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ABSTRACT 

T h i s  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  of f i e l d  and l a b o r a t o r y  s t u d i e s  of combined NH3 

and SO3 c o n d i t i o n i n g  a t  t h e  Big Brown S t a t i o n  of Texas U t i l i t i e s  Genera t ing  Company. 

Th is  unusual combination of c o n d i t i o n i n g  a g e n t s  is used r o u t i n e l y  a t  t h e  Big Brown 

S t a t i o n  i n  o r d e r  t o  improve t h e  performance of t h e  co ld-s ide  e l e c t r o s t a t i c  p r e c i p i -  

t a t o r s .  EPRI i s  i n t e r e s t e d  i n  t h e  Big Brown S t a t i o n  from t h e  s t a n d p o i n t  of i n c r e a s -  

ing  t h e  unders tand ing  of f l u e  gas  c o n d i t i o n i n g  mechanisms by s tudy ing  t h e  d u a l  con- 

d i t i o n i n g  system used a t  t h i s  p l a n t .  The Big Brown S t a t i o n  is of i n t e r e s t  to DOE 

because of i ts  a p p l i c a b i l i t y  to DOE-sponsored e f f o r t s  t o  deve lop  a d a t a  base  on 

p a r t i c u l a t e  c h a r a c t e r i s t i c s  and p a r t i c u l a t e  c o n t r o l  t e c h n o l o g i e s  f o r  low-rank 

Western c o a l s .  

The pr imary o b j e c t i v e s  of t h i s  f i e l d  s tudy  were t o  e v a l u a t e  t h e  performance of one 

of t h e  Big Brown p r e c i p i t a t o r s ,  and to o b t a i n  d a t a  on t h e  c o n c e n t r a t i o n ,  composi- 

t i o n ,  and s i z e  d i s t r i b u t i o n  of t h e  f l y  a s h ,  a s  w e l l  a s  t h e  composi t ion of t h e  f l u e  

g a s  and t h e  o v e r a l l  and f r a c t i o n a l  c o l l e c t i o n  e f f i c i e n c i e s  of t h e  p r e c i p i t a t o r .  The 

l a b o r a t o r y  s t u d i e s  of t h e  Big Brown f l y  ash  were in tended  t o  f u r t h e r  c h a r a c t e r i z e  

t h e  ash bo th  p h y s i c a l l y  and chemica l ly ,  and to s tudy  t h e  a t t e n u a t i o n  of t h e  electri- 

c a l  r e s i s t i v i t y  of t h e  a s h  a s s o c i a t e d  wi th  t h e  s u r f a c e  f i l m  produced by t h e  d u a l  

c o n d i t i o n i n g  p r o c e s s  and by t h e  use  of SOj c o n d i t i o n i n g  a lone .  

The Uni t  2 p r e c i p i t a t o r s ,  one of which was t e s t e d  i n  t h i s  work, s e r v i c e  a Combustion 

Engineer ing p u l v e r i z e d  c o a l - f i r e d  b o i l e r  having a nominal g e n e r a t i n g  c a p a c i t y  of 

575 MW. The u n i t  f i r e s  a Wilcox group Texas l i g n i t e  t h a t  is mined on site. The 

l i g n i t e  f i r e d  d u r i n g  t h i s  test  program had an average  h e a t i n g  value of about  

7000 Btu/ lb  and an average  ash  c o n t e n t  of about  17% on an as - rece ived  b a s i s .  D a i l y  I 
1 ignit .e ~ m p l e s  showed considerable v a r i a b i l i t y  i n  the composi t ion of t h e  l i g n i t e  

d u r i n g  t h e  test.  

F lue  g a s  a n a l y s e s  performed upstream and downstream of  t h e  SO3 i n j e c t i o n  p r o b e s  

i n d i c a t e d  t h a t  about  5 ppm of So3 was produced from t h e  c o a l  and an a d d i t i o n a l  9 ppm 

of SO3 was c o n t r i b u t e d  by the i n j e c t i o n  system. The SO3 was i n j e c t e d  ahead of t h e  

a i r  p r e h e a t e r .  The NH 3 was i n j e c t e d  between the air p r e h e a t e r  and t h e  p r e c i p i t a t o r  //.--- 
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a t  a r a t e  of about 5 ppm. A t  the  p rec ip i t a to r  i n l e t ,  the  measured NH3 and SO3 

concentrat ions were both below 0.5 ppm. The NH4+ content of the  f l y  ash col lec ted 

a t  the  ESP i n l e t  accounts fo r  about 76% of the  NH3 in jec ted  i n t o  the f lue  gas. A t  

most, an addi t ional  10% of the  N H 3  is l e f t  i n  the gas phase, so t h a t  about 14% is 

not accounted for .  The ~ 0 ~ - ~  content  of the  f l y  ash is greater  than expected for  

complete adsorption of 14 ppm of SO3. This may be due t o  addi t ional  uptake of SO3 

by the  ash while it resided in  the mass t r a i n  f i l t e r ,  and was exposed t o  addit ional  

f l u e  gas. It is suggested t h a t  the dual conditioning system r e s u l t s  in  a surface 

f i l m  on the  f l y  ash t h a t  probably cons i s t s  of ( N H 4 )  2S04 and/or NH4HS04 dissolved in 

an aqueous solut ion of H2S04, which r e s u l t s  from the  adsorption of the  excess SO3 

and water vapor. I 

Laboratory s tud ies  showed t h a t  the as-received ash ( i .e . ,  the  ash with the  surface  

f i lm on it) was more responsive t o  SO3 condit ioning than was the same ash a f t e r  i;t, 

had been heated t o  450°C and the  surface f i lm had been driven o f f .  This suggests 

t h a t  the  presence of the  NH3 served t o  make the ash m r e  receptive t o  SO3 condition- 

ing.  This may be a t t r i b u t e d  t o  a reduction i n  the  vapor pressure of the surface  

f i lm due to the d i s so lu t ion  of the ammonium compounds in  the acid. However, addi- 

t i o n a l  work would be required t o  fu r the r  inves t iga te  t h i s  theory. The laboratory 

s t u d i e s  a l s o  showed a s i g n i f i c a n t  increase in r e s i s t i v i t y  a f t e r  an as-received ash 

sample was heated t o  450°C, and then brought back t o  the  o r i g i n a l  temperature. This 

was' a t t r i b u t e d  t o  the decomp~si t ion of the surface f i lm, and the  at tendant l o s s  of 

i t s  benef ic ia l  e f f e c t  on the  e l e c t r i c a l  conduction process. 

The overa l l  performance of the  Big Brown prec ip i t a to r ,  in  terms ~f c~lbection e f f i -  

ciency and e l e c t r i c a l  operation,  was qu i t e  good, especia l ly  considering its small 

s i z e  (SCA S 166 ft2/kacfm).  The average mass ef f ic iency determined by EPA Method 17 

was about 98.5% with an average i n l e t  mass loading of 6.64 gr/dscf. A plo t  of 

c o l l e c t i o n  eff ic iency versus p a r t i c l e  s i z e ,  based on cascade impactor measurements, 

showed a minimum a t  abo.ut 0.8 pm. Above 1 pm the f rac t iona l  ef f ic iency curve was 

q u a l i t a t i v e l y  consis tent  with theory. Well-behaved voltage-current curves were 

obtained f o r  a l l  of the  T-R s e t s  t e s t ed .  The e l e c t r i c a l  condit ions were apparently 

not  l imi ted  by the  r e s i s t i v i t y  of the ash, which was measured i n  the  laboratory t o  

be about 1 x 10 ohm cm a t  345OF and in  the  presence of about 0.3 ppm of SOg. The 

i n  s i t u  r e s i s t i v i t y  measurements were higher, but  they were deemed unrel iable  

because they exhibited an inordinate degree of s c a t t e r  i n  the  data ,  and they were 

incons i s t en t  with the  e l e c t r i c a l  operating condit ions of the  p rec ip i t a to r .  



Given an ash r e s i s t i v i t y  of 1 x 10 l o  ohm cm, and assuming 10% gas sneakage around 

t h e  e l e c t r i f i e d  r e g i o n s  of t h e  ESP and a  25% normalized s t a n d a r d  d e v i a t i o n  on , the  

gas flow, t h e  p r e d i c t e d  e f f i c i e n c y  f o r  t h e  Big .Brown p r e c i p i t a t o r  o b t a i n e d  by us ing  

a  mathematical  m ~ d e l  was 98.5%, a lmos t  e x a c t l y  equal  t o  t h e  average measured e f f i -  

c iency .  Th is  e x a c t  agreement is p r ~ b a b l y  f o r t u i t o u s ,  b u t  it does  i n d i c a t e  t h a t  

t h e r e  were no major mechanical problems with  t h e  p r e c i p i t a t o r .  
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EXECUTIVE SUMMARY 

The Big Brown S t a t i o n  of Texas U t i l i t i e s  Generat ing Company empioys a  combination 

of N H 3  and SO3 i n j e c t i o n  t o  ccrndition t h e  f l y  a s h  from a r e l a t i v e l y  low-grade Texas 

l i g n i t e .  S t a t i o n  personnel  r e p o r t  t h a t  t h i s  dua l  c o n d i t i o n i n g  system has  been found 

trr be  more e f f e c t i v e  than  e i t h e r  tJH3 o r  SO3 i n j e c t i o n  a lone  i n  improving t h e  p e r f o r -  

mance of t h e  co ld-s ide  p r e c i p i t a t o r s  a t  Big Brown. The mechanisms by which t h e  dual  

c o n d i t i o n i n g  system works a r e  no t  f u l l y  unders tood.  

The f i e l d  and l a b o r a t o r y  s t u d i e s  d e s c r i b e d  i n  t h i s  r e p o r t  provide a d d i t i o n a l  i n f o r -  

mation concerning t h e  combined NH3-SO3 c o n d i t i r ~ n i n g  process .  T h i s  wcjrk p r ~ v i d e s  

some new unders tand ing  of t h e  mechanisms, b u t  it s t o p s  s h o r t  o f  a  d e f i n i t i v e  ana ly-  

sis. T h i s  is l a r g e l y  because f i e l d  s t u d i e s  could n o t  be done with  one o r  bo th  of 

t h e  c o n d i t i o n i n g  a g e n t s  tu rned  o f f .  Never the less ,  l a b o r a t o r y  s t u d i e s  have made it 

p o s s i b l e  t o  i n f e r  some a d d i t i o n a l  in format ion  concerning t h e  i o l e  of SOj  and NH3 

c o n d i t i o n i n g  a t  Rig Brown. 

The p r e c i p i t a t o r  t e s t e d  i n  t h i s  s t u d y  (ESP 2-1) s e r v i c e s  one-fourth  of t h e  f l u e  g a s  

q e n e r a t e d  by t h e  Uni t  2  b i l e r  a t  Big Brown. The Unit  2 b o i l e r  is a  Combustion 

Engineer ing pu lver ized-coa l  f i r e d  u n i t  wi th  a r a t e d  g e n e r a t i n g  c a p a c i t y  of 575'MW. 

Both Uni t s  1 and 2 f i r e  a  Wilcox group Texas l i g n i t e  t h a t  is mined on s i te  a t  t h e  

L i g n i t e  samples t aken  from one of t h e  Uni t  2 f e e d e r s  dur ing  t h e  t e s t i n g  

P ~ C ~ W P . ~  an averaqe  h e a t i n g  va lue  of 7000 Btu / lb  and an average ash c o n t e n t  of 17% on 

an as - rece ived  b a s i s .  The d a i l y  samples a l s o  showed c o n s i d e r a b l e  v a r i a b i l i t y  i n  t h e  

l i g n i t e  composi t ion.  

Labora to ry  s t u d i e s  i n d i c a t e  t h a t  t h e  combined SO3-NH3 c o n d i t i o n i n g  r e s u l t s  i n  a  

s u r f a c e  f i l m  on t h e  ash p a r t i c l e s  which reduces  t h e i r  r e s i s t i v i t y  by about  one o r d e r  

o f  magnitude. T h i s  was found t o  be roughly comparable t o  t h e  e f f e c t  produced by 

e q u i l i b r a t i n g  tile ash wi th  t h e  l e v e l  of  SO3 p r e s e n t  i n  t h e  g a s  phase a t  t h e  ESP 

i n l e t .  The a s h  c o n t a i n i n g  t h e  s u r f a c e  f i l m  (i.e.,  t h e  as - rece ived  a s h )  was a l s o  

found. t o  be more r e c e p t i v e  tc, SO3 c o n d i t i o n i n g  than  t h e  same ash w i t h  t h e  s u r f a c e  

f i l m  removed by t h e r m a l l y  a n n e a l i n g  t h e  a s h  a t  450°C o v e r n i g h t .  T h i s  s u g g e s t s  t h a t  

t h e  NH3 s e r v e s  to  make t h e  ash mre r e c e p t i v e  to  SO 3 c o n d i t i o n i n g .  It is s p e c u l a t e d  



t h a t  this may be due t o  a  reduction i n  t h e  vapor pressure of t he  su r f ace  f i l m  

caused by t h e  d i s s o l u t i o n  of t h e  ammonium compounds i n  t he  excess ac id  on t h c  p a r t i -  

c l e  su r f aces .  Addit ional  work w u l d  be requi red  t o  confirm t h i s  conjec ture .  

The s o l u b l e  s u l f a t e  content  of t h e  ash was g r e a t e r  than expected f o r  complete 

adsorpt ion  of t h e  t o t a l  amount of SO3 p resen t  i n  the  f l u e  gas (5  ppm from t h e  coal  

and 9 ppm from t h e  i n j e c t i o n  system).  This  observat ion was a t t r i b u t e d  t o  a d d i t i o n a l  

uptake of SO3 by the  ash a s  it res ided  i n  t h e  mass t r a i n  thimble and was exposed t o  

f l u e  gas  being pumped through it. About 76% of t h e  i n j e c t e d  N H 3  was found on t h e  

ash su r f ace  a s  NH,++, probably i n  e i t h e r  ammonium s u l f a t e  o r  ammonium b i s u l f a t e  d i s -  

solved i n  t h e  excess ac id  condenped on t h e  ash sur face .  

I n  terms of e l e c t r i c a l  ope ra t ion  end c ~ l l e c t i o n  e f f i c i e n c y ,  performance of t h e  

Big Brown ESP was q u i t e  good, cons ider ing  i ts  small s i z e  (SCA = 166 f t2/kacfm).  The 

average mass e f f i c i e n c y  determined by EPA Method 17 was about 98.5% with a  mean 

i n l e t  g ra in  loading of 6.64 gr/dscf .  The f r a c t i o n a l  e f f i c i e n c y  curve f o r  ESP 2-1, 

which was der ived  from cascade impactor measurements made a t  t h e  i n l e t  and o u t l e t  of 

t h e  ESP, showed a minimum e f f i c i e n c y  a t  about 0.8 pm. Above 1 ~&n t h e  curve was 

q u a l i t a t i v e l y  c o n s i s t e n t  with theory.  A l l  T-R s e t s  t e s t e d  had well-behaved voltage-  

c u r r e n t  curves,  and the  e l e c t r i c a l  opera t ing  condi t ions  of t h e  ESP were apparently 

not  l i m i t e d  by t h e  r e s i s t i v i t y  of t h e  ash.  The a c t u a l  r e s i s t i v i t y  of t h e  condi- 

t ioned  ash is es t imated  t o  be on the  order  of 101° ohm cm. This value was measured 

i n  t h e  l abo ra to ry  a f t e r  e q u i l i b r a t i o n  of t h e  as-received ash with t h e  l e v c l  of SO3 

p resen t  a t  the  ESP i n l e t .  This  value is lower than the  i n  s i t u  r e s i s t i v i t y  data,  

which a r e  i n c o n s i s t e n t  with t h e  e l e c t r i c a l  npcra t ing  condi t ions  of t h e  ESP. Using a 

resistivity of 1 ,x 10 l o  ohm cm alonq with t v p i c a l  nnn-ideal corroa t ion  Zaators, Ule 

t h e o r e t i c a l l y  predic ted  c o l l e c t i o n  e f f i c i e n c y  f o r  t h e  Big Brown ESP is almost 

e x a c t l y  equal  t o  t h e  measured value. The e x c e l l e n t  agreement between theory and 

measurement may be p a r t l y  f o r t u i t o u s ,  b u t  it does i n d i c a t e  t h a t  t h e r e  were no 

s i g n i f i c a n t  mechanical o r  e l e c t r i c a l  problems with t h e  ESP. 

The f i e l d  t e s t  r e s u l t s  descr ibed  here  tend  t o  confirm t h e  a s s e r t i o n s  of p l a n t  per- 

sonnel  t h a t  t he  combined NH3-SO2 condi t ioninq  process may he a n se fu l  meam of main- 

t a i n i n g  acceptable  performance l e v e l s  i n  a  cold-side ESP. Addit ional  work is s t i l l  

r equ i r ed ,  however, t o  determine whether t h i s  process can be more e f f e c t i v e  than 

us ing  e i t h e r  SO3 o r  NH3 alone.  A complete understanding of t h e  mechanisms involved 

i n  NH 3-S0 condi t ioning  would a l s o  r equ i r e  add i t i ona l  work. I n  p a r t i c u l a r ,  f i e l d  

measurements a r e  needed with and without  e i t h e r  agent  and both agents  i n  use. The 

e f f e c t  of NH3-SO3 condi t ioning  on rapping reentrainment a l s o  needs to be assessed.  



S e c t i o n  1 

INTRODUCTION 

T h i s  r e p o r t  d e a l s  wi th  t h e  second jb in t ly - sponsored  f i e l d  test  funded by t h e  

Department of Energy (DOE) and t h e  E l e c t r i c  Power Research I n s t i t u t e  (EPRI) under 

DOE C c n t r a c t  No. DE-AC18-80FC10225 and EPRI C o n t r a c t  No. RP724-2. The second 

jc in t ly - sponsored  f i e l d  test  was conducted a t  t h e  Big Brown S t a t i o n  of t h e  Texas 

U t i l i t i e s  Generat ing Ccmpany dur ing  t h e  p e r i o d  of May 9-13, 1983. T h i s  r e p o r t  sum- 

marizes  t h e  r e s u l t s  of t h e  f i e l d  and l a b o r a t o r y  measurements. The f i e l d  test  

conducted a t  t h e  Big Brown S t a t i o n  was designed tc, s a t i s f y  t h e  o b j e c t i v e s  of bo th  

t h e  DOE and EPRI p r o j e c t s .  

The primary o b j e c t i v e s  of DOE were t o  e v a l u a t e  t h e  performance of t h e  p r e c i p i t a t o r  

and tc, o b t a i n  d a t a  on t h e  c o n c e n t r a t i o n ,  composi t ion,  and s i z e  d i s t r i b u t i o n  of t h e  

f l y  a s h ,  t h e  f l u e  gas  composi t ion,  and t h e  o v e r a l l  and f r a c t i o n a l  c o l l e c t i o n  e f f i -  

c i e n c i e s  of t h e  p r e c i p i t a t o r ,  and t o  c o l l e c t  c o a l  and s i z e - f r a c t i o n a t e d  ash f o r  

f u r t h e r  c h a r a c t e r i z a t i o n .  EPRI's i n t e r e s t  i n  t h e  program was p r i m a r i l y  concerned 

wi th  developing d a t a  t h a t  could be used t o  i n c r e a s e  t h e  c a p a b i l i t y  f o r  p r e d i c t i n g  

t h e  r e s i s t i v i t y  of f l y  a s h e s  of va ry ing  composi t ions  a s  a  f u n c t i o n  of t empera ture  

and SO3 c o n c e n t r a t i o n  in t h e  f l u e  gas .  EPRI is a l s o  i n t e r e s t e d  in t h e  combined 

e f f e c t s  of N H 3  and SOg and t h e i r  r e a c t i o n  p r o d u c t s  on ash  r e s i s t i v i t y ,  s o  t h e  Big  

Brown S t a t i o n  was of p a r t i c u l a r  i n t e r e s t  s i n c e  it employed a  r a t h e r  unusual  

c o n d i t i o n i n g  techn ique  u t i l i z i n g  bo th  of t h e s e  chemicals .  

It  is  t h e  u l t i m a t e  o b j e c t i v e  of DOE t o  use  t h e  d a t a  developed from t h i s  f i e l d  tes t ,  

a l o n g  with  d a t a  from o t h e r  s i m i l a r  tests, t o  a s s e s s  t h e  a p p l i c a b i l i t y  of d i f f e r e n t  

t y p e s  of c o n t r o l  d e v i c e s  i n  c o n t r o l l i n g  p a r t i c u l a t e  emiss ions  from t h e  combustion o f  

low-rank Western c o a l s  i n  u t i l i t y  b o i l e r s .  I t  is a l s o  t h e  i n t e n t  of DOE to use  

t h e s e  d a t a  i n  a s s e s s i n g  t h e  a b i l i t y  o f  t h e  p i l o t - s c a l e  combustion f a c i l i t y  a t  Grand 

Forks  t o  reproduce t h e  c h a r a c t e r i s t i c s  of t h e  f l y  a s h  and f l u e  gas  produced by f u l l -  

s c a l e  u t i l i t y  b o i l e r s .  



S e c t i o n  2 

SITE SELECTION AND DESCRIPTION 

The Big Brown S t a t i o n  was s e l e c t e d  a s  t h e  s i te  of t h e  second jo in t ly - sponsored  

f i e l d  t e s t  because it burns  a low-grade Texas l i g n i t e  which is of i n t e r e s t  t o  DOE, 

and it uses  a f l u e  gas  c o n d i t i o n i n g  system of i n t e r e s t  t o  FPRI. The s i te  was spec i -  

f i c a l l y  of i n t e r e s t  t o  EPRI because of t h e  o p p o r t u n i t y  t o  conduct  t e s t i n g  wi th  t h e  

combined SO and NH c o n d i t i o n i n g  system mentioned prev ious1  y. 

The Big Brown S t a t i o n  is a mine-mouth f a c i l i t y  l o c a t e d  i n  F a i r f i e l d ,  Texas,  about  

80 m i l e s  s o u t h e a s t  of Da l las .  The p l a n t  c o n s i s t s  of t w o  pc - f i red  u n i t s .  The 

b o i l e r s  a r e  Combustion Engineer ing n a t u r a l  c i r c u l a t i o n ,  balanced d r a f t  u n i t s ,  wi th  a 

r a t e d  g e n e r a t i n g  c a p a c i t y  of 575 MW each. The f u r n a c e s  a r e  t a n g e n t i a l l y  f i r e d .  

Both u n i t s  f i r e  a Wilcox group Texas l i g n i t e  t h a t  is mined on s i t e  a t  t h e  p l a n t .  

The composi t ion of t h e  l i g n i t e  is given i n  S e c t i o n  3. 

The ESP l a y o u t  a t  Big Brown is i l l u s t r a t e d  i n  F igure  2-1. The f l u e  g a s  stream e x i t -  

i n g  t h e  b o i l e r  p a s s e s  through two a i r  p r e h e a t e r s  and then  through f o u r  s e p a r a t e  

c a s i n g s  of a Research-Cot t re l l  co ld-s ide ,  double-Chevron ESP. The f l u e  gas  e n t e r s  

t h e  ESP a t  a nominal t empera ture  of 370°F. One-fourth of t h e  Uni t  2 ESP was t e s t e d  

(ESP 2-1). The 2-1 ESP h a s  two chambers wi th  twc, e l e c t r i c a l  f i e l d s  p e r  chamber, a s  

d i d  a l l  of t h e  o t h e r  p r e c i p i t a t o r s  on t h i s  u n i t .  The ESP u s e s  a weighted-wire 

d i s c h a r g e  e l e c t r o d e  design.  The p l a t e  s p a c i n g  is 9 in .  A l l  f i e l d s  a r e  equipped 

with  s t a n d a r d  Q-109-in,  w i r e  d i s c h a r g e  e l e c t r o d e s .  The c o l l e c t i o n  p l a t e s  a r e  30 f t  

i n  h e i g h t  and 9 f t  i n  depth.  

A s  mentioned p r e v i o u s l y ,  bo th  SO3 and NH a r e  i n j e c t e d  i n t o  t h e  f l u e  gas .  The SO3 

is i n j e c t e d  ahead of t h e  a i r  p r e h e a t e r  a t  a r a t e  of 9 ppm. The NH3 is  i n j e c t e d  

between t h e  a i r  p t e h e a t e r  and t h e  ESP a t  a r a t e  of 5 ppm. These i n j e c t i o n  r a t e s  

were confirmed by f l u e  g a s  a n a l y s e s  d i s c u s s e d  l a t e r .  



TUGCO, BIG BROWN STATION 

Figure 2- 1 Big Brown ESP Layrsirt 



Sect ion  3 

FIELD TEST RESULTS 

SAMPLING AND MEASUREMENT ACTIVITIES 

A summary of t he  sampling and measurement a c t i v i t i e s  performed during the  Big 

Brown t e s t  is given i n  Table 3-1. EPA Method 17 (1) mass t r a i n s  were used t o  de t e r -  

mine the i n l e t  and o u t l e t  mass loadings and the  o v e r a l l  e f f i c i e n c y  of t h e  ESP. 

Cal ibra ted  cascade impactors were employed to quant i fy  the  i n l e t  and o u t l e t  p a r t i c l e  

s i z e  d i s t r i b u t i o n s  and the f r a c t i o n a l  e f f i c i ency  of t h e  ESP. The e l e c t r i c a l  r e s i s -  

t i v i t y  of t he  f l y  ash was measured i n  s i t u  using a point-plane probe. Rela t ive ly  

l a r g e  samples of t he  f l y  ash were co l l ec t ed  i n  a f ive-stage cyclone assembly f o r  

subsequent labora tory  analyses  a t  Grand Forks. The f l u e  gas was sampled and ana- 

lyzed fo r  C02 using a Fy r i t e  analyzer ,  for  O2 using a Teledyne po r t ab le  O2 meter,  

f o r  H20 by adsorpt ion in D r i e r i t e  tubes,  and f o r  SO, using the  Cheney-Homolya (2)  
sampling system. Twenty-five b a r r e l s  of coa l  were co l l ec t ed  €ran the  Unit 2 coa l  

feeder  discharge. This  coa l  was then shipped to Grand Forks f o r  use in  t he  p i l o t -  

s c a l e  combustor. More d e t a i l e d  desc r ip t ions  of t h e  sampling and a n a l y t i c a l  tech- 

niques and r e s u l t s  a r e  given l a t e r  i n  t h i s  r epor t .  

CHARACTERIZATION OF COAL AND FLY ASH 

Samples of the  coa l  taken a t  the Unit 2 feeder  discharge were submitted to Commer- 

c i a l  Tes t ing  and Engineering Company of Birmingham f o r  proximate and u l t ima te  analy-  

ses. The r e s u l t s  a r e  given in Table 3-2. The very high ash content  and low heat ing  

value make t h i s  l i g n i t e  a r e l a t i v e l y  low-grade f u e l .  The analyses  a l s o  i n d i c a t e  

t h a t  the  fue l  composition varied considerably during the  test period. 

Fly ash samples co l l ec t ed  i n  i n l e t  mass t r a i n  thimbles w e r e  analyzed by atomic 

absorpt ion  spectrometry using a d iges ted  sample which had been i g n i t e d  a t  750°C.  

The r e s u l t s  a r e  given i n  Table 3-3. Important f e a t u r e s  of t hese  ash  analyses  are 

t h e  l a w  a l k a l i  metal content  and high alkal,l.ne e a r t h  content  which con t r ibu te  to t h e  

high r e s i s t i v i t y  of t h i s  ash without, SO3. The l o s s  on i g n i t i o n  w a s  reasonably low. 

  he NHq+ content  of t h e  ash  i n d i c a t e s  t h a t  most of t h e  i n j e c t e d  NH3 w a s  adsorbed on 

t h e  ash. Adsorption of 5 ppm of NH3 onto  fly ash p a r t i c l e s  having a mess loading of 



Table 3-1 

SAMPLING AND MEASUREMENT ACTIVITIES 

Sampling 
Locat i o n  Measurement 

ESP i n l e t  Mass t r a i n  (ESP Method, 17) 
Impactor (modified Brink) 
In  s i t u  r e s i s t i v i t y  (point-plane probe) 
Five-stage cyclone (SoRI-EPA) 
Gas a n a l y s i s  (Cop, 02, H 2 0 ,  SO,, NH3) 

ESP o u t l e t  Mass t r a i n  (EPA Method 17) 
Impactor (Univers i ty  of Washington Mark 111) 
Gas a n a l y s i s  (C02, 02, H 2 0 ,  SO,, NH3) 

Coal f eede r  Coal sample 
d ischarge  

- T e s t  Day 
1 2 3 4 5 6  ------ 

Table 3-2 

PROXIMATE AND ULTIMATE COAL ANALYSES 
(as-received b a s i s )  a 

Bate Sampled 
s/ro/a3 5/11/83 5/12'7QT 

Proximate 
% Moisture 21 -07 29.37 31.51 
% Ash 14.41 23.05 12.91 
% V o l a t i l e  42.21 22.42 50 -45 
% Fixed carbon 22.31 25.16 5.13 
Btu/ lb  8,671 5,978 6,453 
% Sul fu r  0.91 0.85 0.73 

U_l,t&mate 
% Moisture 
% Carbon 
0 rfy,ql-~:~gefi 
0 Nitrogen 
% Chlorine 
% Sulfur 
0 Ash 
% oxygenb 

"samples taken .from Unit  2 feeder  discharge.  

b ~ x y g e n  determined by d i f f e r e n c e  . 



Table 3-3 

PLY ASH  COMPOSITION^ 

Sample No. BIGBI-1MT BIGBI-~MT BIGBI-3MT 
Date 5/10/83 5/10/83 5/10/83 
Time 1039-1237 1405-1632 1731-1919 

0 Li  20 
0 Na20 
% K20  
0 MgO 
0 CaO 
% Fe203 

A1203 
0 Si02  
0 Ti02 

'2'5 
0 so3 

a~amples  taken from i n l e t  mass t r a i n  thimbles, and 
analyzed by AA a f t e r  i g n i t i o n  a t  750°C and d i g e s t i o n  
by standard acid a t tack .  

b ~ o l u b l e  NU,++ and on unignited ash. NH,++ 
determined by s p e c i f i c  ion e lec t rode;  S04-2 by ion 
chromatography. 

6.64 qr/dscf ( t h e  average measured mass loading) would be expected to produce an 

NH ,++ cohcent ra t ion  of 0.029% by weight, assuming complete adsorpt ion.  The mean 

measured NH4+ .concentrat ion (0.0220) r ep resen t s  760 of t h i s  value. 

The measured content  of t h e  ash is higher than expected f o r  complete 

adsorpt ion of 14 ppm of S03 .  Assuming the  same mass loading used above, t h i s  should 

produce a s u l f a t e  concent ra t ion  of about 0.40. However, t h e  measured va lues  ranged 

from 0.84 t o  1.20. The most l i k e l y  explanat ion appears to  be t h a t  t he  ash adsorbed 

add i t i ona l  SO3 while it res ided  in t h e  mass t r a i n  thimble f i l t e r .  An ash sample 

taken from one of t he  o u t l e t  ESP hoppers a l s o  had a r e l a t i v e l y  high SO,," content  as 

discussed in ~ l i c  sec t ion  on t h c  labora tory  cha rac t e r i za t ion  of the ash. 

METHOD 17 RESULTS AND MASS EFFICIENCY 
- .  

Mass loadings  were measured at the A s i d e  i n l e t  to ESP6 2-1 and 2-2 and a t  the 

outlet of ESP 2-1 by EPA Method 17 (1). Each sampling loca t ion  was t r ave r sed  wi th  



mass t r a i n s  equipped with in-stack f i l t e r s .  I s o k i n e t i c  sampling was approximated 

as c l o s e l y  a s  p o s s i b l e  at each sampling po in t .  The measured mass loadings  are given 

i n  Table 3-4. During this t e s t i n g  the  b o i l e r  load  was maintained f a i r l y  cons tant  i n  

t h e  range of 560 t o  580 MW, with excess a i r  i n  t h e  range of 13 t o  19%. The s t ack  

o p a c i t y  recorded by t h e  p l a n t  transmissometer was between 26 and 32%. 

Table 3-4 

MASS TRAIN DATA 

SCA I n l e t  I n l e t  Ou t l e t  Ou t l e t  
Run b a d  Temp. ( f t 2 /  Loading Percent  Loading Percent  Eff ic iency  Opacity 
No. (MW) (OF) kacfm) (g r /d sc f )  I s o k i n e t i c  (g r /d sc f )  I s o k i n e t i c  ( $ 1  ( %  1 

During t h e  test per iod  t h e  average f l u e  gas  flow r a t e  through t h e  A s i d e  of 

ESP 2-1 w a s  1.3 x l o6  acfm a t  370°F, r e s u l t i n g  i n  an opera t ing  SCA of 166 ft2/1000 

acfm, almost exac t ly  equal t o  t h e  design value. The average inlet and o u t l e t  mass 

loadings  were 6.64 and 0.103 gr /dscf ,  y i e ld ing  an average e f f i c i e n c y  of 98.45%. 

PARTICLE S I Z E  DISTRIBUTIONS AND FRACTIONAL EFFTCTENCY 

The inlet and o u t l e t  p a r t i c l e  s i z e  d i s t r i b u t i o n s  were determined from in-stack 

cascade impactor sampling us ing  modified Brink impactors a t  t h e  i n l e t  and Univers i ty  

of Washington Mark 111 impactors a t  t he  o u t l e t .  Seven teal W c t o r  runs and one 

blank run were performed in sepa ra t e  sampling p o r t s  a t  t h e  i n l e t ,  while s i x  complete 

t r a v e r s e s  of duct  a r ea  were performed at  the  o u t l e t  with two blanks. Glass  f i b e r  

s u b s t r a t e s  were used i n  t h e  impactors. The blank runs d i d  not  revea l  any apprecia-  

b l e  s u b s t r a t e  i n t e r f e r e n c e  problems. 

F igures  3-1 through 3-8 show t h e  i n l e t  and o u t l e t  p a r t i c l e  s ize  d i s t r i b u t i o n s  de t e r -  

mined from the  impactor sampling. F igures  3-1 and 3-5 show the cumulative mass 

concen t r a t ion  of a l l  p a r t i c l e s  smal le r  than  t h e  s t a t e d  diameter ,  which was obta ined  

by summing the  masses c o l l e c t e d  on each impaction s tage  and d iv id ing  by the volume 

of  f l u e  gas  sampled. I n  order  t o  calculate t h e  mass median diameters ,  t h e  curves  

were ex t r apo la t ed  to the total mass concent ra t ion  a t  an assumed maximum p a r t i c l e  
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, . Figure 3- 1 Cumulative Mass Loading as a Function of Panicle Size at ESP Inlet 
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.Figure 3-3 Differential Mass Distribution at ESP Inlet 
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Figure 3-4 Differential Number Distribution at ESP Inlet 
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Figure 3-5 Cumulative Mass Loading as a Function of Particle Size at ESP Outlet 



& U l  t I I r r r 1 . 1  
I r I I 1 1 1 1  

1 , I ,  
1 I I I  -- . 

1 6 - 1  1 o "  10 '  1 0 2  

P A R T  I C L E  D ?  A M E T E R  ( M I  CROMETERSI  
4 6 3 1 - 1 1  

Figure 3-6 Cumulative Weight Percent Less Than Indicated Si7e at ESP Ourler 
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Figure 3-7 Differential Mass Distribution at ESP Outlet 
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Figure 3-8 Differential Number Distribution at ESP Outlet 



diameter of 100 14R a t  the  i n l e t  and 20 M a t  t he  o u t l e t .  The mass median diam- 

e t e r s  of t h e  i n l e t  and o u t l e t  s i z e  d i s t r i b u t i o n s ,  based on t h e  impactor da t a ,  a r e  

approximately 14 1 4 ~  and 9 M, r e spec t ive ly .  

The curves shown ir .  Figures 3-1 t o  3-8 were obtained by averaging t h e  s p l i n e  f i t s  

(3) t o  a number of impactor runs; t h e  po in t s  do not represent  the  raw impactor da t a ,  

but  r a t h e r  t h e  in t e rpo la t ed  poin ts  generated by t h e  s p l i n e  f i t .  

Figures 3-2 and 3-6 show the  i n l e t  and o u t l e t  d i s t r i b u t i o n s  on t h e  b a s i s  of  

cumulative percent  smaller  than the  s t a t e d  s i z e s .  Figures 3-3 and 3-7 give t h e  

d i f f e r e n t i a l  mass d i s t r i b u t i o n s  and Figures 3-4 and 3-8 give t h e  d i f f e r e n t i a l  number 

d i s t r i b u t i o n s ,  assuming a p a r t i c l e  dens i ty  of 2.4 g/cm3. 

The f r a c t i o n a l  e f f i c i ency  curve derived from t h e  i n l e t  and o u t l e t  impactor measure- 

ments is shown i n  Figure 3-9. This apparent ly  shows a minimum i n  t h e  c o l l e c t i o n  

e f f i c i e n c y  a t  j u s t  below 1 inn. The curve appears  t o  be q u a l i t a t i v e l y  c o n s i s t e n t  

with t h e o r e t i c a l l y  predicted f r a c t i o n a l  e f f i c i e n c y  curves i n  t he  range of .I t o  

10 M. The fractions: eEf ic iencies  a r e  a l s o  cons i s t en t  with t h e  measured o v e r a l l  

e f f i c i e n c y  i f  one considers  t h a t  ha l f  of t h e  mass is contained i n  p a r t i c l e s  l a r g e r  

than 14 m. The cumulative e f f i c i e n c y  f o r  c o l l e c t i o n  of aub-5-14~ p a r t i c l e s  was 

97%. 

I N  SITU RESISTIVITY AND SOx AND NH3 MEASUREMENTS 

The SoRI in s i t u  point-plane probe was used t o  measure the  e l e c t r i c a l  r e s i s t i v i t y  

of t h e  ash by t h e  sparkover method. This  procedure is described i n  d e t a i l  i n  EPA 

Report EPA 600/8-80-025 (4). A l l  of these  measurements were made a t  t he  i n l e t  of 

t h e  A s i d e  of ESP 2-1. The r e s u l t s  a r e  given i n  Table 3-5. The average r e s i s t i v i t y  

datermincd by t h e  sp3tknver technique was 1.6 x 1OI1 ohm cm, with cons iderable  

s c a t t e r  i n  t h e  da ta .  

~ l t h o u g h  t h e  measured r e s i s t i v i t y  va r i ed  considerably,  t h e  SO3 and NH3 measurements 

d id  not  show corresponding va r i a t ions .  Neither  d id  the  e l e c t r i c a l  opera t ing  condi- 

t i o n s  of t h e  ESP. Therefore,  it appears  t h a t  the i n  s i t u  r e s i s t i v i t y  measurements 

a r e  i ncons i s t en t  with the  o the r  data.  Given t h i s  problem and the l a r g e  amount of 

s c a t t e r  ev ident  i n  t h e  Cn s i t u  r e s i s t i v i t y  da t a ,  t h e  r e l i a b i l i t y  of these  da t a  must 

be questioned. This  problem is discussed more completely and compared to  labora tory  

r e s u l t s  i n  Sec t ion  4. 
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Figure 3-9 F ractionel Efficiency Curve 



Table 3-5 

I N  SITU RESISTIVITY MEASUREMENTS 

Date - 
5/10 

Run 
No. - 

Average 

Flue Gas Temp 
fOFl 

R e s i s t i v i t y  
(ohm cm) 

SOx samples were c o l l e c t e d  ahead of t he  a i r  preheater  and downstream of t h e  

Wahlco SO3 i n j e c t i o n  system using t h e  r egu la r  Cheney-Homolya sampling system (2 ) .  
For SOx and NH 3 sampling a t  t he  ESP i n l e t  and o u t l e t  l o c a t i o n s ,  t h e  probe and 

qua r t z  f i l t e r  temperature was reduced from -550°F t o  t h e  p r e v a i l i n g  f l u e  gas temper- 

a t u r e .  This modif icat ion of t he  sampling procedure was necessary t o  prevent  thermal 

decomposition of t h e  ammcrnium s u l f a t e  p a r t i c u l a t e  assumed t o  be p re sen t  i n  t h e  f l u e  

gas  a t  these  l oca t ions .  The system was f u r t h e r  modified f o r  NH3 sampling by remov- 

ing t h e  condenser and s u b s t i t u t i n g  one of t h e  two Greenburg-Smith bubblers  f o r  a 

Greenburg-Smith impinger. A d i l u t e  H2S04 s o l u t i o n  (0.02 N )  was used a s  t h e  co l l ec -  

t i o n  medium f o r  a l l  NH3  samples. 

SO samples were analyzed hy a Ra(C104)2 t i t ra t ion  with Thorin i n d i c a t o r ;  NH3 sam- 
X 

p l e s  with a s p e c i f i c  ion e l ec t rode .  The r e s u l t s  a r e  given i n  Table 3-6. The da t a  

i n d i c a t e  t h a t  about 5 ppm of n a t u r a l  H2S04 (SO3) was p re sen t  in t h e  f l u e  gas ahead 

of t h e  a i r  v rehea ter .  Downstream from t h e  SO3 i n j e c t i o n  probes about 14 pprn of 

H2S04 was found. Therefore,  it appears  t h a t  approximately 9 ppm of H2S04 was added 

t o  t h e  flue gas by t h e  i n j e c t i o n  system. 

The absence of any s i g n i f i c a n t  concen t r a t i ons  of H2S0,+ (SO3) a t  t h e  EGP i n l c t  

(<0.5 ppm) is presumably due t o  adsorp t ion  on f l y  ash and r e a c t i o n  with NH3. I f  t h e  

t h e o r e t i c a l  NH3  i n j e c t i o n  r a t e  of 5 ppm is c o r r e c t ,  2.5 ppm of H2S04 would have been 

consumed i n  t h e  formation of ammonium s u l f a t e ,  and the remaining 12 ppm adsorbed by 

t h e  ash.  Although low, b u t  measurable, q u a n t i t i e s  of NH3 were de t ec t ed  a t  t h e  ESP 



Table 3-6 

FLUE GAS SOx AND NH3 ANALYSES 

Flue Gas H2SU4 
Time Location (OF 

a 2  
(ppm v/v) (ppm v/v 1 _(pp 

NH3 
Date --- m V/V) 

5/10/83 1058-1111 Below SO3 i n j e c t i o n  
1210-1225 Below SO3 i n j e c t i o n  

ESP i n l e t  
1508-1525 ESP i n l e t  

Below SO3 i n j e c t i o n  
1627-1645 ESP i n l e t  

Below SO3 i n j e c t i o n  
1707-1732 ESP i n l e t  

Below SO3 i n j e c t i o n  

5/11/83 1315-1332~ Ahead of a i r  hea ter  775-807 3.0 886 -- 
1417-1451 Ahead of air hea te r  816 5.9 928 -- 

ESP i n l e t  370 0.3 757 -- 
1514-1536 Ahead of a i r  hea t e r  824 6.8 8 90 -- 

nsP i n l e t  300 -- -- 0.4 
1600-1638 Ahead of a i r  hea t e r  811 ' 5.8 841 -- 

ESP inlet 360 -- -- 0.5 

5/12/83 0945-1007 Ahead of a i r  hea t e r  
1102-1124 Ahead of a i r  hea t e r  
1150-1223 Ahead of air  hea t e r  

ESP ou t le t  
1300-1315 ESP o u t l e t  
1328-1349 Ahead of a i r  hea ter  
1406-1430 Ahead of a i r  hea t e r  

ESP o u t l e t  
1500-1515 ESP o u t l e t  

a ~ o s s i b l e  load change during run. 



i n l e t ,  it appears  t h a t  a t  l e a s t  90% of t h e  NH 3 ( a g a i n  assuming a  5  ppm i n j e c t i o n  , 

r a t e )  was removed from t h e  gas  phase. 

FIVE-STAGE CYCLONE SIZE FRACTIONATION 

A f i v e - s t a g e  cyclone system (5) was used t o  c o l l e c t  r e l a t i v e l y  l a r g e  samples of 

t h e  f l y  ash  e n t e r i n g  t h e  ESP i n  f i v e  d i s c r e t e  s i z e  f r a c t i o n s .  The o b j e c t i v e  was t o  

c o l l e c t  a s  much f l y  ash a s  p s s i b l e  i n  each of t h e  f i v e  cyc lones ,  wi th  t h e  s i z e  

f r a c t i o n a t i o n .  ex tend ing  i n t o  t h e  submicron range ,  f o r  t h e  purpose of l a b o r a t o r y  

a n a l y s e s  a t  UNDERC. The c u t - p i n t s  and masses c o l l e c t e d  i n  t h e  f i v e  cyc lones  a r e  

given i n  Table  3-7. 

Table  3-7 

FIVE-STAGE CYCLONE  DATA^ 

Aerodynamic S t o k e ' s  Mass Cum. Mass 
Cyclone Cut-Point Cut-Point C o l l e c t e d  < D S O  Cum. <DS0 

No . ( ~ m )  ( urn) (mg) (mg ( %  

BUF -- -- 144.0 -- - - 
T o t a l  20,126.9' 

a ~ o m p o s i t e  of t h r e e  runs  performed a t  n e a r 1  y  i d e n t i c a l  sampling 
r a t e s .  Average f low r a t e  = 1.000 acfm. T o t a l  sampling t i m e  = 
135 min. Average percen t  i s o k i n e t i c  Z97%. 

A t o t a l  of t h r e e  r u n s  were performed, one on each day of t e s t i n g .  T o t a l  run  t i m e  

f o r  a l l  t h r e e  r u n s  was 135 min. The sampling r a t e s  and c a l c u l a t e d  c u t - p a i n t s  were 

n e a r l y  i d e n t i c a l  f o r  a l l  t h r e e  runs ,  s o  t h e y  were c o m p s i t e d  a s  i n d i c a t e d  in t h e  

t a b l e .  The s i z e  d i s t r i b u t i o n  based on t h e  cyc lone  d a t a  is shown in F i g u r e  3-10. 



C
U

M
U

L
A

T
IV

E
 P

E
R

C
E

N
T

 L
ES

S 
T

H
A

N
 



ELECTRICAL CHARACTERISTICS OF ESP 

Vol tage-cur ren t  c u r v e s  were ob ta ined  f o r  t h e  ESP 2-1 T-R s e t s .  ESP 2-1 c o n t a i n s  

f o u r  f i e l d s :  E a s t  i n l e t ,  West i n l e t ,  E a s t  o u t l e t ,  and West o u t l e t .  V- I  c u r v e s  were 

o b t a i n e d  f o r  a l l  four  f i e l d s  on May 11 and 12, 1983, and a r e  shown in F i g u r e s  3-11 

through 3-1 8. 

F i g u r e s  3-1 1  and 3-12 show t h e  V-I  cu rves  f o r  t h e  Eas t  and West i n l e t  f i e l d s  on 

May 11. They a r e  a lmost  i d e n t i c a l  and a r e  q u i t e  w e l l  behaved. F i g u r e s  3-13 and 3- 

14 show t h e  V - I  cu rves  f o r  t h e  Eas t  and West o u t l e t  f i e l d s  on May 11. The curve  f o r  

t h e  Eas t  o u t l e t  f i e l d  is w e l l  behaved, b u t  t h e  curve  f o r  t h e  West o u t l e t  becomes 

v e r t i c a l  a t  about  38 kV, i n d i c a t i n g  e l e c t r i c a l  breakdown. The a c h i e v a b l e  c u r r e n t  

d e n s i t y  is s t i l l  q u i t e  h igh ,  however. The c u r v e s  f o r  t h e  i n l e t  f i e l d s  on May 12 

( F i g u r e s  3-15 and 3-16) a r e  q u i t e  s i m i l a r  t o  t h o s e  of May 11 ( F i g u r e s  3-11 and 

3-12),  and, a g a i n ,  i n d i c a t e  a lmost  i d e n t i c a l  e l e c t r i c a l  performance on bo th  s i d e s  o f  

t h e  ESP. On May 12, t h e  o u t l e t  c u r v e s  appeared s i m i l a r  i n  shape b u t  t h e  c u r v e  f o r  

t h e  West o u t l e t  was s h i f t e d  t o  t h e  l e f t ,  toward lower v o l t a g e s ,  r e l a t i v e  t o  t h e  

c u r v e  far t h e  Eas t  o u t l e t .  The breakdown t h a t  seemed t o  occur  i n  t h e  West ~ u t l e t  

V - I  c u r v e  on May 11 was n o t  e v i d e n t  on May 12. 
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Figure 3- 1 1 Voltage-Current Curve for East Inlet T- R Set on May 1 1. 1983 
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Figure 3-12 Voltage-Current Curve for West Inlet T-R Set on May 11, 1983 
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Figure 3- 13 Voltag~?-Ctrrren t Curve for East Outlet T- R Set on May 1 1, 1983 
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Figure 3- 14 Voltage-Current Curve for West Outlet T-R Set on May 11, 1983 
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Fiyure 3- 15 Voltage-Current Curve for East Inlet T- R Set on May 12, 1983 
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BIG BROWN UNIT - Z : ESP 2-1 
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Figure 3- 16 Voltage-Current Curve for West Inlet T-R Set on May 12, 1983 
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Figure 3- 17 Voltage-Current Curve for East Outlet T-R Set on May 12, 1983 
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Figure 3- 18 Voltage-Current Curve for West Outlet T- R Set on May 12, 1983 



Sect ion  4 

LABORATORY CHARACTERIZATION OF F%Y ASH 

A f l y  ash sample taken from an o u t l e t  hopper of ESP 2-1 was cha rac t e r i zed  in terins 

of its chemical composition, dens i ty ,  Bahco s i z e  c l a s s i f i c a t i o n ,  and e l e c t r i c a l  

r e s i s t i v i t y .  Normally a p ropor t iona te ly  blended hopper sample is used fo r  this 

examination; however, an i n l e t  hopper sample was not ava i l ab le .  

Chemical composition, Bahw p a r t i c l e  s i z e  c l a s s i f i c a t i o n ,  and helium pycnometer 

dens i ty  da t a  a r e  given i n  Table 4-1. None of t hese  da t a  a r e  a typ ica l .  Because it 

is an o u t l e t  hopper sample, t he  amount of material smaller  than 2 WII is high and t h e  

concent ra t ions  of so lub le  s u l f a t e  and ammonia a r e  g r e a t e r  than the  concent ra t ions  

repor ted  elsewhere f o r  mass t r a i n  samples. The concent ra t ions  of both NH,,' and 

were higher in  the  o u t l e t  hopper sample than in any of t h e  i n l e t  mass t r a i n  

samples. This  is t o  be expected s ince  t h e  o u t l e t  hopper sample is biased  toward t h e  

f i n e r  particles . t h a t  have high s p e c i f i c  su r f ace  a reas  f o r  adsorpt ion o f ,  t h e  NH3 and 

SO3. 

Normally, r e s i s t i v i t y  is measured using t h e  IEEE Standard 548-1981, descending tem- 

pe ra tu re  technique, which s t a r t s  a t  450°C. Because of t h e  unique f l u e  gas condi- 

t i on ing  p r a c t i c e  followed a t  Big Brown, it was reasoned t h a t  an ammonium compound 

could be produced t h a t  was in t ima te ly  assoc ia ted  with t h e  f l y  ash p a r t i c l e s .  This  

could have an e f f e c t  on r e s i s t i v i t y ,  and a thermal anneal a t  450°C might0destroy t h e  

e f f e c t .  This  point is i r r e l e v a n t  i f  only s u l f u r  t r i o x t d e  is used. Therefore,  

r e s i s t i v i t y  w a s  determined i n  an environment of a i r  conta in ing  12% w a t e r  using an 

ascending temperature procedure s t a r t i n g  a t  95OC and then t h e  descending temperature 

technique s t a r t i n g  a t  450°C. The r e s u l t s  a r e  i l l u s t r a t e d  in Figure  4-1. 

The ascending temperature r e s i s t i v i t y  curve is shown with c i r c u l a r  d a t a  p o i n t s  and 

arrows poin t ing  to the  r i g h t .  It is obvious t h a t  t he  ascending da t a  are much lower 

than  t h e  d a t a  obtained using t h e  decending temperature technique after t h e  450 .C 

anneal .  These da t a  are shown with t r i a n g u l a r  symbols. 



Table  4- 1 

PHYSICAL AND CHEMICAL DATA FOR OUTLET HOPPER SAMPLE 

Chemical composi t iona Bahco S i z e  C l a s s i f i c a t i o n  
Weight ( $ 1  S i z e  (urn)  Weight % L e s s  Than 

L i  20 
Na 20 

K20 
MgO 
CaO 

Fe 2' 3 
A1 2O3 
SiO 
T i 0  

2'5 
so :j 

T o t a l  

LO1 
So l .  NII + 

1 .  w:-2 

MMD - 11.41 pm 
GSD - 4.56 

t i 0  urn - 46.54% 
<2 pin = 92i578 

H e l i u m  Pycnometer D e n s i t y  

a ~ l e v e n  element  a n a l y s i s  per formed on i g n i t e d  sample. 

The ascendinq test  was t e rmina ted  a t  277OC, sl ight.1 y bc1.o~ t h e  handbook dcaompooi- 

t i o n  t empera ture  of 280% l i s t e d  f o r  w-txnoniurn sulfate. Wi t.hn11t. appl 1 n l  lroltarje, t h e  

tes t  ce l l  was h e l d  a t  277OC f o r  20 hr in t h e  a i t / w a t e r  environment.  A f t e r  t h i s ,  t h e  

r e s i s t i v i t y  had i n c r e a s e d  from 8.8 x l o 9  t o  3.5 x lo1' ohm an. T h i s  r e s i s t i v i t y  

v a l u e  was still about  a f a c t o r  of 9 lower than  t h e  v a l u e  a t  277OC f o r  t h e  descending 

t e c h n i q u e  d a t a .  Apparent ly  t h e  annea l  a t  450°C i n  d r y  a i r  f o r  about  16 hr w a s  

s u f f i c i e n t  t o  comple te ly  remove t h e  remaining e f f e c t  of t h e  c o n d i t i o n i n g  agent .  

E x c e l l e n t  agreement was found between t h e  lab-measured d a t a  us ing  t h e  descending  

t e c h n i q u e  and t h e  p r e d i c t e d  r e s i s t i v i t y  (diamond symbols) .  The r e s i s f i v i t y  was 

p r e d i c t e d  by t h e  t e c h n i q u e  developed by Bicke lhaupt  (6 ) .  

S i n c e  t h e r e  is no  l a s t i n g  e f f e c t  on r e s i s t i v i t y  due to s u l f u r  t r i o x i d e  c o n d i t i o n i n g  

w i t h  r e s p e c t  to l a b o r a t o r y  measurements, one conc ludes  t h a t  t h e  observed result is 

a s s o c i a t e d  with  t h e  ammonia i n j e c t i o n .  T h i s  same result was observed s e v e r a l  y e a r s  
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ago when l a b o r a t o r y  measurements were made on a n o t h e r  f l y  ash  produced from a h igh  

s u l f u r  c o a l .  I n  t h i s  c a s e ,  ammonia was i n j e c t e d  i n t o  a f l u e  gas  c o n t a i n i n g  a sub- 

s t a n t i a l  c o n c e n t r a t i o n  of n a t u r a l  s u l f u r i c  a c i d  vapor.  I n  t h e  p a s t ,  chemical t r a n s -  

f e r e n c e  exper iments  w e r e  conducted t o  demons t ra te  t h a t  khe ammonium i o n  can p a r t i c i -  

p a t e  i n  t h e  conduc t ion  process .  Based on t h e  water  s c l u b l e  ammonium ion  d a t a  

r e p o r t e d  i n  T a b l e  4-1, t h i s  sample may c o n t a i n  about  0.2% ammonium s u l f a t e .  It is  

c o n c e i v a b l e  t h a t  t h i s  smal l  c o n c e n t r a t i o n  d i s t r i b u t e d  on t h e  s u r f a c e  of t h e  ash 

c o u l d  c a u s e  t h e  l a r g e  d i f f e r e n c e  i n  ascending  and descending r e s i s t i v i t y  v a l u e s .  

Obviously t h e  ammonium i o n  does  n o t  have t~ be on t h e  s u r f a c e  a s  t h e  s u l f a t e .  

(NH,,) p0,+ may n o t  be  t h e  form i n  which t h e  ammonium ion  is p r e s e n t  on t h e  s u r f a c e .  

I d e n t i f i c a t i o n  o f  t h e  s p e c i f i c  form w i l l  r e q u i r e  f u r t h e r  s tudy .  

Since a v e r y  s m a l l  c o n c e n t r a t i o n  of s u l f u r i c  a c i d  vapor ( 0 . 3  ggml was detnat.nA +t. 

t h e  p r e c i p i t a t o r  i n l e t , .  l a b o r a t o r y  r e s i s t i v i t y  d e t e r m i n a t i o n s  were made a t  174OC in 

an a i r  environment  c o n t a i n i n g  12% water  and approximately  0.3 ppm of s u l f u r i c  a c i d  

vapor .  These i s o t h e r m a l  t e s t s  were conducted wi th  as - rece ived  ash and ash t h a t  had 

been e q u i l i b r a t e d  i n  d r y  a i r  a t  450°C ~ v e ~ n i q h t ,  The res111.t.s a r e  shnwn i n  Tahle A- 

2. 

. Table  4-2 

EFFECT OF SULFUR TRIOXIDE ON GAR-MEASURED RESISTIVITY 

Temp H20 s03 E 

( " C ) % ) ( p p m )  (kV/cm) 

p o s t - t e s t  s o l u b l e  s u l f a t e  ( % I  

- &sistivity (ohm cm] 
.As-Received Annealed a t  450°C 

1.1Ell  -- 
1.4E10 -- 
1 .OE10 -- 
-- 9.1Ell  -- 6.8F10 
-- 5.5E10 

1.69 1.81 

J u s t  p r i o r  to  e l e c t r i c a l  breakdown, t h e  r e ~ i ~ t i v i t v  values f o r  t h e  as - ren~? iv~?r l  agh 

and t h e  annea led  sample were 1.0 x 10 l o  and 5.5 x 10 l o  ohm cp, r e s p e c t i v e l y .  These 

v a l u e s  a r e  w c h  lower t h a n  one would expec t  f o r  soch a s m a l l  a c i d .  c o n c e n t r a t i o n  a t  

174OC. 



Recently unre la ted  experiments were conducted with a f l y  ash somewhat s imi l a r  to 

Big Brown f l y  ash  i n  which t h e  ac id  concent ra t ion  was 0.3 pprn and t h e  t e s t  

temperature was about 150°C. Under these  condi t ions  the  r e s i s t i v i t y  was only 

s l i g h t l y  decreased by th; ac id  vapor. 

In  t h e  p re sen t  case ,  one can specula te  with r e spec t  to t h e  as-received sample t h a t  

t h e  small amount of adsorbed ac id  has a s y n e r g i s t i c  e f f e c t  when coupled with t h e  

undefined su r f ace  f i lm  l e f t  on t h e  ash  as a r e s u l t  of t h e  dual  condi t ioning  process  

c a r r i e d  out  a t  Big Brown. The very s m a l l  increase  i n  so lub le  s u l f a t e  (1.69% post-  

t e s t  and 1.54% as-received) is not  c o n s i s t e n t  with t h e  l a r g e  decrease  in 

r e s i s t i v i t y .  

Suggesting an explanat ion for  t h e  r e s u l t s  observed with t h e  annealed a sh  is even 

more d i f f i c u l t .  Since the measured r e s i s t i v i t y  of t h e  annealed ash i n  an environ- 

ment of a i r  and water was s imi l a r  t o  t he  p red ic t ed  values (F igure  4-1 ), one would 

expect  only a small a t t enua t ion  of r e s i s t i v i t y  f o r  t he  annealed ash due to the  pres- 

ence of  3 . 2  pprn of  s u l f u r i c  a c i d  vapor. However, with a s m a l l  i nc rease  i n  s o l u b l e  

s u l f a t e  ( 1 . E l %  ' pos t - tes t  and 1.54% as-received) , t h e  r e s i s t i v i t y  decreased by a 

f a c t o r  of about  17. It would seem t h a t  t h i s  ash  has some unknown, unique 

c h a r a c t e t i - s t i c  o r  the  450 O C  anneal makes t h e  commercial1 y condit ioned ash su r f  ace  

i n a c t i v e  with r e spec t  t o  adsorbed water bu t  st i l l  a c t i v e  with regard  to adsorbed 

ac id  vapor. 

Figures 4-2 and 4-3 show the  predic ted  r e s i s t i v i t y  d a t a  based on t h e  ash  composition 

given in Table 4-1, 12.0% water, s eve ra l  ac id  concent ra t ions ,  and e l e c t r i c  f i e l d  

i n t e n s i t i e s  of 4 and 12 kV/cm, r e spec t ive ly .  The da t a  from Figure 4-2 without  

s u l f u r i c  ac id  present  were p l o t t e d  in Figure 4-1 f o r  comparison with t h e  lab- 

measured da t a  without acid.  

Superimposed on Figure 4-3 a r e  t h e  i n  s i t u  r e s i s t i v i t y  da t a  and t h e  lab-measured 

da t a  f o r  t he  as-received and annealed ash samples t e s t e d  with about 0.2 to 0.3 pprn 

of s u l f u r i c  a c i d  vapor, t h e  amount repor ted  f o r  t h e  p r e c i p i t a t o r  i n l e t .  The d a t a  

a r e  p l o t t e d  a t  174OC. This  was t h e  temperature a t  t h e  i n  s i t u  r e s i s t i v i t y  measure- 

ment p o r t .  The l i m i t  bar  a s soc ia t ed  with these  da t a  i n d i c a t e s  t h e  high and l o w  i n  

s i t u  values,  and the  s o l i d  square r ep resen t s  the  average in s i t u  value. 

A t  174OC, t h e  predic ted  r e s i s t i v i t y  value is about 5.0 x 1Ol1 ohm an f o r  E = 

12 kV/cm and an environment conta in ing  12.0% water and 0.3 ppm of s u l f u r i c  ac id  

vapor., The lab-measured da t a  under t h e s e  condi t ions  were 5.5 x 101° ohm cm f o r  t h e  
' 
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annealed sample and 1.0 x 10 ohm cm fo r  t he  as-received sample. It has been 

suggested above t h a t  t h e  lab-measured da t a  a r e  s i g n i f i c a n t l y  below t h e  p red ic t ed  

value because of t h e  r e t a i n e d  e f f e c t  of the  ammonia condi t ioning  a t  the  power 

s t a t i o n .  

Based on t h e  above d i scuss ion ,  t h e  i n  s i t u  d a t a  seem high. Considerat ion of t h e  

d a t a  is complicated by t h e  l a r g e  spread in da ta  from 1.2 x 1010 t o  4.5 x 1Ol1 ohm 

cm. Assuming the  average i n  s i t u  value of 1.6 x 1011 ohm cm is c o r r e c t ,  two poss i -  

b l e  explanat ions  e x i s t  t o  exp la in  why the  i n  s i t u  va lues  a r e  g r e a t e r  than the  labo- 

r a t 6 r y  da t a .  Perhaps t h e r e  r e a l l y  i s n ' t  0.3 ppm of s u l f u r i c  ac id  vapor in t h e  g a s  

phase o r  t he  concent ra t ion  was l e s s  i n  the  region of t h e  in s i t u  r e s i s t i v i t y  mea- 

surement. Also, it is  conceivable  t h a t  t h e  a s h  c o l l e c t e d  i n  t h e  in s i t u  probe does 

not  con ta in  a s  much ammonium sal t  a s  t he  ash a v a i l a b l e  to the  labora tory .  Consider- 

ing  a l l  of these  p o s s i b i l i t i e s ,  it seems more l i k e l y  t h a t  t h e  i n  s i t u  r e s i s t i v i t y  

d a t a  a r e  i n  e r r o r  s ince  they e x h i b i t  so much s c a t t e r ,  and they a r e  not  c o n s i s t e n t  

with t h e  e l e c t r i c a l  ope ra t ion  of t h e  ESP o r  t h e  p red ic t ed  r e s i s t i v i t y  values.  I n  

view of t h e  s c a t t e r  i n  t he  in s i t u  r e s i s t i v i t y  da t a ,  t he  l abo ra to ry  da t a  have been 

used i n  t h i s  study. 



Sect ion  5 

SUMMARY AND CONCLUSIONS 

Considering t h e  r e l a t i v e l y  small s i z e  of t h e  Big Brown ESP (SCA = 166 f t 2 / k a c f m ) ,  

i t s  o v e r a l l  performance appears  t o  be q u i t e  good. The o v e r a l l  mass c o l l e c t i o n  e f f i -  

c iency  f o r  dl p a r t i c l e  s i z e s  was found t o  be within t h e  range of 98.22 t o  98.77%, 

with a  mean of 98.45%. The mean va lue  is  i n  g o a  agreement wi th  t h e  o v e r a l l  c o l l e c -  

t i o n  e f f i c i e n c y  predic ted  by a  semi-empirical computer model of e l e c t r o s t a t i c  pre- 

c i p i t a t i o n ,  assuming t h a t  10% of t h e  f l u e  gas bypasses t h e  e l e c t r i f i e d  reg ions  o f  

t h e  ESP and t h a t  t h e  s tandard  dev ia t i on  on t h e  gas v e l o c i t y  p r o f i l e  is equal  t o  25% 

of t h e  mean ( r i n s )  ve loc i ty .  

The measurements of c o l l e c t i o n  e f f i c i e n c y  versus  p a r t i c l e  s i z e  showed t h a t  t h e  Big 

Brown ESP was a l s o  a  reasonably good c o l l e c t o r  of f i n e  p a r t i c l e s .  The cumulative 

c o l l e c t i o n  e f f i c i e n c y  f o r  a l l  p a r t i c l e s  smal le r  than  5 pm, f o r  example, was found t o  

be about 97%. 

The vol tage-cur ren t  curves showed good e l e c t r i c a l  ope ra t ion  i n  a l l  of t h e  f i e l d s  of 

t h e  Big Brown ESP. This  is, of course,  a d i r e c t  r e s u l t  of t h e  I c w  r e s i s t i v i t y  of 

t h e  Rig Brown ash.  A r e s i s t i v i t y  of 1 x 10 l o  ohm cm was measured i n  t h e  l abo ra to ry  

when t h e  as-received ash was e q u i l i b r a t e d  with t h e  l e v e l  of SO3 found t o  be p re sen t  

. i n  t h e  f l u e  'gas a t  t h e  ESP i n l e t .  A much h igher  va lue  ( 1.6 x 10 ohm cm) was . 

obta ined  from t h e  i n  s i t u  measurements, but  t he se  da t a  a r e  ques t ionable  because they 

a r e  not  c o n s i s t e n t  with t h e  e l e c t r i c a l  and o v e r a l l  performance of t h e  ESP and t h e  

l abo ra to ry  r e s i s t i v i t y  da ta .  

The s u r f a c e  f i lm ,  which is  be l ieved  t o  be depos i ted  on t h e  f l y  ash a s  a  r e s u l t  o f  

t h e  NH3-SO 3 condi t ion ing  process,  appears  to be c o n t r i b u t i n g  t o  t h e  low r e s i s t i v i t y  

of t h e  ash.  The h y s t e r e s i s  between t h e  l abo ra to ry  r e s i s t i v i t y  curves  obta ined  wi th  

ascending and descending temperat-ures i n d i c a t e s  a t  l e a s t  an order  of magnitude 

e f f e c t  of the  surface f i l m  on t h e  r e s i s t i v i t y  (i.e.,  t h e  descending curve was 

obta ined  a f t e r  t h e  ash had been hea ted  t o  a  temperature s u f f i c i e n t  to  decompose t h e  

su r f ace  f i lm ,  and t h e  r e s u l t a n t  r e s i s t i v i t y  va lue  a t  about  1500C was about  an o rde r  

of  magnitude h igher  than t h e  corresponding po in t  on t h e  ascending curve) .  The sur-  

f ace  f i l m  a l s o  appears  t o  have a s y n e r g i s t i c  e f f e c t  with a  small  amount of adsorbed 



s u l f u r i c  a c i d  (i .e. ,  t h e  r e s i s t i v i t y  of t h e  as - rece ived  ash is a t t e n u a t e d  by t h e  

e q u i l i b r a t i o n  with  a  g i v e n  l e v e l  of SO3 t o  a  q r e a t e r  deqree  t h a n  is t h e  t h e r m a l l y  

annea led  ash  i n  which t h e  s u r f a c e  f i l m  has  been d e c o m p s e d ) .  The o b s e r v a t i ~ n s  noted 

above s u g q e s t  t h a t  t h e  a d d i t i o n  of N H 3  t o  t h e  f l u e  g a s  improves upon t h e  e f f i c a c y  of  

t h e  SO 3 c o n d i t i c n i n g .  

The combined NH3-SO3 c o n d i t i o n i n g  process  a p p e a r s  t o  be a  f e a s i b l e  and u s e f u l  method 

of  m a i n t a i n i n g  a c c e p t a b l e  performance l e v e l s  i n  a  c o l d - s i d e  e l e c t r o s t a t i c  p r e c i p i t a -  

t o r .  A d d i t i o n a l  work is  needed, however, t o  f u l l y  unders tand  t h e  mechanisms by 

which t h e  NH 3 and SO3 a c t  t o g e t h e r  t o  c o n d i t i o n  t h e  f l y  ash  and a f f e c t  p r e c i p i t a t o r  

performance.  A more thorough investigation of t h e  NH3-SO3 c o n d i t i o n i n g  p r o c e s s  is  

j u s t i f i e d  i n  view of t h e  p t e n t i a l  f o r  improving ESP performance, o r  reducinq t h e  

s i z e  ~f  a  new ESP. There  is a  need f o r  f i e l d  measurements t o  be made wi th  and with-  

o u t  NH 3, SO 3, and b ~ t h  a g e n t s  i n j e c t e d  ahead of t h e  ESP. There  is a l s o  a  need f o r  

measurements of t h e  e f f e c t  of NH3-SO3 c o n d i t i o n i n g  on r a p p i n g  reentrainrnent .  Fur- 

t h e r  l a b o r a t o r y  s t u d i e s  a r e  a l s o  needed t o  e l u c i d a t e  t h e  n a t u r e  and chemical spec ia -  

t i o n  of t h e  a s h  s u r f a c e  f i l m  produced by t h e  NH 3-S03 c o n d i t i c n i n g  process .  
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