
II INTRODUCTION 

This paper describes the wavy electrtode precipitator and gives an analy- 

1 sis of its performance. This advanced electrode design is based on a unique 
geometrical configuration of electrodes which is expected to provide signifi- 

I; 

cantly improved performance as well as reduced cost over conventional preci- 
pitators. 

11 

I Overall reviews of electrostatic precipitator technology are given by 
White (1,2), and Robinson (3). A state-of-the-art precipitator configuration 
is illustrated in Figure la. The collecting electrodes are typified by baf- 
fles which provide plate stiffness and shield the collected particulate layer 
from direct scouring by the mainstream, particularly during rapping. The ad- 

I vanced design presented in Figure lb is typified by a wavy collecting elec- 
trode shape which provides the same functions with certain advantages. A 
brief outline of fundamental collection processes is given here to emphasize 
the advantages of the latter configuration. These processes are ion genera- 
tion, particle charging. particle capture, particle removal, particle re- 
entrainment, and sparkover. 

Gas ions are obtained from a corona discharge at the anode to provide a 
source for particle charging by diffusion and by field charging. Diffusion 

I 
charging dominates the charging process for very small particles (submicron 
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s i z e ) ;  t h e  cha'rge i n c r e a s e s  a s  t h e  f r e e  i o n  d e n s i t y  i n c r e a s e s .  High i o n  
d e n s i t y  i n  t u r n  i s  o b t a i n e d  by h i g h  o p e r a t i n g  v o l t a g e  and uniform c u r r e n t  d i s -  
t r i b u t i o n  i n  t h e  i n t e r e l e c t r o d e  space .  F i e l d  c h a r g i n g  o c c u r s  when a  c o l l i s i o n  
of  a n  i o n  and a  p a r t i c l e  t a k e s  p l a c e .  A p a r t i c l e  c o n t i n u e s  t o  c a p t u r e  i o n s  
u n t i l  t h e  r e p u l s i v e  e l e c t r i c  f i e l d  of t h e  accumulated f r e e  i o n s  on t h e  p a r t i -  
c l e  b a l a n c e s  t h e  a t t r a c t i n g  e l e c t r i c  f i e l d  of t h e  background. The v a l u e  of 
t h e  . s a t u r a t i o n  charge  i n c r e a s e s  l i n e a r l y  w i t h  t h e  magnitude of t h e  background 
e l e c t r i c  f i e l d ,  which i s  determined by t h e  v o l t a g e  a p p l i e d  t o  t h e  e l e c t r o d e s  
and by t h e  e l e c t r o d e  c o n f i g u r a t i o n .  

An e l e c t r i c a l l y  charged p a r t i c l e  e x p e r i e n c e s  a  coulomb f o r c e  d i r e c t e d  
toward t h e  c o l l e c t i n g  e l e c t r o d e  and p r o p o r t i o n a l  t o  t h e  charge  on t h e  p a r t i c l e  
and t h e  i n t e n s i t y  of t h e  e l e c t r i c  f i e l d .  S ince  t h i s  f o r c e  i n c r e a s e s  w i t h  
p a r t i c l e  cha rge  and w i t h  t h e  d r i v i n g  e l e c t r i c  f i e l d  i n t e n s i t y ,  h i g h l y  charged 
p a r t i c l e s  and a  h i g h  a v e r a g e  f i e l d  i n t e n s i t y  a l o n g  t h e  c o l l e c t i n g  e l e c t r o d e  
s u r f a c e  promote e f f i c i e n t  c o l l e c t i o n .  The r e s u l t i n g  m i g r a t i o n  a c c e l e r a t i o n s  . 
f o r  f i n e  p a r t i c l e s  a r e  s m a l l  compared t o  t h e  a c c e l e r a t i o n s  impar ted  by t h e  
t u r b u l e n t  f l u c t u a t i o n s  p r e s e n t  i n  t h e  f l o w  th rough  t h e  p r e c i p i t a t o r .  However, 
i n  r e g i o n s  n e a r  t h e  c o l l e c t i n g  e l e c t r o d e  where t h e  f l o w  i s  s e p a r a t e d  and r e l a -  
t i v e l y  p r o t e c t e d  from t h e  t u r b u l e n t  e d d i e s ,  t h e  e l e c t r i c  f i e l d  f o r c e s  a r e  e f -  
f e c t i v e  i n  moving t h e  p a r t i c l e s  t o  t h e  c o l l e c t o r .  Thus, one d e s i g n  g o a l  i s  t o  
i n c r e a s e  t h e  spa rkover  t h r e s h o l d  ( d i s c u s s e d  below),  which i s  t h e  d e t e r m i n i n g  
f a c t o r  f o r  t h e  maximum v o l t a g e  t h a t  can  be a p p l i e d .  Another g o a l  i s  t o  en- 
hance t h e  c h a r g i n g  and c o l l e c t i n g  e l e c t r i c  f i e l d  and c u r r e n t  d i s t r i b u t i o n  f o r  
a  g i v e n  o p e r a t i n g  v o l t a g e  which w i l l  a l s o  i n c r e a s e  t h e  c h a r g i n g  e f f e c t i v e n e s s .  

I t  i s  d e s i r a b l e  t o  maximize bo th  t h e  c h a r g i n g  and t h e  c o l l e c t i n g  f i e l d  
o p e r a t i o n  a t  t h e  h i g h e s t  p o s s i b l e  v o l t a g e .  The upper  l i m i t  f o r  t h e  o p e r a t i n g  
v o l t a g e  i s  determined by t h e  s p a r k o v e r  v o l t a g e  of t h e  g i v e n  e l e c t r o d e .  Thus,  
peaks  i n  t h e  d i s t r i b u t i o n  of e l e c t r i c  f i e l d  i n t e n s i t y  a l o n g  t h e  c o l l e c t i n g  
e l e c t r o d e  s u r f a c e  t end  t o  promote e a r l y  s p a r k o v e r .  Converse ly ,  a  uniform d i s -  
t r i b u t i o n  d e l a y s  t h e  o n s e t  of  s p a r k o v e r .  

S e v e r a l  o t h e r  phenomena p l a y  s i g n i f i c a n t  r o l e s  i n  p r e c i p i t a t o r  performance 
( e . g . ,  chemical  compos i t ion  of t h e  p a r t i c u l a t e ,  back corona g e n e r a t i o n ,  t h e  
conveyance of p a r t i c u l a t e s  i n t o  t h e  hopper ,  and p a r t i c u l a t e  removal) .  We d.o 
n o t  i n t e n d  t o  minimize t h e  s i g n i f i c a n c e  o f  t h e s e  p r o c e s s , ' a l t h o u g h  a  f u l l  d i s -  
c u s s i o n  of  t h e s e  t o p i c s  i s  beyond t h e  scope  of  t h e  paper .  

THE WAVY ELECTRODE PRECIPITATOR 

The wavy e l e c t r o d e  p r e c i p i t a t o r  i s  i l l u s t r a t e d  i n  F i g u r e  l b .  I n  t e rms  o f  
e l e c t r i c  f i e l d  and g a s  f low c h a r a c t e r i s t i c s ,  t h e  fundamental  improvements over  
t h e  s t a n d a r d  p r e c i p i t a t o r  c o n f i g u r a t i o n  shown i n  F i g u r e  l a  a r e :  ( 1 )  A more 
un i fo rm e l e c t r i c  f i e l d  which g i v e s  a  h i g h e r  a v e r a g e  e l e c t r i c  f i e l d  f o r  a  
s p e c i f i e d  o p e r a t i n g  v o l t a g e  and which a l l o w s  o p e r a t i o n  a t  a  h i g h e r  o p e r a t i n g  
v o l t a g e  w i t h o u t  s p a r k o v e r .  ( 2 )  The a b i l i t y  t o  o b t a i n  t h i s  c o n d i t i o n  w h i l e  
m a i n t a i n i n g  s e p a r a t e d  f low r e g i o n s  which,  f o r  t h e  s t a n d a r d  c o n f i g u r a t i o n ,  a r e  
c r e a t e d  by f l a n g e s  t h a t  a r e  g e n e r a l l y  d e t r i m e n t a l  t o  t h e  e l e c t r i c  f i e l d .  The 
b u l g i n g  o f  t h e  f low channe l  a t  each  of t h e  w i r e  e l e c t r o d e s  p r o v i d e s  t h e  more 
un i fo rm e l e c t r i c  f i e l d  ( i . . e . ,  v o l t a g e  g r a d i e n t )  and a l s o  p r o v i d e s  t h e  p o c k e t s  



of  "dead" a i r .  (3)The wave shape p r o v i d e s  s t r u c t u r a l  s t i f f n e s s  f o r  t h e  c o l -  
l e c t o r  p l a t e s  s o  t h a t  no s t i f f e n e r s  need be a t t a c h e d  d u r i n g  manufac tu re .  

The d i s a d v a n t a g e s  and unknowns a s s o c i a t e d  w i t h  t h e  wavy e l e c t r o d e  p r e c i p i -  
t a t o r  a r e  t h e  i n c r e a s e d  c o s t  of manufac tu r ing  t h e  wavy s h a p e ,  t h e  problem of  
how t o  d e s i g n  t h e  hanging of p l a t e  s o  a s  n o t  t o  promote s p a r k o v e r ,  and t h e  
f r a c t i o n  of t h e  c o l l e c t o r  p l a t e  a r e a  t h a t  w i l l  be p r o t e c t e d  from s c o u r i n g  by 
t h e  mains t ream a s  compared t o  a  s t a n d a r d  c o n f i g u r a t i o n .  The t h e o r e t i c a l  i n -  
v e s t i g a t i o n  h a s  provided some q u a n t i t a t i v e  measure of t h e  improvement i n  c o l -  
l e c t i o n  e f f i c i e n c y  t h a t  can be expec ted  from t h e  wavy e l e c t r o d e  c o n f i g u r a t i o n .  
T h i s  work i s  r e p o r t e d  i n  t h e  n e x t . s e c t i o n .  

PERFORMANCE ANALYSIS 

I n  o r d e r  t'o compare t h e  performance of t h e  advanced wavy e l e c t r o d e  w i t h  
t h a t  of t h e  c o n v e n t i o n a l  e l e c t r o d e ,  a  d e t a i l e d  a n a l y s i s  of f l u i d  dynamic f low 
f i e l d ,  e l e c t r i c a l  c h a r a c t e r i s t i c s  and e f f i c i e n c y  was performed. The a n a l y s i s  
i n c l u d e d  t h e  a d a p t a t i o n  of  a  numer ica l  model i n t r o d u c e d  by B e r n s t e i n  e t  a l . ,  
( 4 , 5 )  which c o n s i s t s  of a  sys tem of  seven  coupled n o n l i n e a r  p a r t i a l  d i f f e r e n -  
t i a l  e q u a t i o n s :  a  t h r e e - e q u a t i o n  f l u i d  dynamics model which d e s c r i b e s  conser-  
v a t i o n  of  mass and momentum f o r  t h e  f l u i d  f low,  a two-equation t u r b u l e n c e  
model,  and a  two-equation e l e c t r o s t a t i c  model. I n  o r d e r  t o  p r e d i c t  t h e  e f f i -  
c i e n c y  o f  t h e  p r e c i p i t a t o r  f o r  each  p a r t i c l e  s i z e ,  a  d i f f e r e n t i a l  form of t h e  
c l a s s i c a l  Deutch e f f i c i e n c y  e q u a t i o n  i s  used.  The p r e c i p i t a t o r  s e c t i o n  i s  
d i v i d e d  i n t o  f i n e  e l e m e n t s ,  and t h e  l o c a l  e l e c t r i c  f i e l d  i s  used t o  compute 
t h e  c h a r g i n g  f i e l d  and t h e  c o l l e c t i n g  f i e l d .  The c h a r g i n g  f i e l d  i s  assumed t o  
be t h e  a v e r a g e  f i e l d  normal t o  t h e  e l e c t r o d e  s u r f a c e  and t h e  c o l l e c t i n g  f i e l d  
i s  t h e  f i e l d  n e a r  t h e  c o l l e c t i n g  e l e c t r o d e  a t  e a c h  p o i n t  c o n s i s t e n t  w i t h  t h e  
Deutch model. 

It  shou ld  be r e c a l l e d  t h a t  f o r  t h e  purpose  of  computing t h e  e f f i c i e n c y ,  
t h e  r e s t r i c t i v e  assumpt ions  of t h e  Deutch model ( s e e ,  f o r  example,  W h i t e ( l , 2 ) )  
a r e  s t i l l  a p p l i c a b l e .  These i n c l u d e  t h e  assumpt ion t h a t  t h e  f l u i d  t u r b u l e n c e  
i s  dominant and e f f e c t i v e  i n  d i s p e r s i n g  t h e  p a r t i c l e s  t o  o b t a i n  uniform p a r t i -  
c l e  c o n c e n t r a t i o n  i n  t h e  i n t e r e l e c t r o d e  space .  E l e c t r i c  f i e l d  e f f e c t s  a r e  
dominant n e a r  t h e  c o l l e c t i n g  e l e c t r o d e .  No r e e n t r a i n m e n t  of p a r t i c u l a t e s  i s  
a l l o w e d ,  and no p a r t i c l e - p a r t i c l e  i n t e r a c t i o n s .  

I n  t h i s  s e c t i o n ,  we d e s c r i b e  t h e  b a s i c  s t r u c t u r e  of  t h e  model,  t h e  bound- 
a r y  c o n d i t i o n s ,  and t h e  t e c h n i q u e s  of  s o l u t i o n  which have been employed. The 
s o l u t i o n ' i n  t h e  numer ica l  model employs a  f i n i t e  d i f f e r e n c e  scheme. S i n c e  t h e  
wavy e l e c t r o d e  i s  n o t  e a s i l y  r e p r e s e n t e d  by a  f i n i t e  d i f f e r e n c e  scheme, a  co- 
o r d i n a t e  t r a n s f o r m a t i o n  was employed t o  map t h e  wavy e l e c t r o d e  i n t o  a  r e c t a n -  
g u l a r  g r i d .  

Numerical  Model 

I n  t h e  p r e s e n t  s t u d y  we have adap ted  and modi f i ed  a  model f o r  t h e  des-  
c r i p t i o n  of  t ime-averaged f l u i d  mot ion ( 4 ) .  The model i n c l u d e s  f l u i d  t r a n s -  
p o r t  e q u a t i o n s  and e l e c t r o s t a t i c  e q u a t i o n s .  



T r a n s p o r t  Equa t ions  

F o r  t ime-averaged f low,  t h e  c o n t i n u i t y  and momentum e q u a t i o n s  can be 
w r i t t e n  a s  

where  p ( x )  i s  t h e  t ime-averaged f l u i d  d e n s i t y  a t  p o s i t i o n ,  U i s  t h e  averaged  
v e l o c i t y ,  P t h e  p r e s s u r e ,  

and rid t h e  s t r e s s  t e n s o r .  The term p* E i  i s  t h e  
p r e s s u r e  g r a d i e n t  caused by t h e  i s c h a r g e  e l e c t r i c  f i e l d  where p* i s  t h e  space  
c h a r g e  d e n s i t y ,  and E i  i s  t h e  e l e c t r i c  f i e l d  i n t e n s i t y .  The t u r b u l e n c e . k i n e -  
t i c  ene rgy  e q u a t i o n  i s  w r i t t e n  a s .  - 

apUik a 'eff ak -= ----- a xi axi U, ax, ax ' i j  - P C ,  
j 

and t h e  t u r b u l e n c e  energy  d i s s i p a t i o n  e q u a t i o n  a s  

and f u r t h e r m o r e  

- 
E q u a t i o n s  ( 3 )  and ( 4 )  d e s c r i b e  t h e  t r a n s p o r t  of  t h e  t u r b u l e n t  k i n e t i c  e n e r g y ,  
k ,  and i t s  r a t e  of d i s s i p a t i o n ,  €. The e f f e c t i v e  v i s c o s i t y  a r e  g iven  by 

The pa ramete r s  C,,, C E 1 ,  C E 2 ,  o k ,  and a €  a r e  e m p i r i c a l  c o n s t a n t s .  

E l e c t r o s t a t i c  Equa t ions  

The two dependent  v a r i a b l e s  d e s c r i b i n g  t h e  e l e c t r o s t a t i c  f i e l d  a r e  t h e  
v o l t a g e  and t h e  i o n  space  charge .  These dependent  v a r i a b l e s  may be d e s c r i b e d  
u s i n g  Maxwell 's  e l e c t r o s t a t i c  e q u a t i o n  and c o n s e r v a t i o n  of  c u r r e n t .  

Maxwell 's  Equa t ion  
a2  P * - @  = - -  

2 ( 7 )  
axi Eo 

a 
C o n s e r v a t i o n  of C u r r e n t  - (P* b  Ei)  = 0 ( 8 )  

where 0 i s  t h e  e l e c t r o s t a t i c  p o r t e n t i a l ,  co i s  t h e  d i e l e c t r i c  c o n s t a n t  of 
t h e  medium, p* i s  t h e  space  charge  d e n s i t y  a s  b e f o r e ,  and b  i s  t h e  m o b i l i t y  
assumed t o  be c o n s t a n t .  

These e q u a t i o n s  model t h e  i n t e r a c t i o n  between t h e  e l e c t r o s t a t i c s  and 
f l u i d  dynamics.  However, t h e  model p r e s e n t l y  e x c l u d e s  t h e  e f f e c t s  of p a r t i c l e  
dynamics on f l u i d  f i e l d  u s i n g  t h e  f o l l o w i n g  assumpt ions :  ( 1 )  The response  
t ime of any g i v e n  p a r t i c l e  t o  a d j u s t  i t s e l f  t o  t h e  s u r r o u n d i n g  f l u i d  e n v i r o n -  



ment i s  s u f f i c i e n t l y  s m a l l  t o  e n s u r e  t h a t  t h e  p a r t i c l e s  f o l l o w  t h e  s m a l l - s c a l e  
f l u i d  mot ion.  ( 2 )  I n  c a s e  of low p a r t i c l e  l o a d i n g ,  t h e  f l u i d  dynamics f i e l d  
e x e r t s  l i t t l e  i n f l u e n c e  on t h e  e l e c t r i c  f i e l d  and ,  c o n s e q u e n t l y ,  t h e  c o r r e l a -  
t i o n  between f l u i d  v e l o c i t y  and e l e c t r i c  f i e l d  i s  n e g l e c t e d .  

COMPUTATIONAL MESH GENERATION 

The above s e t  of  e q u a t i o n s  i s  n u m e r i c a l l y  so lved  u s i n g  f i n i t e  d i f f e r e n c i n g  
t e c h n i q u e s .  These computa t iona l  methods f o r  s o l v i n g  p h y s i c a l  problems i n  
complex-shaped r e g i o n s  r e q u i r e  t h e  g e n e r a t i o n  of  an  a p p r o p r i a t e  g r i d  system i n  
t h e  r e g i o n .  A good g r i d  sys tem e n s u r e s  t h e  economy and a c c u r a c y  i n  t h e  compu- 
t a t i o n a l  p rocedure .  T h i s  s e c t i o n  w i l l  d i s c u s s  t h e  two independen t  methods of 
g r i d  g e n e r a t i o n :  one f o r  t h e  c o n v e n t i o n a l  p r e c i p i t a t o r  and t h e  o t h e r  Tor t h e  
wavy e l e c t r o d e  p r e c i p i t a t o r .  

Gr id  System f o r  Convent ional  ' P r e c i p i t a t o r  

A s t a t e - o f - t h e - a r t  c o n v e n t i o n a l  p r e c i p i t a t o r  i s  i l l u s t r a t e d  i n  F i g u r e  l a .  
An a p p r o p r i a t e  g r i d  sys tem conforming t o  t h i s  c o n f i g u r a t i o n  i s  t h e  one t h a t  
models t h e  r e g i o n s  of h i g h  g r a d i e n t  ( i n  f l u i d  t r a n s p o r t  and e l e c t r o s t a t i c s )  
i n  d e t a i l .  For t h i s  r e a s o n ,  d e n s e r  g r i d s  were a l l o c a t e d  t o  t h e  r e g i o n s  n e a r  
t h e  w i r e s  and t h e  b a f f l e s .  A d d i t i o n a l  c o n s t r a i n t  i s  imposed on t h e  f i e l d  i n -  
t e n s i t y  n e a r  t h e  d i s c h a r g e  e l e c t r o d e .  Fol lowing t h e  d i s c u s s i o n  i n  Cobine ( 6 ) ,  
a c h a r a c t e r i s t i c  corona r a d i u s  i s  u s e d . f o r  t h e  c a l c u l a t i o n s  of t h e  f i e l d  i n -  
t e n s i t y  n e a r  t h e  w i r e .  The g r i d  sys tem was c o n s t r u c t e d  by t a k i n g  t h e  f i r s t  
g r i d  node a t  t h a t  c h a r a c t e r i s t i c  d i s t a n c e  away from t h e  w i r e  and g r a d u a l l y  
i n c r e a s i n g  t h e  g r i d  s i z e  t o  t h e  c e n t e r  of  t h e  p r e c i p i t a t o r  c e l l .  To a c h i e v e  a  
b e t t e r  r e s o l u t i o n  of  t h e  v e l o c i t y  g r a d i e n t s  n e a r  t h e  b a f f l e s ,  a  s i m i l a r  method 
was used i n  t h e  l a t e r a l  d i r e c t i o n  t o  a l l o c a t e  a  d e n s e r  mesh i n  t h o s e  r e g i o n s .  
Thus,  nonuniform mesh sys tem of  59 x  30 g r i d s  was c o n s t r u c t e d .  

Gr id  System f o r  Wavy E l e c t r o d e  P r e c i p i t a t o r  

For  t h e  wavy e l e c t r o d e  p r e c i p i t a t o r ,  a  boundary-conforming, o r t h o g o n a l ,  
c u r v i l i n e a r  c o o r d i n a t e  sys tem was g e n e r a t e d .  A r e c e n t  s e r i e s  of p a p e r s  by 
Reid e t  a l .  ( 7 )  and Mobley and S t e w a r t  (8)  p r e s e n t e d  a  method w i t h  f l e x i b i l i t y  
i n  g e n e r a t i n g  g r i d  sys tems  more a p p r o p r i a t e  t o  p h y s i c a l  problems. A second 
t r a n s f o r m a t i o n  i s  i n c o r p o r a t e d  t o  s t r e t c h  and pack t h e  g r i d  a s  t h e  problem 
n e c e s s i t a t e s .  

A sample mesh sys tem of  59 x  2 9  g r i d s  f o r  a  wavy e l e c t r o d e  p r e c i p i t a t o r  
was used.  The c o o r d i n a t e s  were packed towards  t h e  w i r e  i n  o r d e r  t o  p l a c e  t h e  
f i r s t  computa t iona l  g r i d  node a t  t h e  c h a r a c t e r i s t i c  w i r e  r a d i u s  a s  b e f o r e .  
The g r i d s  were s t r e t c h e d  g r a d u a l l y  away from t h e  w i r e  t o  o p t i m i z e  t h e  number 
o f  g r i d  nodes  f o r  economical  computa t ion .  

To u t i l i z e  t h e  g e n e r a l  o r t h o g o n a l  c o o r d i n a t e  sys tem,  t h e  govern ing  equa- 
t i o n s  were r e w r i t t e n  u s i n g  t h e  u s u a l  r u l e s  of  c o o r d i n a t e  t r a n s f o r m a t i o n .  
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RESULTS AND DISCUSSION 

The r e s u l t s  of numer ica l  modeling f o r , e l e c t r o s t a t i c s  a r e  p r e s e n t e d  i n  
F i g u r e  2. The a p p l i e d  c o n d i t i o n s  were a  w i r e  v o l t a g e  of -70 kV a t  a  room 
t e m p e r a t u r e  of  15'C. These c o n d i t i o n s  were s e l e c t e d  f o r  comparisons w i t h  
l a b o r a t o r y  c o n d i t i o n s .  Obviously ,  i n  a  f u l l - s c a l e  p r e c i p i t a t o r ,  t h e  o p e r a t i n g  
t e m p e r a t u r e  w i l l  be h i g h e r  and t h e  maximum a l l o w a b l e  o p e r a t i n g  v o l t a g e ,  a s  
w e l l  a s  t h e  c u r r e n t  d e n s i t i e s ,  w i l l  be much lower .  However, bo th  t h e  conven- 
t i o n a l  and wavy e l e c t r o d e s  were cons ide red  under  t h e  same c o n d i t i o n s  f o r  o u r  
a n a l y s i s .  The t e s t  wavy co l1ec to r .wa . s  a  s i n e  wave w i t h  h e i g h t  (from t h e  
c e n t e r l i n e  t o  t h e  peak of  t h e ' w a v e )  of 1 5  cm, wave a m p l i t u d e  (peak- to -va l l ey  
d i s t a n c e )  of 3  cm, and wavelength  of  22.5 cm. The s o l u t i o n  f o r  t h e  e l e c t r i c  
p o t e n t i a l  t a k e s  i n t o  accoun t  t h e  e f f e c t  of  i o n  space  c h a r g e ,  and t h e  boundary 
c o n d i t i o n s  a l o n g  t h e  i n l e t  and o u t l e t  a r e  assumed p e r i o d i c .  A s  can be ob- 
s e r v e d  i n  F i g u r e  2a ,  t h e r e  i s  a  s t r o n g  g r a d i e n t  of  p o t e n t i a l  n e a r  t h e  b a f f l e s  
i n  a  c o n v e n t i o n a l  p r e c i p i t a t o r ,  i n d i c a t i n g  a n  imminent s p a r k o v e r  under  t h e  
g i v e n  t e s t  c o n d i t i o n s .  The wavy e l e c t r o d e  shows, on t h e  o t h e r  hand,  more u n i -  
form d i s t r i b u t i o n  of  p o t e n t i a l  throughout  t h e  p r e c i p i t a t o r  c e l l ,  a s  s e e n  i n  
F i g u r e  2b. T h i s  f a v o r a b l e  p r o p e r t y  of t h e  wavy e l e c t r o d e  may a l l o w  t h e  
a p p l i e d  v o l t a g e  t o  be i n c r e a s e d  w i t h o u t  promoting a  s p a r k o v e r  a s  d i s c u s s e d  
e a r l i e r .  

F i g u r e s  3a and b  show t h e  f l u i d  dynamic f l o w  f i e l d  a t  co r respond ing  ap- 
p l i e d  c o n d i t i o n s .  The volume f low r a t e  was s e t  a t  0.6 m 3 / s  which t r a n s l a t e d  
t o  t h e  i n l e t  v e l o c i t i e s  of  0.6 m / s  f o r  t h e  c o n v e n t i o n a l  p r e c i p i t a t o r  and 
0.5 m / s  f o r  t h e  wavy e l e c t r o d e  p r e c i p i t a t o r  because  of v a r y i n g  i n l e t  geome- 
t r i e s .  A s  i l l u s t r a t e d ,  t h e  numer ica l  p r e d i c t i o n s  show t h e  d r a m a t i c  e f f e c t  of 
i o n  mot ion and i o n i c  wind a l o n g  t h e  e l e c t r i c  f i e l d  l i n e s .  

The i n f l u e n c e  of t h e  i o n i c  f low i s  s t ' rong enough t h a t  j u s t  beyond t h e  c e l l  
e n t r a n c e  t h e  c a l c u l a t i o n s  show a  r a p i d  ad jus tment  of t h e  f l o w  t o  t h e  e l e c t r i c  
f i e l d .  The r e g i o n  between t h e  d i s c h a r g e  w i r e s  e x p e r i e n c e s  a  minimum i n  bo th  
t h e  e l e c t r i c  f i e l d  and space  c h a r g e  c o n c e n t r a t i o n s ;  t h i s  r e s u l t s  i n  a  l o c a l l y  
minimum e l e c t r i c  p r e s s u r e  g r a d i e n t  p* E i  which a l l o w s  t h e  f l u i d  a  r e t u r n  
p a t h  t o  t h e  w i r e .  

The wavy e l e c t r o d e  e x h i b i t s  a  d i f f e r e n t  p a t t e r n  i n  s e p a r a t i o n  r e g i o n  n e a r  
t h e  c o l l e c t i o n  p l a t e .  The s t r o n g  i n t e r a c t i o n  between t h e  i o n  m i g r a t i o n  and 
t h e  f l u i d  mot ion a l o n g  t h e  wavy-shaped p l a t e  promotes a  l a r g e  r e c i r c u l a t i o n  
zone behind t h e  i n l e t  s e c t i o n .  I n  t h e  c o n v e n t i o n a l  p r e c i p i t a t o r ,  t h e  r e c i r -  
c u l a t i o n  zone e x t e n d s  t o  abou t  one-quar te r  of t h e  c e l l  behind t h e  i n l e t  
b a f f l e s .  On t h e  o t h e r  hand,  n e a r l y  two- th i rds  of t h e  c o l l e c t i o n  p l a t e  i n  t h e  
wavy p r e c i p i t a t o r  i s  p r o t e c t e d  by t h e  r e c i r c u l a t i o n  f l o w s .  

A compar ison of c u r r e n t  f l u x  d i s t r i b u t i o n  i s  -given i n  F i g u r e  4 .  The ap- 
p l i e d  v o l t a g e  was a t  - 7 0 ' k ~  and a t  room t e m p e r a t u r e .  The s o l i d  l i n e  c o r r e s -  
ponds t o  a  numer ica l  p r e d i c t i o n  of c u r r e n t  d e n s i t y  of  a  wavy e l e c t r o d e ,  and 
t h e  broken l i n e  cor responds  t o  t h a t  of a  c o n v e n t i o n a l  p r e c i p i t a t o r  e l e c t r o d e .  
The c o n v e n t i o n a l  p r e c i p i t a t o r  has  a  peak c u r r e n t  a t  t h e  p l a t e  e x a c t l y  o p p o s i t e  
t o  t h e  w i r e ,  whereas  t h e  wavy e l e c t r o d e  shows n e a r l y  uniform c u r r e n t  d e n s i t y  
o v e r  t h e  c o l l e c t i o n  p l a t e .  
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This condition is conducive to a higher average migration velocity for 
the particles being collected. Particularly for fine particles (submicron- 
diameter particles), the wavy electrode shows favorable trends in improving 
the particle charging process by two ways: (1) The average.charging field 

I over the precipitator cell is higher for the wavy electrode, giving the higher 
field charging. (2) The average current density in interelectrode space is 
higher in the wavy electrode, to promote the higher diffusion charging on the 
fine particles. 

The results of these theoretical calculations have been utilized to obtain 
a qualitative measure of the improvements offered by the wavy design: namely, 
the increase in particle collection efficiency per unit collector area. 
Figure 5 shows the efficiency per cell versus particle size using a modified 
Deutch-Anderson technique. The efficiency predicted in this figure is a re- 
lative value and should not be taken as equivalent to the total performance of 
a given precipitator system. As expected, the submicron particles are most 
difficult to collect. However, the wavy collector consistently outperforms 
the conventional collector counterpart. Since the field intensity peaks are 
not present in the wavy design, sparkover may be delayed and the operating 
voltage may be increased as schematically illustrated in Figure 5. 

CONCLUSIONS 

The advanced precipitator electrode with the wavy.geometry shows promis- 
ing improvements over the conventional precipitator electrode. Based on the 
present analysis, this improved collector design will offer (1) a higher 
average electric field and (2) a larger flow-shielding region without sharp 
flanges. A combination of fluid dynamic advantages and improvements in elec- 
trostatic properties may become attractive for precipitator optimization once 
the improvement provided by each technique is proven. The design may also be 
incorporated with other design innovations, such as the pulse-charging, 
rigidrframe electrode and multistaging of precipitators. 
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Figure 1. Precipitator Electrode Geometry 
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(a) A Stateof-theArt Electostatic Precipitator 
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(b) The Wavy Electrode Electrostatic Precipitator 
Figure 2. Computed Electrostatic Potential, -70kV 

(a) A Stateof-theArt Electrostatic Precipitator 
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(b) The Wavy Electrode Electrostatic Precipitator 

Figure 3. Computed Velocity Field with Average Wire Potential of -70 kV  
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Figure 4. Comparison of Computed Current Density, -70 kV 
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Figure 5. Particle Collection Efficiency as a Function of Particle Size 




