature,  i t  may b e  p o s s i b l e  t o  i n f e r  i t s  
concen t r a t ion  by measurement of more e a s i l y  q u a l i f i e d  molecules known t o  b e  
i n  equ i l i b r ium wi th  i t ,  e . g . ,  N a C 1 .  It i s  un fo r tuna te  t h a t  a t  t h e s e  tempera- 
t u r e s  and p re s su res  t h e  equ i l i b r ium concen t r a t ion  of f r e e  sodium i s .  v e s t i g i a l ;  
s o  many o r d e r s  below t h e  o t h e r  c o n s t i t u e n t s  t h a t  even w i t h  s i n g l e  atom detec- 
t i o n  methods the  l e v e l  would be too  low f o r  a c c u r a t e  a s say .  



The r e q u i r e d - l i m i t s  of measurement of a l k a l i  s u l f a t e  f o r  t h i s  c o n t r a c t  
have been s t a t e d  t o  b e  0 . 1  mg m-3 t o  100 mg mm3 wi th  p r e c i s i o n  of 0 . 1  mg m'3 
t o  5 mg m-3 r e s p e c t i v e l y  as d iscussed  i n  Reference 12 and i t  i s  c e r t a i n  t h a t  
t h e  concen t r a t ion  of Na2S04 a t  which condensat ion begins  l i e s  somewhere i n  
t h i s  range. Whether i t  w i l l  condense a s  a s o l i d  o r  l i q u i d  depends on b l ade  
temperature and o t h e r  c o n s t i t u e n t s  which may lower t h e  mel t ing  po in t .  

There a r e  t h r e e  c l a s s e s  of method whereby sodium s u l f a t e  may be  mea- 
sured  wi thout  e x t r a c t i n g  a sample. 

(1) D i rec t  measurement of some molecular  p rope r ty ,  

( 2 )  I n f e r e n c e  from a d i r e c t  measurement of another  spec i e s  
i n  assumed equ i l i b r ium w i t h  i t ,  

(3)  Inducement of some change i n  t h e  s u l f a t e  o r  an  equi l -  
i b r i a l  spec i e s  t o  enhance t h e  p o s s i b i l i t y  of measurement. 

A l i s t  of p o s s i b l e  candida tes  i s  o f f e r e d  i n  t he  next  s e c t i o n .  

1 .4  P o s s i b l e  Techniques o r  Related Phenomena 

The a n a l y s i s  of t r a c e  s p e c i e s  where no sample may be  withdrawn must 
r e l y  on a c q u i s i t i o n  of information/energy from w i t h i n  ehe remote reg ion  by a 
t ransducer .  This  in format ion  must i n d i c a t e  concen t r a t ion  and type  of m a t e r i a l .  
I n  s o l - i d s  and l i q u i d s  i t  is p o s s i b l e  t o  envisage s e v e r a l  mechanisms, b u t  i n  
gases  t h e  only s e r i o u s  contender f o r  such a n  informat ion  channel appears  t o  
b e  e lec t romagnet ic  r a d i a t i o n .  The r a d i a t i o n  may b e  spontaneously emi t ted  
from t h e  t e s t  r eg ion  o r  i t  may b e  produced elsewhere and b e  modified i n  in ten-  
s i t y ,  frequency o r  p o l a r i z a t i o n  by c o n s t i t u e n t s  of t h e  t e s t  space. 

D i f f e r e n t  reg ions  of t h e  e lec t romagnet ic  spectrum i n d i c a t e  d i f f e r e n t  
p r o p e r t i e s  of atomic s p e c i e s  and molecules .  The gamma and x - r ay . r eg ions  a r e  
ind ica . t ive  of nuc lea r  p r o p e r t i e s ,  t h e  u l t a - v i o l e t  and v i s i b l e  i n d i c a t e  t h e  
e l e c t r o n i c  p r o p e r t i e s . o f  atoms and molecules ,  the  near  and f a r  i n f r a r e d  show 
v i b r a t i o n a l  and r o t a t i o n a l  p r o p e r t i e s  of molecules and i n t o  t h e  microwave 
r e g i o n  e l e c t r o n  s p i n  and nuc lea r  magnetic resonance phenomena occur .  I n  
p r i n c i p l e  most of t h e s e  types of r a d i a t i o n  may b e  considered candida tes  f o r  
s p e c i e s  a n a l y s i s .  Each w i l l  b e  b r i e f l y  d iscussed ,  and is  i l l u s t r a t e d  sche- 
m a t i c a l l y  i n  F igure  C-4. 

/ 
Requirements f o r  ope ra t ing  a d i a g n o s t i c  technique a r e  a p p r o p r i a t e  

r a d i a t i o n  d e t e c t o r s ,  f i l t e r s  and o t h e r  components and i n  t h e  abso rp t ion  and 
s c a t t e r i n g  mode s u i t a b l e  sources .  The v a r i o u s  phenomena a r e . c o n s i d e r e d  a s  
p o s s i b l e  candida tes  i n  t h e  l i g h t  o f . t h e  problem a s  i t  i s  c u r r e n t l y  posed. 

1 . 4 . 1  Techniques Iur Trace h ~ a l y s i s  

P o s s i b l e  methods based on remote sens ing  of e lec t romagnet ic  r a d i a t i o n  
c r e a t e d  i n ,  o r  modif ied by, t h e  t e s t  gas may inc lude  the  fol lowing.  A l l  a r e  
based upon frequency r e s o l u t i o n  a p p r o p r i a t e  t o  some atomic o r  molecular  
s t r u c t u r e  and r e l y  on s c a t t e r  o r  abso rp t ion  of i n c i d e n t  r a d i a t i o n  o r  charac- 
t c r i z a t i o n  of n a t u r a l  emission.  
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Fig .  C-4. C h a r a c t e r i s t i c  Phenomena. 

Nuclear T r a n s i t i o n s  l o 3  - 1c8 eV o r  .% - 10 nm 

Atomic and Molecular E lec t ron ic  50 nm - 3 urn 

Molecular Vibra t ionIRota t ion  1 pm - 50 pm 

Molecular Rota t ion  50 pm - ,500 pm 

E lec t ron ic  Spin Resonance 10 mm - 1 0  cm 

NUCLEAR 
N M R  

Nuclear Magnetic Resonance 10 cm - 1 0  m 



Nuclear Magnetic Resonance 

X- and gamma ray  absorp t ion  

Molecular e l e c t r o n i c  t r a n s i t i o n s  

Molecular v i b r a t i o n / r o t a t i o n  t r a n s i t i o n s  

Di s soc i a t ion  and atomic t r a n s i t i o n s  i n  Na 

The major problems wi th  each of t h e s e  methods a r e  t h e  low concent ra t ions  t o  be 
measured and the  h o s t i l e  environment i n  which these  measurements must be  made. 
We w i l l  cons ider  t h e  p o s s i b i l i t y  and subsequent ly p r a c t i c a l i t y  of d i f f e r e n t  
methods. 

A l l  t h e  above may b e  l i g i t i m a t e l y  considered a s  spectroscopy.  It 
seems t h a t  t hc  f i r s t  two., a l though widely used have not been app l i ed  t o  such 
a  high dens i ty  h o t  engineering s i t u a t i o n  and t h e  development which would be  
r equ i r ed  would b e  a  p r o j e c t  of many y e a r s ,  f r augh t  wi th  u n c e r t a i n t i e s  and low 
p r o b a b i l i t y  of success .  That i s  no t  t o  s ay  t h a t  they  must b e  r e j e c t e d  fo reve r  
al though n e i t h e r  may be  adequate  a t  t h e  very  low concen t r a t ions  of i n t e r e s t .  

There fo l lows  a  l i s t  of phenomena which a r e  c u r r e n t l y  used f o r  chemi- 
c a l  a n a l y s i s  of t r a c e  c o n s t i t u e n t s  without  modifying the  sample. These must 
be  r e j e c t e d  f o r  a t  l e a s t  one and o f t e n  more of t h e  fol lowing reasons .  

(a )  The phenomenon i s  only  a p p l i c a b l e  t o  t h e  molecular 
s p e c i e s  i n  t h e  s o l i d ,  o r  sometimes l i q u i d  form. 

(b) The technique r equ i r e s  a r e l a t i v e l y  high concentra- 
t i o n  of t h e  spec i e s  t o  b e  i d e n t i f i e d ,  compared wi th  
t h e  t r a c e  l e v e l s  he re .  

(c )  E i t h e r  t h e  phys i ca l  environment i n  t h e  t e s t  space o r  
i n  t h e  proximity of t he  harsh  ope ra t ing  cond i t i on  pre- 
c ludes  t h e  use  of t h e  phenomena wi thout  ex t ens ive  
a d d i t i o n a l  r e sea rch  and technology, o r  sometimes a t  a l l .  

It seems u s e f u l  t o  l i s t  a l l  t echniques  which we have considered now 
i n  case  t h e i r  non-app l i cab i l i t y  is  seen  t o  be changed by developments on a '  
wide f r o n t  of process  ins t rumenta t ion .  A t  t he  moment none of t h e s e  techniques 
could come i n t o  t h e  c l a s s  of p r e s e n t l y  u s e f u l  techniques f o r  t h i s  problem and 
i t  is  t h a t  func t ion  which i s  r equ i r ed  as a  r e s u l t  of t h i s  c o n t r a c t .  

111 each of thcoc cases  t h e r e  may be  o t h e r  reasons b u t  t h e  ones pre- 
sen ted  a r e  s u f f i c i e n t  t o  r e j e c t  t h e  methods f o r  t h e  p re sen t  purposes.  Please 
see Table C-1.  

I n  t h e  spectrum presented  a s  F igure  C-4 we have r e j e c t e d  phenomena 
based on the extremcly s h o r t  and extremely iong wavelengths.  It is  s e n s i b l e  
t o  d e f i n e  bounds of wavelength beyond which i t  i s  n o t  f e a s i b l e  t o  pursue t h e  
techniques.  The very s h o r t  x- and y-ray a r e  r e j e c t e d  a t  low concen t r a t ion  a t  
l e a s t  because any obse rva t ion  scheme would have g r e a t  d i f f i c u l t y  discr imina-  
t i n g  a g a i n s t  t h e  cosmic r a y  background a s  "good" events  would b e  r a r e .  Also 
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Table C-1.  

Immediately Rejec ted  Techniques Reason 

NMR Nuclear Magnetic Resonance (b ,  c) 

PAC 

IMPACT 

Per turbed  Angular Cor re l a t ion  ( a >  

Implanta t ion  Per turbed  Angular 
C o r r e l a t i o n  ( a>  

EPR E lec t ron  Paramagnetic Resonance (c) 

ENDOR E lec t ron  Nuclear Double Resonance (b , c)  

LEED LOW finergy E lec t ron  D i f f r a c t i o n  (a,c> 

SHEEP Scanning High Energy Elasf  ron  
niffr~rtion 

FIM F i e l d  Ion  Microscopy 

Mossbauer Spectroscopy ( a>  

x-ray.and y-ray Spectroscopy (b) 

Elec t ron  Spin Resonance (b,  c )  

neut ron  bombardment sources  would have t o  b e  very  i n t e n s e  and u t t e r l y  i n t r a c t -  
a b l e  f o r  t h e s e  purposes.  D i f f i c u l t i e s  of s i g n a l  t o  no i se  prnhl-ems a r e  t o  b c  
expccled ar t h e  long wavelength a l s o  a s  s p e c i f i c  photon energy i s  very  low 
compa~rd t o  t h e  thermal  background. 

Of most appea l  i s  t h e  range of e lec t romagnect ic  wavelengths i n  t h e  
n e a r  u l t r a v i o l e t ,  v i s i b l e ,  and i n f r a r e d .  These have been grouped a s  "opt ional"  
wavelengths and i t  is  i n  t h e s e  r eg ions  t h a t  we next  exp lo re  phenomena. 

1 .4.2 Op t i ca l  Pheqomena 

The use of v i s i b l e  r a d i a t i o n  as t h e  probing wavelength range o f f e r s  
many advantages.  Sources a r e  r e a d i l y  a v a i l a b l e ,  d e t e c t o r s  may b e  e s s e n t i a l l y  
quantum l i m i t e d  and t h e r e  a r e  s e v e r a l  window m a t e r i a l s  available! Thsre 
txiatb wldr  experieace of d i a g n o s t i c  a n a l y s i s  w i t h i n  and near  t h e  v i s i b l e  
spectrum app l i ed  t o  h o s t i l e  environments. 

Techniques may be  e l a s t i c  o r  i n e l a s t i c ,  t h e  l a t t e r  ca tegory  capable  of 
expansion t o  i nc lude  more complex atomic and moleb~ i l a r  i n t e r a c t i o n s .  I n  

1 3  g e n e r a l  t h e  e l a s t i c  s c a t t e r i n g  phenomena a r e  no t  s p e c i f i c .  
-_. 



1.4.2.1 I n e l a s t i c  Techniques 

These correspond t y p i c a l l y  t o  t h e  c e n t e r  t h r e e  s e c t i o n s  on Figure C-4. 
The s te reochemis t ry  of sodium s u l f a t e  sugges ts  a  c e n t r a l  s u l f u r  atom surrounded 
by a  t e t r a h e d r a l  a r r a y  of oxygen atoms between two opposed p a i r s  of which t h e  
sodium atoms a r e  s i t u a t e d .  This i s  a  compact and h igh ly  s t a b l e  complicated 
s t r u c t u r e  whose e l e c t r o n i c  spectrum i s  exceedingly complex and whose v i b r a t i o n  
and r o t a t i o n  s p e c t r a l  l e v e l s  . a r e  e l a b o r a t e  and smeared i n t o  a  quasi-continuum, 
a t  l e a s t  a s  f a r  a s  c u r r e n t l y  a v a i l a b l e  d a t a  would sugges t .  F igure  C-5 shows 
t y p i c a l  s p e c t r a  obtained by d i f f e r e n t  methods but  none, un ' for tuna te ly ,  r e f e r -  
r i n g  t o  t h e  requi red  gaseous s t a t e .  There i s  no r e s o l u t i o n  of any d e t a i l e d  
s t r u c t u r e  i n  t h e  abso rp t ion  bands, nor would any be expected i n  t h i s  phys i ca l  
s t a t e .  I n  low p res su re  gaseous form t h i s  s t r u c t u r e  might be r e s o l v a b l e  
(al though we have found no r e fe rence  t o  such nor any r e l e v a n t  publ ished d a t a )  
bu t  t o  a  l a r g e  e x t e n t  t h i s .may  be l o s t  i n  t h e  high p re s su re  and high tempera- 
t u r e  environment here.  Even though t h e  p a r t i a l  p ressure  of sodium s u l f a t e  i s  
v e r y  low the  doppler  and c o l l i s i o n a l  broadening due t o  t h e  high temperature 
and p re s su re  would c o n t r i b u t e  t o  mask any d e t a i l e d  s t r u c t u r e .  

Most of . the  techniques l i s t e d  i n  t h i s  s e c t i o n  r e q u i r e  t h e  e x i s t e n c e  of 
a  s u i t a b l e  s p e c t r a l  l i n e .  By " su i t ab l e"  we mean one which e x h i b i t s  t h e  prop- 
e r t i e s  t o  which t h e  chosen rnetho'd is  s e n s i t i v e ,  t h e  e x i s t e n c e  of suitab1.e 
d e t e c t o r s  a t  t h a t  wavelength and i n  s e v e r a l  ca ses  t h e  a v a i l a b i l i t y  of appro- 
p r i a t e l y  narrow and/or  powerful r a d i a t i o n  sources'  and o t h e r  components. I n  
gene ra l  none of t hese  c o n s t r a i n t s  i s  t r i v i a l .  

Again t h e  e a r l i e r  c o n s t r a i n t s  s e e m  t o  e l i m i n a t e  some f e a t u r e s  b u t  i t  
i s  more proper  he re  t o  expand upon some of t h e  techniques f o r  p re sen t  informa- 
t i o n  and s o  t h a t  t h i s  may be  used a s  a  sou rce  and r e f e r e n c e  document a s  f u r t h e r  
technology becomes a v a i l a b l e .  

L inea r  i n e l a s t i c  s c a t t e r i n g  phenomena t y p i c a l l y  involve  a n  energy 
change t o  t he  s c a t t e r e d  photon and an equ iva l en t  energy and momentum conserva- 
t i o n  change t o  t h e  atomic o r  molecular  system. The l a t t e r  may inc lude  an 
energy change i n  t he  e l e c t r o n i c ,  v i b r a t i o n a l  o r  r o t a t i o n a l  l e v e l s  and i s  ren- 
dered s p e c i f i c  t o  t h e  system by t h e  quantum s e l e c t i o n  r u l e s  ob ta in ing .  The 
magnitude of t he  t r a n s i t i o n a l  ene rg i e s  i s  most f o r  e l e c t r o n i c ,  l e s s  f o r  v ibra-  
t i o n  and usua l ly  smal l  f o r  r o t a t i o n  b u t  s i n c e  t h e r e  i s  coupling between t h e  
va r ious  l e v e l s  a  l a r g e  number of wavelength s h i f t s  i s  p o s s i b l e .  The c l a s s i f i -  
c a t i o n  of t hese  processes  is  not  always a s  c l e a r l y  expressed a s  might be  
h e l p f u l  and t h i s  w i l l  b e  a very b r i e f  o u t l i n e  based on d a t a  from a number of 
sources .  

(a )  Raman: I n e l a s t i c  processes  occurr ing  w i t h i n  t imes of t y p i c a l l y  
10-~~-ow a wavelength s h i f t  c h a r a c t e r i s t i c  of t he  atom of molecule 
involved i n  t h e  i n t e r a c t i o n .  Cross s e c t i o n s  a r e  u sua l ly  of o rde r  

cm2 p e r  atomic o r  molecular system, very  much sma l l e r  than any 
reasonable phys i ca l  s i z e  which might be  a s soc i a t ed .  This  d i f f e r e n c e  
may be  simply explained by not ing  t h a t  the  i n c i d e n t  photon frequency 
i s  f a r  away from a system resonance. It i s  apparent  t h a t  Raman ex- 
periments may be performed w i t h  i n c i d e n t  l i g h t  over  a  wide range of 
wavelengths where s u f f i c i e n t  o p t i c a l  power i.s a v a i l a b l e .  The s c a t t e r -  
e d  spectrum, of which a  t y p i c a l  example is  taken from Reference 15 a s  
Figure C-6, shows f e a t u r e s  c h a r a c t e r i s t i c  of s e v e r a l  parameters.  
The displacement i n  wavelength of t h e  v i b r a t i o n  l i n e  i s  an i n d i c a t o r  
of t he  s c a t t e r i n g  s p e c i e s ,  t h e  i n t e n s i t y  of t h e  s c a t t e r e d  l i g h t  is  an 
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i n d i c a t i o n  of t h e  concen t r a t ion  of t h a t  spec i e s .  The t e i i p e r ~ . r u r e  may 
be determined from t h e  r a t i o  of t h e  i n t e n s i t i e s  of v i b r a t i o n  l i n e s  a t  
h igher  and lower wavelength than  t h e  e x c i t i n g  frequency (Stokes t o  
Anti-Stokes r a t i o )  o r  from t h e  rotational s t r u c t u r e  of t h e  l i n e  s h i f t e d  
t o  longer  wavelength. This  l a t t e r  is  l a r g e r  than  t h e  Anti-Stokes l i n e  
because a t  t empera tures  l e s s  than  1000 K t o  2000 K t h e  thermal .exci ta-  
t i o n  energy i s  such t h a t  t he  p robab i1 . i . t~  of an  inc rease  i n  photon 
energy a t  c o l l i s i o n  is  s t i l l  s i g n i f i c a n t l y  lower than t h e  p r o b a b i l i t y  
of a  decrease .  Statements  about temperature must 'be made wi th  cau t ion  
un le s s  i t  is  p o s s i b l e  t o  assume t h a t  t r a n s l a t i o n a l ,  v i b r a t i o n a l  and 
r o t a t i o n a l  temperatures  have reached equi l ibr ium.  The v i b r a t i o n a l  
1.ine.s a r e  broadened by t h e  presence of r o t a t i o n a l  s p l i t ~ i n g  which ruay 
on ly  be  s e n s i b l y  observed under cond i t i ons  of h igh  r e s o l u t i o n ,  h igh  
s c a t t e r e d  l i g h t  i n t e n s i t i e s  and g r e a t  c a r e .  The low c r o s s  s e c t i o n s  
combined w i t h  low s p e c i e s  concen t r a t ion  make i t  p o s s i b l e  t o  measure 
t h e  l e v e l s  only of c o n s t i t u e n t s  which a r e . p r e s e n t  a t  1 p a r t  i n  1000 
o r  more wi th  t h e  p r e s e n t l y  e x i s t i n g  technology. This  conclusion has 
been v e r i f i e d  by a  number of r e c e n t  workers i n  t h i s  f i e l d .  This  is  
obviously s u f f i c i e n t  d i sadvantage  t o  prevent  i t s  d i r e c t  u se  f o r  mea- 
surements of t r a c e  q u a n t i t i e s  of sodium s u l f a t e ,  even provided t h a t  
t h e  d e t a i l s  of t h e  Raman spectrum were obta ined  and were subsequent ly 
found s u i t a b l e  f o r  t h i s  a p p l i c a t i o n .  



RAYLEIGH SCATTERING 

* - 6 0 0 0  7 0 0 0  8 0 0 0  

?i -3 ANTISTOKES 
-4 SCATTERING "I 

- 
V) 

z 0 -  
I- 

5 -I,- 

Fig.  

I I I 
1100°K RAYLElGH SCATTERING - 

I 7 

Raman and Rayleigh Sca t t e r -  
ing f o r  A i r ,  Drawn Roughly 
t o  s c a l e ,  a t  Room Tempera- 
t u r e  and 1100" R. To t h e  
s c a l e  of thks  drawing, 
ground s t a t e  and upper 
s t a t e  fundamental v ibra-  
t i o n a l  Raman bands a r e  not  
d i s t i n g u i s h a b l e .  
Reproduced by permission 
of Tlenum Publ i sh ing  Co. 
from M.  Lapp and C .  Penney, 
Laser Raman Gas Diagnos t ics ,  
1974. 

WAVELENGTH (6943 a EXCITATION) 

(b) Near Resonant Raman: The cross-sec t ion  of a  Raman s c a t t e r i n g  
process  may be  enhanced by the  proximity of t h e  i l l umina t ing  r a d i a t i o n  
t o  a  resonant  t r a n s i t i o n .  For most substances t h e  t r a n s i t i o n  chosen 
would b e  e l e c t r o n i c  (poss ib ly  v i b r a t i o n a l )  and the  s e c t i o n  enhancement 
could be  up t o  l o 6 .  This  i s  not  r e a l i z e d  i n  gene ra l  because t h e  
p o s i t i o n  of resonances i s  not  compatible w i t h  e x i s t i n g  s u i t a b l e  l i g h t  
sources  and d e t e c t o r s  such t h a t  t h e  t h e o r e t i c a l  advantage is p a r t i a l l y  
o r  wholly l o s t  i n  t h e  experimental  r e a l i z a t i o n .  I n  t h e  case  of sodium 
s u l f a t e  t h e  e l e c t r o n i c  t r a n s i t i o n s  a r e  very  complex and n o t  convenient- 
l y  w i t h i n  t h e  range of c u r r e n t l y  a v a i l a b l e  u l t a - v i o l e t  l a s e r s  and t h e  
v i b t a t i o n a l  bands  i n  t h e  i n f r a r e d  have much reduced s c a t t e r i n g  e f f i -  
c iency ,  reducing t h e  apparent  ga in .  One s i g n i f i c a n t  proper ty  of 
near-resonant  Raman is  t h e  freedom from quenching because t h e  ' l i f e -  
t ime'  of t h e  event  i s  %10-12 s ,  s h o r t e r  . than t y p i c a l  c o l l i s i o n  t imes ,  
and t h i s  proper ty  may make t h i s  technique a t t r a c t i v e  i n  many cases .  
I t  i s  un fo r tuna te  t h a t  t h e  advantage i t  would o f f e r  i n  t h i s  ca se  i s  
not  r e a l i z a b l e  f o r  t hese  o t h e r  reasons .  

( c )  Resonant Raman o r  Fluorescence:  Some d i s t i n g u i s h  between t h e s e  
on t h e  basis o f  relat ive l i newid th  bu t  we s h a l l  u s e  both t h e  terms 
f o r  s t i m u l a t i o n  of a  p a r t i c u l a r  t r a n s i t i o n  by a  resonant  wavelength. 
The c ross-sec t ions  f o r  t h i s  process  a r e  enormous compared wi th  o t h e r  
Raman processes  a s  would b e  expected f o r  resonance phenomena. A 
r i d e r  t o  t h i s  i n c r e a s e  i s  t h e  d i l a t i o n  of t h e  i n t e r a c t i o n  t ime which 
may b e  fou r  o r  more o r d e r s  of magnitude longe r .  I n  an i d e a l  ca se ,  f o r  
low molecular d e n s i t y  t h i s  would have no s e r i o u s  d i a g n o s t i c  conse- 
quences and measurements could be  made e i t h e r  of s c a t t e r e d  r a d i a t i o n  
wi th  t h e  a t t e n d a n t  s p e c t r a l  p r o p e r t i e s  o r  of t he  abso rp t ion  c o e f f i c i e n t  



i n  the  narrow s t i m u l a t i o n  band. The problems a r i s e  ou t  of t h e  probable  
l a r g e  number of molecular  c o l l i s i o n s  which a r e  t o  occur  be fo re  t h e  
re-emission of r a d i a t i o n .  This  c o l l i s i o n a l  quenching may cause t h e  
i n c i d e n t  r a d i a t i o n  t o  be  d i s s i p a t e d  as k i n e t i c  energy, d i s s o c i a t i o n ,  
chemical change o r  change of i n t e r n a l  energy, i n  none of which cases  
t h e  r a d i a t i o n ,  i f  any, is  unambiguously a s s o c i a t e d  w i t h  t h e  s p e c i f i c  
c l a s s i f i c a t i o n  of t h e  molecule.  It is t h e o r e t i c a l l y  p o s s i b l e  t o  al low 
f o r  t h e  quenching e f f e c t s  by measuring a l l  t h e  molecular p r o p e r t i e s  
of a l l  s p e c i e s  p re sen t  and al lowing f o r  t h e  changes i n  r a d i a t i o n  
brought about by t h e i r  s imultaneous presence. I n  t h e  case  of high 
p r e s s u r e  combustion e f f l u x  t h i s  i s  q u i t e  inconceivably complex. 

There e x i s t s  t h e  technique of s a t u r a t i o n  f luorescence  whereby 
t h e r e  is an  equ i l i b r ium e s t a b l i s h e d  between t h e  e x c i t a t i o n  r a t e  and 
t h e  de-energiacltion by a l l  rneclsa~iis~us 111cLuding radfati  nn h u t  t h i . s  S E 

n o t  l i k e l y  t o  a v a i l  t o  produce measurable s i g n a l s  in, t he  casa of so- 
dium s u l f a t e  a t  h igh  p re s su res  and i n  low concen t r a t ions .  

(d) Resonant Absorption: Because of dominant quenching e f f e c t s  i n  
h i g h  p r e s s u r e  gases  i t  i s  not  f e a s i b l e  t o  use t h e  l i g h t  s c a t t e r e d  o r ,  
more a c c u r a t e l y ,  absorbed and re-emit ted wi th  o r  wi thout  a d i f f e r e n t  
frequency a s  an  i n d i c a t i o n  of t r a c e  c o n s t i t u e n t  spec i e s  concent ra t ion .  
It i s  however f e a s i b l e  t o  measure t h e  a t t e n u a t i o n  of a l i n e  a t  which 
t h e  t r a c e  s p e c i e s  has  a h igh  resonant  abso rp t ion  c o e f f i c i e n t ,  assuming 
t h a t  t h e r e  a r e  no i n t e r f e r i n g  e f f e c t s  i n  t h a t  frequency band. I n  t h e  
case  of sodium ( o r  r e l a t e d  a l k a l i  metal)  s u l f a t e s  t h e r e  a r e  no reso-  
nan t  abso rp t ion  l i n e s  i n  t h e  v i s i b l e  spectrum. The e l e c t r o n i c  t r a n s i -  
t i o n  l i n e s  are smeared i n t o  bands i n  t h e  u l t r a v i o l e t  because of t h e  
energy p r o p e r t i e s  and liigli complexity of t h e  system and t h e  thermo- 
dynamic cond i t i ons  of t h e  sample. Not only  are t h e r e  no s u i t a b l e  
u l t r a v i o l e t  sources  of s u i t a b l y  narrnw width ,  t h e r e  i~ no guarnntcc 
of s p e c i f i c i t y  i n  t h a t  band of the combustion product  cystcm under 
examination h e r e .  There are abanrpt inn hands i n  t ho  i n f r n r c d ,  e f ~ c  
most l i k e l y  candida te  be ing  t h e  950-1200 cm-' band ( s e e  Reference 16 
and Figure  5 ) .  Bands f u r l l ~ e r  i n t o  t h e  i n f r a r e d  begin t o  pose problems 
more s e r i o u s  t o  t h e  engineer ing  of a measurement system based on t h e s e  
phenomena . 

There a r e ,  however, problems a s s o c i a t e d  wi th  t h i s .  Most 
a l k a l i  meta l  s u l f a t e s  have bands i n  t h i s  reg ion  a s  may o t h e r  t r a c e  
c o n s t i t u e n t s .  Data a r e  n o t  c u r r e n t l y  a v a i l a b l e  a t  t h e  r e s o l u t i o n  
r equ i r ed  t o  dec ide  unequivocal ly whether t h i s  technique would b e  
a p p l i c a b l e  from a phenomenologi.ca1 viewpoint .  The f e a ~ i h i . 1  i.ty on 
engineer ing  grounds is another  d i scuss ion  b u t  l e s s  l i k e l y  t o  prevent  
t h e  technique from be ing  usab le  even i f  i t  may b e  t e c h n i c a l l y  d i f f i -  
c u l t  o r  expensive.  

Non-linear o p t i c a l  effects have r e c e n t l y  become fa sh ionab le  and i ~ :  1s 
of some p o i n t  t o  survey t h e s e  w i t h  b r i e f  phenomenological explana t ions  f o r  t h e  
sake  of completeness and w i t h  t h e  i n t e n t i o n  of looking a t  whether instrumenta- 
t i o n  advances a r e  l i k e l y  t o  make them of engineer ing  i n t e r e s t .  Although i n  
'some cases  an e f f e c t  may be  r a t h e r  obscure,  i t s  r e a l i z a t i o n  may have a l a r g e  
impact i n  t h e  r e a l  world; a t  l e a s t  one of t hese  e f f e c t s  has  o f f e r e d  a poten- 
t i a l l y  very  d e f i n i t e  way of enhancing t h e  usefu3,ness of t h e  technique f o r  



phys i ca l ly  important  measurements and t h a t  i s  Coherent Anti-Stokes Raman 
S c a t t e r i n g  (CARS). There has  appeared a  p l e t h o r a  of acronyms.and a s  t h e s e  
a r e  becoming common i n  t h e  l i t e r a t u r e  we s h a l l  adhere t o  t h i s  usage a s  we have 
i n  e a r l i e r  s e c t i o n s .  There seems l i t t l e  p o i n t  he re  i n  even d i scuss ing  a l l  t h e  
second o rde r  e f f e c t s  t r e a t e d  i n  Reference 4 except  t o  g ive  s u f f i c i e n t  informa- 
t i o n  t o  show why they  could not  b e  candida tes  f o r  t h i s  a p p l i c a t i o n .  

(e )  Inve r se  Raman: This  i s  a  very  weak process  and i t s  a p p l i c a t i o n  
depends on t h e  sma l l  change i n  Anti-Stokes abso rp t ion  of a broad band 
source  i n  t h e  presence of a n  i n t e n s e  monochromatic pump. Not only 
must a  very  small  change i n  a  l a r g e  s i g n a l  be  measured (always bad 
experimental  technique) but  t h e  abso rp t ion  of t he  Anti-Stokes l i g h t  
must be  g r e a t e r  than  the  emission der ived  from the  pump source .  There 
seems no sugges t ion  of f e a s i b i l i t y  i n  t h i s  phenomenon. 

( f )  Rikes (Raman Induced Kerr E f f e c t ) :  Again two sources ,  a  broad- 
band and a  pump a r e  necessary and induced b i r e f r i n g e n c e  is sought .  
The e f f e c t  has  y e t  t o  be  shown i n  gases ;  even without  t h e  low concen- 
t r a t i o n  cons ide ra t ions ,  t h e  technique does no t  mer i t  f u r t h e r  d i scuss ion  
he re .  

(g) St imulated Raman: Stokes photons s c a t t e r e d  coherent ly  i n  t h e  
same d i r e c t i o n  a s  t h e  l a s e r  pump experience l a s i n g  ga in .  The e f f e c t  
is only  mani fes t  i n  c e r t a i n  gases  and f o r  c e r t a i n  t r a n s i t i o n s ,  none 
of which i s  a v a i l a b l e  he re .  

(h) Hyper Raman: This  corresponds t o  t h e  second harmonic term of t h e  
usua l  Raman process  and is  v e s t i g i a l l y  weak even a t  very  high molecular 
d e n s i t i e s .  

( i )  HORSES (Higher Order Raman S p e c t r a l  E x c i t a t i o n ) :  These correspond 
t o  mult iphoton processes  and second o rde r  e f f e c t s  of these .  They were 
observed during experiments i n  CARS which i s  r a t h e r  b e t t e r  s tud ied  and. 
descr ibed .  It o f f e r s  much l e s s  f e a s i b i l i t y  than  CARS. , 

( j )  CARS (Coherent Anti-Stokes Raman S c a t t e r i n g ) :  This  aga in  is  a 
fou r  wave paramet r ic  process  r e q u i r i n g  two i n c i d e n t  l a s e r  beams. The 
d i f f e r e n c e  i n  frequency between them must correspond t o  a v i b r a t i o n a l  
o r  e l e c t r o n i c  resonance of t h e  molecule i n  ques t ion  and they must be  
phase coherent  and d i f f r a c t i o n  l i m i t e d  over  t h e  sampling reg ion .  The 
pump beam, frequency w l ,  i s  i n e l a s t i c a l l y  s c a t t e r e d  from t h e  Stokes 
l e v e l  exc i t ed  by w 2 ,  (wl > w2) and t h e  emission frequency i s  2wl - 0 2  
which i s  toward t h e  Anti-Stokes s i d e  of t h e  v i b r a t i o n  t r a n s i t i o n .  The 
r e s u l t a n t  l i n e  emission is  coherent  w i th  t h e  o r i g i n a l  beams making 
the  c o l l e c t i o n  of a l l  t h e  s c a t t e r e d  l i g h t  easy and because i t  i s  on 
t h e  h igher  energy s i d e  of t h e  system i t  is much more r e a d i l y  reso lved  
from n o i s e  and p a r a s i t i c  e f f e c t s  such a s  l a s e r  induced f luorescence  i n  
o t h e r  spec i e s .  This  is  a technique f o r  which t h e r e  is much enthusiasm 
f o r  i d e n t i f i c a t i o n  of spec i e s  p re sen t  a t  low concen t r a t ion  because t h e  
a v a i l a b l e  enhancement from coherent  emission i s  very cons iderable .  l 7  

One r e c e n t l y  r epo r t ed  technique  is worthy of cons ide ra t ion ,  
perhaps because it 'is s t i l l  s u f f i c i e n t l y  new t h a t  i t s  disadvantages 
have no t  a l l  been discovered y e t  and t h e r e f o r e  i t  i s  deemed t o  o f f e r  
hope. 



(k)  SONRES (Sa tu ra t ed  Op t i ca l  Nonresonant Emission Spectroscopy):  
This method could only b e  used f o r  d e t e c t i o n  of t r a c e  sodium i f  t h e r e  , 
were some s u i t a b l e  method of producing f r e e  Na from i t s  molecular  
bound s t a t e .  The technique i s  not s u s c e p t i b l e  t o  quenching becase  i t  
r e l i e s  upon an equ i l i b r ium exc i t a t i on /emis s ion  s t a t e , ,  i t  is no t  
p a r t i c u l a r l y  dependent upon inpu t  l a s e r  power provided it i s  above 
s a t u r a t i o n  th re sho ld .  Reference 18  d i scusses  t h i s  technique and i t s  
advantages inc luding  t h e  very h igh  s e n s i t i v i t y .  Measurements i n  a  
flame atomizer  have measured down t o  a  d e t e c t i o n  l i m i t  of l o 4  Na 
atoms/cm3. It i s  not  inconce ivable  t h a t  t h i s  technique w i l l  be  used 
i n  conjunct ion  w i t h  a  method of producing f r e e  sodium, wi th  some 
s u b t l e  c a l i b r a t i o n  techniques.  The measurement i s  t o  e x c i t e  t he  589.6 
nm l i n e  of Na and monitor t r a n s i t i o n  t o  t h e  ground s t a t e  from t h e  D2 
l e v e l ,  589.0 nm. This  method has  s i g n i f i c a n t  advantages i n  avoidance 
of l i g h t  s c a t t e r e d  a t  t h e  i n c i d e n t  frequency. 

An e x c e l l e n t  review a r t i c l e  i s  provided i n  Reference 20. Not only 
does i t  g ive  a  broad background on t h e  techniques  he re  o u t l i n e d ,  i t  con ta ins  
846 r e f e r e n c e s  t o  more d e t a i l e d  l i t e r a t u r e .  Reference 21 i s  anoth'er more 
g e n e r a l  review a r t i c l e  which con ta ins  a modest 1 1 7  r e f e rences .  

2.0 PHYSICS AND PHENOMENOLOGY OF POSSIBLE CANDIDATES 

Many of t he  p o t e n t i a l l y  usable  phys i ca l  p r i n c i p l e s  have been d iscussed  
i n  t h e  foregoing  s e c t i o n .  Here we have e x t r a c t e d  from these  the  ones which 
may no t  b e  immediately r e j e c t e d  on grounds of proven i n f e a s i b i l i t y .  A t  t h i s  
s t a g e  t h e  d e t a i l e d  c a l c u l a t i o n s  a r e  not  included a s  they  w i l l  comprise t h e  
f i r s t  p a r t  of Task 2. 

2.1 D i rec t  Possi.h.les 

The d i r e c t  measurement of concen t r a t ion  of gaseous sodium s u l f a t e  
would be  t h e  f i r s t  p re fe rence  readout .  From t h i s  t h e  condensat ion p o i n t  may 
be  i n f e r r e d  and the  approach t o  t h i s  p o i n t  used t o  c o n t r o l  bed cond i t i ons  o r  
a d d i t i v e s  t o  maximize ope ra t ing  e f f i c i e n c y  w h i l e  maintaining adequate  t u r b i n e  
l i f e .  The only candida te  method which seems t o  o f f e r  even a si.iggestion of  
f e a s i b i l i t y  f o r  a  non-ext rac t ion  system i s  resonant  abso rp t ion .  This would 
r e q u i r e  l i n e  of s i g h t  acces s  t o  t h e  f l u e  g a s ,  non-degrading windows and r a t h e r  
b e t t e r  knowledge of t h e  i n f r a r e d  s p e c t r a  of c o n s t i t u e n t s  s p e c i e s  than is  
c u r r e n t l y  a v a i l a b l e .  

This  technique w i l l  b e  s tud ied  i n  depth a s  p a r t  of Task 2 and addim- 
t i o n a l  d a t a  may be obta ined  from measurement of s p e c t r a l  p r o p e r t i e s  no t  
a v a i l a b l e  t o  t h e  r e s o l u t i o n  r equ i r ed  i n  t he  open l i t e r a t u r e .  The d e t a i l s  of 
t h i s  method a r e  extremely s imple  b u t  t h e  chance of success  depends on many 
f a c t o r s  no t  y e t  a v a i l a b l e .  These a r e  ( a )  adequate  confidence t h a t  t.he spec-  
trum of sodium s u l f a t e  con ta ins  usable  l i n e s  a t  t h e  temperature and p re s su re  
h e r e ,  (b) f u r t h e r  d a t a  t h a t  t h e r e  a r e  no c o n s t i t u e n t s  p r e s e n t  t h a t  have spec- 
t r a l  l i n e s  which over lap  t h e  p o t e n t i a l  d e s i r e d  one and have concent ra t ions  
which might swamp t h e  measurement, ( c )  knowledge t h a t  w i l l  guarantee  s u i t a b l e  
windows t h a t  w i l l  n o t  change t h e i r  t ransmiss ion  c h a r a c t e r i s t i c s ,  o r  g e t  d i r t y  
over  a  long per iod .  Given adequate  answers t o  t hese  ques t ions  t h e  problems 
then  become those  a s s o c i a t e d  wi th  guarantee ing  accu racy /p rec i s ion  i n  t h e  
h o s t i l e  environment. These engineer ing  problems a r e  a t  l e a s t  s u s c e p t i b l e  of 



s o l u t i o n  w i t h  s u f f i c i e n t  f i n a n c i a l . r e s o u r c e s  once t h e  phys ics  i s  shown t o  
g ive  a  good p r o b a b i l i t y  of success .  

From cu r ren t  technology no o t h e r  technique i s  seen  t o  be  a p p l i c a b l e  
t o  t h e  non-sampling, non- in t rus ive ,  measurement of gaseous sodium s u l f a t e  a t  
t h e  s p e c i f i e d  l e v e l s  i n  t h e  environment of e f f l u x  from an FBC. There may be 
f u t u r e  t echno log ica l  developments which could a l t e r  t h i s  conclusion b u t  i t  is  
not  r e a l i s t i c  t o  assume t h a t  t h i s  . w i l l  happen. 

2 .2  I n d i r e c t  P o s s i b l e s  

The assumptions of thermochemical equ i l i b r ium a r e  shown t o  hold and i f  
sodium conta in ing  s p e c i e s ,  o t h e r  than  sodium s u l f a t e ,  can be  monitored, to-  
ge the r  w i th  f a c t o r s  a f f e c t i n g  equi l ibr ium cond i t i ons  such a s  p re s su re  and 
temperature,  then t h e  s u l f a t e  concen t r a t ion  may b e  i n f e r r e d .  Other spec i e s  
of re levance  might b e  sodium c h l o r i d e ,  hydroxide o r  oxides and dimers of these .  
Each of t hese  might a l s o  b e  measured by resonant  abso rp t ion  i f  s u i t a b l e  spec- 
t r a l  l i n e s  a r e  shown t o  e x i s t .  F igure  C-7 shows somewhat low r e s o l u t i o n  
s p e c t r a  f o r  t h e  n u j o l  mull  o r  f o r  t h e  pure ly  s o l i d  form of NaOH and NaC1. 
There e x i s t  l i n e s  i n  t h e  NaOH spectrum bu t  t h e  concen t r a t ion  of t h i s  i s  not  
easy t o  r e l a t e  t o  t h e  Na2S04 nor t o . s e p a r a t e  t h e  l i n e s  from o t h e r s  a t  t h a t  
complex reg ion .  There a r e ,  however, s i g n i f i c a n t l y  l a r g e r  concen t r a t ions  of 
bo th  NaOH and NaCl than  Na2S04 a t  equi l ibr ium.  Measurement of NaCl by t h i s  
method seems t o  o f f e r  no hope; t h e  m a t e r i a l  i s  of t en  used. a s  a  cons t ruc t ion  
m a t e r i a l  f o r  i n f r a r e d  spec t rometers  because of i t s  e x c e l l e n t  and .uniform 
i n f r a r e d  t ransmiss ion  ou t  t o  nea r ly  1 8  pm. 

S ince  i t  is  p o s s i b l e  t o  make e s t ima te s  of Na2S04 from t h e  e q u i l i b r i a 1  
spec i e s  i t  is  p o s s i b l e  t o  do t h e  same f o r  t o t a l  sodium. I f  i t  were p o s s i b l e  
t o  h e a t  a , s ample  of t h e  gas t o  cause l o c a l  d i s s o c i a t i o n  and i o n i z a t i o n  i t  may 
then  b e  p o s s i b l e  t o  observe sodium l i n e s .  The most prominent and e a s i l y  
reso lved  a r e  the. D l i n e s  corresponding t o  .the e l e c t r o n i c .  t r a n s i t i o n s  
3 2 ~ 3 / 2  + 3 2 ~ 1 / 2  and 3 2 ~ 1 / 2  -+ 3 2 ~ 1 / 2  w i t h  yel low wavelengths o f '  589.0 nm and 
589.6 nm r e s p e c t i v e l y .  Once t h e r e  i s  f r e e  sodium i t  i s  p o s s i b l e  t o  measure 
' i ts q u a n t i t y  t o  very  low l e v e l s  - a few atoms. The problem i s  t h a t  t he  
method used t o  produce d i s s o c i a t i o n  of t he  s t r o n g l y  bound molecules w i l l  
wreak such havoc i n  t h e  gas t h a t  t h e  method may b e  d i f f i c u l t  t o  execute.  It 
i s  neve r the l e s s  considered p o s s i b l e  t h a t  a  system f o r  producing l o c a l  
11 ins tan taneous"  hea t ing ,  e . g . ,  a pulsed l a s e r ,  may make t h i s  type  of observa- 
t i o n  f e a s i b l e .  Ca lcu la t ions  t o  t e s t  t h i s  i d e a  w i l l  be performed a s  p a r t  of 
Task 2 .  

Another method of producing f r e e  sodium is  somewhat more obscure i n  
t h a t  t h e  use of t h i s  observa t ion  t o  i n f e r  Na2S04 concen t r a t ion  is becoming 
s t i l l  l e s s  d i r e c t .  However i t  does ' o f f e r  many advantages.  It is  known t h a t  . 

i f  a l k a l i  h a l i d e s  are fragmented by p h o t o l y t i c  r a d i a t i o n  of a p p r o p r i a t e  wave- 
l eng th  then  s u b j e c t . t o  t h e  usua l  momentum conserva t ion  r u l e s  a  molecule may 
b e  d i s s o c i a t e d  i n t o  an  unexci ted halogen atom and an a l k a l i  e x c i t e d  i n t o  the  
P l e v e l .  The subsequent r a d i a t i o n  of t h e  r e t u r n  t o  ground s t a t e  i d e n t i f i e s  
t h e  a l k a l i  meta l .  The p o s s i b i l i t y  of performing t h i s  , p h o t o l y t i c  d i s s o c i a t i o n  
has r e c e n t l y  been ex,tended t o  molecules a s ' s t a b l e  a s  NaCl by t h e  invent ion  of 
eximer l a s e r s .  I n  t h i s  case  t h e  most s u i t a b l e  wavelength would be  193 nm, t h a t  
t h a t  of argon f l u o r i d e  which is  j u s t  ' s u f f i c i e n t  t o  d i s s o c i a t e  NaCl and e x c i t e  
t h e  sodium. The ques t ions  t o  b e  asked of t he  feasibi lPCy of .this a r e  
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F i g .  C-7. Absorp t ion  S p e c t r a  , 

Reproduced by p e r m i s s i o n  of Academic P r e s s .  From R. Nyqu i s t  
and R. 0 .  Kagel,  I n f r a r e d  S p e c t r a  of I n o r g a n i c  Compounds, 1971. 



a s s o c i a t e d  w i th  quenching and abso rp t ion  c r o s s  s e c t i o n s ,  and a g a i n  a  d e t a i l e d  
a n a l y s i s  of t h i s  p o t e n t i a l  method i s  t o  be  presen ted  i n  Task 2. 

2 .3  P a r a s i t i c  E f f e c t s  

These are t h e  e f f e c t s  of e l a s t i c  s c a t t e r i n g  which should b e  considered 
because r e s i d u a l  smal l  p a r t i c l e s  i n  t h e  f a c i l i t y  may c o n t r i b u t e  t o  bo th  s ca t -  
t e r i n g  ( a l b e i t  a t  t h e  e x c i t i n g  wavelength) and abso rp t ion .  The l a t t e r  w i l l  
probably be  very  sma l l  b u t  may cause f l u c t u a t i o n .  The i n c l u s i o n  of t h i s  sec- 
t i o n  i s  no t  wholly redundant a s  t h e r e  a r e  s i t u a t i o n s  where t h e  m a t e r i a l  of 
which t h e  p a r t i c l e s  a r e  composed may b e  of i n t e r e s t .  We s e e  no r e l i a b l e  way 
of measuring t h e  s p e c t r a l  d i s t r i b u t i o n  of s c a t t e r e d  wh i t e  l i g h t ,  which could 
i n  p r i n c i p l e  g ive  some i d e a  of t h e  composition, a t  t h e  s i z e s  and concen t r a t i ons  
which w e  a r e  l i k e l y  t o  o b t a i n  i n  t h i s  very  h o s t i l e  environment. 

Reference 22 shows t h a t  t h e r e  may be  techniques  capable  of ana lyz ing  
t h e  c o n s t i t u t i o n  of smal l  p a r t i c l e s  f o r  many types  of subs tance .  Unfortu- 
n a t e l y  t h a t  r e f e r e n c e  does no t  d i s c u s s  sodium s u l f a t e  bu t  has  i n t e r e s t i n g  and 
promising implica ' t ions.  

2 .3 .1  E l a s t i c  S c a t t e r i n g  

I t  is  thought u s e f u l  and r e l e v a n t  t o  d i s c u s s  e l a s t i c  s c a t t e r i n g  phe- 
nomena a t  least i n  o u t l i n e ,  n o t  s o  much f o r  completeness a l though t h i s  is 
d e s i r a b l e  i n  a  r e p o r t  such a s  t h i s ,  b u t  more because of t h e  p a r a s i t i c  e f f e c t s  ' 

which may be  mani fes ted  by smal l  p a r t i c l e s  en t r a ined  i n  t h e  t e s t  ga se s .  The 
r a d i a t i o n  s c a t t e r e d  from t h e s e  may i n  some cases  make r e s o l u t i o n  of t h e  d e s i r -  
ed r a d i a t i o n  somewhat more d i f f i c u l t .  

( a )  Thomson: O p t i c a l  photons a r e  s c a t t e r e d  by e l e c t r o n s  which are 
e i t h e r  f r e e  o r  bound i n  high e x c i t e d  l e v e l s  such t h a t  t h e i r  energy 
of a s s o c i a t i o n  w i t h  t h e  atom is  s m a l l  compared w i t h  t h a t  of t h e  
i n c i d e n t  photon. The c r o s s  s e c t i o n s  f o r  t h i s  p rocess  a r e  exceedingly 
s m a l l  i n  t h e  o p t i c a l  reg ion .  Even i n  low ang le  x-ray s c a t t e r i n g  
measurements of e l e c t r o n  d e n s i t y  i n  plasmas t h e  phenomenon i s  no t  
easy t o  t r a n s l a t e  i n t o  a  measurement t o o l .  I n  t h e  high p r e s s u r e  h igh  
temperature  ca se  h e r e  t h e  s c a t t e r e d  l i g h t  i s  of s o  low an i n t e n s i t y  
compared w i t h  t h a t  from th'e next  two processes  t h a t  even i t s  p o t e n t i a l  
f o r  r e a l i z i n g  h igh  frequency s h i f t s  i n  low d e n s i t y  e l e c t r o n  gases  may 
n o t  be  exp lo i t ed .  There seems no way t o  e x t r a c t  s p e c i e s  t ype  and 
concen t r a t i on  from t h i s  t echnique ,  and c e r t a i n l y  n o t  under t he se  
cond i t i ons .  

(b) Rayleigh: L ight  s c a t t e r e d  by p a r t i c l e s  sma l l  w i t h  r e s p e c t  t o  
t h e  wavelength i s  w e l l  understood.  The l i g h t  is  s c a t t e r e d  i s o t r o p i -  
c a l l y  i n  a  p l ane  normal t o  t h e  e l e c t r i c  v e c t o r  w i t h  cos ine  squared 
r educ t ion  a t  r i gh t - ang le s .  Without p a r t i c l e  motion p o l a r i z a t i o n  i s  
preserved .  Normally molecules f u l f i l l  t h i s  c r i t e r i o n  and a c t  
e s s e n t i a l l y  l i k e  d i p o l e s ,  whose p o l a r i z a b i l i t y  wh i l e  no t  independent 
of s p e c i e s  i s  by no means s u f f i c i e n t l y  s t r o n g l y  proport iona.1 t o  per- 
m i t  i d e n t i f i c a t i o n  even of m a j o r i t y  c o n s t i t u e n t s .  A t  ambient p r e s su re s  
o r  h igher  t h e  Rayleigh s c a t t e r i n g  e f f e c t  i s  enhanced by l o c a l  d e n s i t y  
changes and m u l t i p l e  s c a t t e r i n g  by r eg ions  of space  whose molecular  
d e n s i t y  f l u c t u a t i o n s  have t y p i c a l  coherence l eng ths  which s t i l l  



s a t i s f y  the  p rope r ty  of smal l  s c a t t e r e r s  compared wi th  wavelength. 
The s c a t t e r i n g  c r o s s  s e c t i o n  depends on A ' ~  t o  f i r s t . o r d e r  and t h e  con- 
sequences of t h i s  c l a s s  of phenomena may be  v e r i f i e d  by observing t h a t  
a  c l e a r  sky i s  b lue ,  t h e  s c a t t e r i n g  being e n . t i r e l y  dominated by sub- 
micron en t ropy  f l u c t u a t i o n s .  V e r i f i c a t i o n  of t h e  p re se rva t ion  of 
p o l a r i z a t i o n  is  obta ined  by viewing t h e  sky a t  dusk o r  dawn through 
Po la ro id .  l 4  I t  i s  c l e a r  from t h e  foregoing d i g r e s s i o n  t h a t  t h e  
s c a t t e r i n g  is  no t  s u f f i c i e n t l y  dependent o n . d e t a i l e d  molecular con- 
s t r u c t i o n  t o  permit i t s  use  a s  a ' t r a c e  s p e c i e s  d i a g n o s t i c  technique.  

( c )  B: A s  t h e  p a r t i c l e s  have a  dimension of t h e  o r d e r  of t h e  
i n c i d e n t  r a d i a t i o n  t h e  s c a t t e r i n g  p r o p e r t i e s  become very complex, 
depending s t r o n g l y  on s i z e  r e f e r r e d  t o  i n c i d e n t  wavelength, complex 
r e f r a c t i v e  index,  shape, e t c .  The b a s i c  r u l e s  f o r  computing the  
s c a t t e r i n g  p r o p e r t i e s  a r e  t o  use  Electromagnet ic  F i e ld  equat ions  
whose boundary cond i t i ons  a r e  s a t i s f i e d  a t  t he  s u r f a c e  of t h e  p a r t i c l e .  
Th i s ,  of course ,  i nc ludes  r e f l e c t i o n ,  r e f r a c t i o n  and - d i f f r a c t i o n .  In 
t h e  extreme c l a s s i c a l  case  t h e  l a s t  of t h e s e  may be  ignored and t h e  
f i r s t  two computed from geometr ica l  o p t i c s .  For a  pure ly  r e f l e c t i v e  
l a r g e  sphe re  the  l i g h t  i s  s c a t t e r e d  i s o t r o p i c a l l y .  Ln t h i s  c a s e  of 
h o t  high p r e s s u r e  gases  we obviously cannot use  Mie s c a t t e r i n g  t o  
o b t a i n  d e t a i l s  of chemical c o n s t i t u e n t s  of gases  and probably not  even 
of the  m a t e r i a l  of which p a r t i c l e s  a r e  made. However because t h e r e  
w i l l  b e  r e s i d u a l  p a r t i c l e s  w i t h i n  t h e  gas s t r e a m l t e s t  space i t  i s  im-  
po r t an t  t o  quan t i fy  t h e  e f f e c t  of Mie s c a t t e r i n g  a s  a p o t e n t i a l  source 
of unwanted o p t i c a l  power which could mask any more appropr i a t e  
measurement. 

Not only do t h e  above phenomena produce an  amount of s c a t t e r i n g  prop- 
o r t i o n a l  t o  t h e i r  phys i ca l  c r o s s  s e c t i o n a l  a r e a ,  b u t  a s  t h e  s i z e  reduces 
compared w i t h  t h e  wavelength t h e  e f f i c i e n t y  of s c a t t e r i n g  reduces very  r a p i d l y  
l e a d i n g  t o  a very  s t r o n g  dependence of t o t a l . .  . s c a t t e r e d  l i g h t  on equ iva l en t  
s i z e .  For example, i f  a i s  def ined  a s  t h e  s c a t t e r i n g  parameter 2~ra/X, where 
a  i s  t h e  p a r t i c l e  r ad ius  and X i s  t h e  incident . ,wavelength,  t hen  the.  s c a t t e r i n g  
e f f i c i e n c y  f o r  r e f l e c t i n g  spheres  goes from 5 x. 1.0-~ a t  a = ' 0.2 t o  about  2.0 
f o r  a > .l wi th  some smal l  o s c i l l a t i o n  above .a > 1 .13  

E l a s t i c  processes  involve  no wavelength s h i f t  b u t  t h e r e  may b e  sub- 
s t a n c e s  w i t h i n  t h e  p a r ' t i c l e s  which w i l l  f l u o r e s c e  and produce a  quasi-continuum 
of s c a t t e r e d  l i g h t  a t  longer  wavelengths from t h e  e x i t i n g  l i n e .  This  behavior  
i s  e s p e c i a l l y  l i k e l y  i f  t h e r e  a r e  r e s i d u a l s  of pyrolyzed hyrocarbons absorbed 
i n t o  more i n e r t  p a r t i c l e s .  ~ l t h o u ~ h  from e f f i c i e n c y  cons ide ra t ion  t h e r e  w i l l  
b e  r e l a t i v e l y  l i t t l e  unoxidized organics  remaining, t h e  l i g h t  l e v e l s  which we 
may r e q u i r e  t o  measure a r e  very low and may s u f f e r  from t h i s  source of i n t e r -  
f e rence .  



3.0 SELECTION FOR FURTHER ANALYSIS 

It is,  then,  p o s s i b l e  t o  g ive  a  "short" l i s t  of techniques  which m e r i t  
d e t a i l e d  cons ide ra t ion  a s  ways of so lv ing  t h e  measurement problem posed by 
t h i s  c o n t r a c t .  Both d i r e c t  and i n d i r e c t  a r e  considered.  

(1)  Resonant Absorption of Na2S04 - 9 pm. 

(2)  Thermal I o n i z a t i o n  and Assay of T o t a l  Sodium. 

( 3 )  P h o t o l y t i c  D i s soc i a t ion  of N a C l  and Assay of Sodium. 

These t h r e e  techniques a r e  considered t h e  most l i k e l y  approaches given 
t h e  e x i s t i n g  c o n s t r a i n t s .  They w i l l  b e  considered i n  much g r e a t e r  depth as a 
p a r t  of Task 2 and promising a r e a s  w i l l  b e  f u r t h e r  eva lua ted  and i f  appropri-  
a t e ,  c a r r i e d  through a design phase,  

4 .O CONCLUSIONS 

( a )  Most ways of d e t e c t i n g  t r a c e  s p e c i e s  concen t r a t ion  a r e  no t  
u sab le  f o r  t h i s  a p p l i c a t i o n  because of t h e  h o s t i l e  cond i t i ons ,  t h e  very  l o w .  
l e v e l s  and t h e  requirement not  t o  e x t r a c t  a  sample. 

(b)  Three d i r e c t  and i n d i r e c t  methods may o f f e r  a  chance of suces s fu l  
a p p l i c a t i o n .  These a r e  resonant  abso rp t ion  near  9 pm, i n t e n s e  l o c a l  hea t ing  
t o  y i e l d  ion ized  sodium and p h o t o l y t i c  d i s s o c i a t i o n  of sodium ch lo r ide .  

(c )  These p o t e n t i a l  methods r e q u i r e  d e t a i l e d  t h e o r e t i c a l  a n a l y s i s  
and some a d d i t i o n a l  experimental  d a t a  b e f o r e  a  s e l e c t i o n  may b e  made between 
them, o r  indeed i n  f avo r  of any. 
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