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PROBLEMS AND RECENT ADVANCES I N  AEROSOL FILTRATION 

F r i e d r i c h  Lb ' f f le r  
I n s t i t u t  f 6 r  Mechanische V e r f a h r e n s t e c h n i k  

d e r  U n i v e r s i t g t  K a r l s r u h e ,  Germany 

ABSTRACT 

P a r t i c l e s  t o  be  c o l l e c t e d  i n  f i b e r  f i l t e r s  must be  t r a n s p o r t e d  
t o  t h e  f i b e r  s u r f a c e  and r e t a i n e d  t h e r e .  The c o l l e c t i o n  e f f i c i e n c y  
fl can  t h e r e f o r e  be  w r i t t e n  a s  fl = nh where q i s  t h e  c o l l i s i o n  
e f f i c i e n c y ,  which d e s c r i b e s  t h e  t r a n s p o r t  of p a r t i c l e s  t o  t h e  
f i b e r s ,  and h i s  adhes ion  p r o b a b i l i t y .  The r e s u l t s  o f  b o t h  
t h e o r e t i c a l  and exper imenta l  s t u d i e s  of  q and h are  p r e s e n t e d .  
It i s  shown t h a t  e l e c t r o s t a t i c  e f f e c t s  can  have a major i n f l u e n c e  
on c o l l i s i o n  e f f i c i e n c y .  

INTRODUCTION 

Deep bed f i l t e r s ,  c o n s i s t i n g  of  l a y e r s  of f i b r o u s  ma te r i a l ,  

are  f r e q u e n t l y  used f o r  t h e  c o l l e c t i o n  of  s o l i d  p a r t i c l e s  ( d u s t )  

o r  l i q u i d  drops .  Due t o  t h e  t e c h n i c a l  s i g n i f i c a n c e  of such  f i l t e r s ,  

numerous i n v e s t i g a t i o n s  o f  f i l t e r  behavior  have been conducted.  

However, impor tan t  q u e s t i o n s  s t i l l  remain unanswered. 

I n  t h e  t e c h n i c a l l y  i n t e r e s t i n g  domain of  p a r t i c l e  d i a m e t e r s  

l a r g e r  t h a n  0.5 u m ,  and Reynolds numbers (Ref)  l a r g e r  t h a n  0 .1  D 

(when based upon t h e  f i b e r  d iameter  D,), t h e  d i f f e r e n c e  between 

t h e o r y  and experiment  i s  p a r t i c u l a r l y  l a r g e ,  e s p e c i a l l y  f o r  a e r o s o l s  

c o n s i s t i n g  of  s o l i d  p a r t i c l e s .  (For  a e r o s o l s  c o n s i s t i n g  of l i q u i d  

d r o p l e t s ,  t h e  d i f f e r e n c e s  are  g e n e r a l l y  s m a l l e r . )  I n  o r d e r  t o  

unders tand  t h e  d i s c r e p a n c y  between t h e o r y  and exper iment ,  i t  i s  
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298 LOFFLER 

necessary  t o  a n a l y z e  t h e  mechanisms of p a r t i c l e  c o l l e c t i o n  on f i l t e r  

f i b e r s .  

I n  g e n e r a l ,  t h e  d i s t a n c e s  between t h e  f i b e r s  are l a r g e  

compared w i t h  t h e  s i z e  of  t h e  p a r t i c l e s .  The p a r t i c l e s  are 

t h e r e f o r e  n o t  d e p o s i t e d  by a s c r e e n i n g  a c t i o n ,  b u t  must be  

t r a n s p o r t e d  t o  the f i b e r  s u r f a c e  and r e t a i n e d  there. The 

c o l l e c t i o n  e f f i c i e n c y  0 o f  a f i l t e r  can t h e r e f o r e  b e  expressed  

as  t h e  product  of  two terms ( 1 ) :  

fl = rlh, (1) 
where q i s  t h e  c o l l i s i o n  e f f i c i e n c y ,  which d e s c r i b e s  t h e  

t r a n s p o r t  of p a r t i c l e s  t o  t h e  f i b e r  s u r f a c e .  P a r t i c l e s  s t r i k i n g  

t h e  f i b e r  s u r f a c e  have t o  be  r e t a i n e d  t h e r e  by adhes ion .  T h i s  

i s  t a k e n  i n t o  account  by t h e  adhes ion  p r o b a b i l i t y  h. 
s t a n d i n g  of  f i l t r a t i o n  p r o c e s s e s  and more r e l i a b l e  d e s i g n  of f i l t e r s  

demand a d e t a i l e d  a n a l y s i s  of  b o t h  mechanisms. C l a s s i c a l  

f i l t r a t i o n  t h e o r y  c o n s i d e r s  mechanisms a t  an i s o l a t e d  s i n g l e  

f i b e r .  While t h i s  microscopic  approach is  v e r y  u s e f u l  f o r  para-  

meter c h a r a c t e r i z a t i o n  purposes ,  i t  should  b e  combined w i t h  

macroscopic i n v e s t i g a t i o n s  i n  o r d e r  t o  de te rmine  t h e  e x t e n t  t o  

which t h e  r e s u l t s  f o r  s i n g l e  f i b e r s  can  b e  a p p l i e d  t o  r e a l  f i l t e r s .  

Better under- 

COLLISION EFFICIENCY 

D i f f e r e n t  mechanisms may c o n t r i b u t e  t o  t h e  t r a n s p o r t  of  

p a r t i c l e s  t o  t h e  f i b e r  s u r f a c e .  For  p a r t i c l e s  below 0.5 pm d i a m e t e r ,  

and f o r  low f i l t r a t i o n  v e l o c i t i e s ,  Brownian motion p l a y s  a major r o l e .  

This  e f f e c t  can  be c a l c u l a t e d  w i t h  t h e  e q u a t i o n s  developed by 

Kirsch  and Fuchs ( 2 ) .  Brownian motion can  be n e g l e c t e d  i n  t h e  

t e c h n i c a l l y  v e r y  impor tan t  s i z e  r a n g e  D > 0.5 urn. I n  t h i s  case 

t h e  p o s s i b l e  t r a n s p o r t  mechanisms i n c l u d e  i n e r t i a ,  g r a v i t y ,  and 

e l e c t r o s t a t i c  f o r c e s .  

P 

The model f o r  t h e o r e t i c a l  c a l c u l a t i o n s  of b o t h  c o l l i s i o n  

e f f i c i e n c y  ri and adhes ion  p r o b a b i l i t y  & i s  shown s c h e m a t i c a l l y  i n  

F ig .  1. The f low i s  assumed t o  b e  normal t o  a c y l i n d r i c a l  f i b e r .  
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AEROSOL FILTRATION 

c 
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29 9 

FIGURE 1. Schematic r e p r e s e n t a t i o n  of  t h e  f i l t r a t i o n  model. 

P a r t i c l e s  w i l l  n o t  f o l l o w  t h e  f l o w  s t r e a m l i n e s ,  b u t  w i l l  approach 

t h e  f i b e r  s u r f a c e  due t o  d i f f e r e n t  mechanisms. The t h e o r e t i c a l  

problem t h e r e f o r e  i n c l u d e s  t h e  c a l c u l a t i o n  of p a r t i c l e  t r a j e c t o r i e s  

by s o l v i n g  t h e  e q u a t i o n  of motion.  

The 

n =  

f where D 

c o l l i s i o n  e f f i c i e n c y  is  d e f i n e d  as 

i s  t h e  d iameter  of  t h e  f i b e r  and y i s  t h e  d i s t a n c e  

between t h e  a x i s  of symmetry and t h e  l i m i t i n g  p a r t i c l e  t r a j e c t o r y  

i n  t h e  u n d i s t u r b e d  f low upstream of  t h e  f i b e r ,  i . e . ,  t h e  

t r a j e c t o r y  of t h a t  p a r t i c l e  which j u s t  touches  t h e  f i b e r .  A l l  

p a r t i c l e s  of s i z e  D which a r r i v e  i n  t h e  band 2y w i l l  s t r i k e  

t h e  f i b e r .  
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300 LOFFLER 

The g e n e r a l  f o r m u l a t i o n  of  t h e  e q u a t i o n  of  motion i s  t h a t  t h e  

sum of a l l  t h e  f o r c e s  on a p a r t i c l e  i s  z e r o ,  whence 
+ + + +  
Fd + Fi + F + Fel = 0 ,  g 

( 3 )  

where Fd i s  t h e  d r a g  f o r c e ,  F .  t h e  i n e r t i a l  f o r c e ,  F 

g r a v i t a t i o n a l  f o r c e ,  and Fel is  t h e  e l e c t r o s t a t i c  f o r c e .  

t h e  
g 

I n  t h e  g e n e r a l  c a s e ,  f o r  which w e  d e s i g n a t e  t h e  c o l l i s i o n  

e f f i c i e n c y  as nTES,  i t  f o l l o w s  from Eq. (3) t h a t  

q~~~ = f (4 :  Re, W ,  F r ,  Nel). ( 4 )  

I n  t h i s  e x p r e s s i o n  + i s  t h e  i n e r t i a  parameter  (S tokes‘  number) 

which i s  given,by 

where U denotes  t h e  v e l o c i t y  of  t h e  p a r t i c l e  of  d e n s i t y  p 

and p is  t h e  v i s c o s i t y  of  t h e  g a s  i n  which t h e  p a r t i c l e  i s  

suspended. The Reynolds number R e  i s  g i v e n  by 

P’ 

UoPDf Re = - u ’  
where p is  t h e  d e n s i t y  of  t h e  g a s ;  and Froude’s  number Fr  i s  

u: F r = - ,  
ED, 

i n  which g i s  t h e  a c c e l e r a t i o n  due t o  g r a v i t y .  The parameter  

W is t h e  d e n s i t y  r a t i o  (p / p ) ,  and N 

s t a t i c  f o r c e  a t  a g i v e n  p o i n t  t o  t h e  d r a g  f o r c e .  Var ious  m o d i f i c a t i o n s  

of t h e  e l e c t r o s t a t i c  e f f e c t  are p o s s i b l e  i n  p r i n c i p l e  depending 

on whether t h e  p a r t i c l e s ,  t h e  f i b e r s ,  o r  bo th  are charged ,  and 

whether e x t e r n a l  f i e l d s  are a p p l i e d .  Assuming t h a t  b o t h  t h e  

p a r t i c l e s  and t h e  f i b e r s  are charged ,  i . e . ,  t h a t  Coulomb f o r c e s  

a c t ,  

i s  t h e  r a t io  of t h e  e l e c t r o -  P e l  
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AEROSOL FILTRATION 301 

where Q is t h e  f i b e r  charge  per  u n i t  l e n g t h ,  q denotes  t h e  charge 

on t h e  p a r t i c l e ,  and so i s  t h e  p e r m i t t i v i t y  of f r e e  space  (8.86 x 

Coul/V-m). 

The d i f f e r e n t i a l  e q u a t i o n  which d e s c r i b e s  t h e  p a r t i c l e  

t r a j e c t o r y  can  only  b e  so lved  numer ica l ly .  

of i n t e r c e p t i o n  i s  t h a t  t h e  p a r t i c l e  s u r f a c e  must c o n t a c t  t h e  

s u r f a c e  of t h e  f i b e r .  

The r e q u i r e d  c o n d i t i o n  

Most i n v e s t i g a t o r s  s i m p l i f y  c a l c u l a t i o n s  based on Eq. (3 )  

by cons ider ing  o n l y  a s i n g l e  t r a n s p o r t  e f f e c t  and e s t i m a t i n g  t h e  

o v e r a l l  e f f e c t  by superimposing v a r i o u s  p a r t i a l  ones.  P a r t i c l e s  

are a l s o  f r e q u e n t l y  t r e a t e d  as mass p o i n t s ,  and t h e i r  geometr ica l  

s i z e  is  inc luded  i n  what i s  sometimes c a l l e d  t h e  i n t e r c e p t i o n  

e f f e c t .  The fo l lowing  r e s u l t s  w i l l  show t h a t  bo th  t h e s e  s i m p l i f i -  

c a t i o n s  l e a d  t o  e r r o r s .  

The s o l u t i o n  of t h e  equat ion  of motion r e q u i r e s  t h a t  t h e  

v e l o c i t y  f i e l d  f o r  t h e  f low around t h e  f i b e r  be s p e c i f i e d .  This  

poses  a p a r t i c u l a r l y  d i f f i c u l t  problem, e s p e c i a l l y  s i n c e  t h e r e  

are no c losed  s o l u t i o n s  f o r  t h e  Navier-Stokes equat ions  f o r  t h e  

r e g i o n  of Reynolds numbers 0 .1  < R e  < 100,  which is  r e l e v a n t  

f o r  many p r a c t i c a l  problems and i n d u s t r i a l  a p p l i c a t i o n s .  Suneja 

and Lee (3) developed numerical  s o l u t i o n s  f o r  d i s c r e t e  R e  numbers 

( i . e . ,  1, 10 ,  60) .  Otherwise,  o n l y  approximate s o l u t i o n s  are 

a v a i l a b l e ,  e . g . ,  Lambs’ s o l u t i o n  ( 4 )  f o r  v i s c o u s  f low around a 

s i n g l e  c y l i n d e r ,  o r  t h a t  of Ruwabara (5) f o r  a f i b e r  system. 

(Since i n e r t i a l  f o r c e s  were completely neglec ted  i n  Kuwabara’s 

t r e a t m e n t ,  t h e  s o l u t i o n  h o l d s  s t r i c t l y  only f o r  Re  = 0.) 

For R e  2 100, t h e  e q u a t i o n s  f o r  p o t e n t i a l  flow are o f t e n  used 

f o r  s i n g l e  c y l i n d e r s .  How c l o s e l y  t h e s e  v a r i o u s  approximations 

reproduce t h e  t r u e  f low p a t t e r n  around s i n g l e  f i b e r s ,  o r  even 

l a y e r s  of f i b e r s ,  must be determined by c a r e f u l  exper imenta t ion .  

R e s u l t s  of some numerical  c a l c u l a t i o n s  of c o l l i s i o n  e f f i c i e n c y  

are d i s p l a y e d  g r a p h i c a l l y  i n  F ig .  2 .  (Addi t iona l  d e t a i l s  may 

bc o b t a i n e d  elsewhere ( 6 , 7 ) . ]  I n  F i g .  2 are p l o t t e d  v a l u e s  of  

t h e  s i n g l e  f i b e r  c o l l i s i o n  e f f i c i e n c y  ‘ITES, as a complete s o l u t i o n  
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1 NQ, Re = 0,2 

with interceDtion 

without interception 

with interception 

t l,o 
ul 

F 
without interception 

0 
1 10 

If- 
FIGURE 2 .  Dependence of s i n g l e  f i b e r  c o l l i s i o n  e f f i c i e n c y  on 

t h e  i n e r t i a  parameter  and t h e  charge  parameter  a t  Re  = 
0.2 and pp = 2.164 g/cm3. 
i n t e r c e p t i o n "  i n c l u d e  c o n s i d e r a t i o n s  of g e o m e t r i c a l  
s i z e  of t h e  p a r t i c l e s ,  whereas  t h o s e  l a b e l l e d  "without  
i n t e r c e p t i o n "  assume t h e  p a r t i c l e s  t o  be p o i n t  masses. 

The c u r v e s  l a b e l l e d  "with 

of E q .  (3), as a f u n c t i o n  of  t h e  i n e r t i a  parameter  @ f o r  a p a r t i c l e  

d e n s i t y  p 
P 

s e v e r a l  v a l u e s  of t h e  charge  parameter  N The c o r r e c t  i n t e r c e p t i o n  

c o n d i t i o n  mentioned p r e v i o u s l y  was assuemd f o r  t h e  curves  marked 

"with i n t e r c e p t i o n  e f f e c t , "  i . e . ,  t h e  g e o m c t r i c a l  s i z e  of t h e  p a r t i c l e s  

was taken i n t o  account ,  whereas t h e  p a r t i c l e s  were regarded  as  mass 

p o i n t s  i n  t h e  curves  l a b e l l e d  "without  i n t e r c e p t i o n  e f f e c t  . ' I  It i s  

c l e a r  from the d a t a  p r e s e n t e d  t h a t  n e g l e c t  of t h e  p a r t i c l e  dimensions 

can l e a d  t o  c o n s i d e r a b l e  e r r o r ,  p a r t i c u l a r l y  i n  t h e  r e g i o n  @ > 1. 

of  2.164 g/cm3, a Reynolds number o f  0 .2 ,  and f o r  

Qq '  
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AEROSOL FILTRATION 303 

The curves  f o r  N = 0 correspond t o  a n  uncharged c o n d i t i o n .  Qn 
A s  N i n c r e a s e s ,  cor responding  i n c r e a s e s  i n  t h e  c o l l i s i o n  

e f f i c i e n c y  r e s u l t  a t  s m a l l  $b v a l u e s .  However, t h e  curves  p a s s  

through a minimum a t  about  $b = 1 and t h e n  approach the c u r v e  f o r  

N 

of t h e  Coulomb f o r c e s  becomes less t h a n  t h e  i n e r t i a l  f o r c e s .  The 

t o t a l  c o l l i s i o n  e f f i c i e n c y  i n  t h e  r e g i o n  of  t h e  minimum is  less 

t h a n  t h a t  produced by e l e c t r o s t a t i c  a t t r a c t i o n  a l o n e ,  i . e . ,  i n e r t i a  

and t h e  f o r c e  of  g r a v i t y  c o u n t e r a c t  t h e  e l e c t r o s t a t i c  f o r c e .  I f  

t h e  f o r c e  of i n e r t i a  and t h e  f o r c e  of g r a v i t y  w e r e  t o  b e  n e g l e c t e d ,  

t h e  e l e c t r o s t a t i c  a t t r a c t i o n  by i t s e l f  would r e s u l t  i n  a c o l l i s i o n  

e f f i c i e n c y  which w a s  independent  of $. 

Qn 

= 0 a s y m p t o i i c a l l y .  T h i s  means t h a t  above IJJ = 1 t h e  i n f l u e n c e  Qs 

The shape of t h e  curves  i n d i c a t e s  t h a t  p a r t i a l  s o l u t i o n s  f o r  

t h e  e q u a t i o n s  of motion,  which are  o b t a i n e d  by n e g l e c t i n g  i n d i v i d u a l  

f o r c e s ,  cannot  be superimposed. Hence a l l  t h e  e f f e c t i v e  f o r c e s  

must b e  e n t e r e d  i n  t h e  e q u a t i o n  of  motion a t  t h e  o u t s e t ;  t h i s  h a s  

n o t  g e n e r a l l y  been done i n  p r e v i o u s  s t u d i e s .  

It is a l s o  e v i d e n t  from t h e  d a t a  p r e s e n t e d  i n  F i g .  2 tha t  

e l e c t r o s t a t i c  e f f e c t s  c o n t r i b u t e  t o  c o l l i s i o n  e f f i c i e n c y  mainly i n  

t h e  range  $<1,  which cor responds  a t  t h e  g iven  c o n d i t i o n s  t o  p a r t i c l e  

s l z e s  of  <3 f 5 v m  and v e l o c i t i e s  U < 20 cm/s. In t h i s  range ,  t h e  

e l e c t r o s t a t i c  e f f e c t s  due t o  Coulomb i n t e r a c t i o n  dominate over  a l l  

t h e  o t h e r  t r a n s p o r t  mechanisms. T h i s  o b s e r v a t i o n ,  which has  been 

noted  e x p e r i m e n t a l l y  f o r  some t i m e  now, i s  t h e  r e a s o n  why much 

a t t e n t i o n  i s  n r e s e n t l y  b e i n g  g i v e n  t o  t h e  u t i l i z a t i o n  of e l e c t r o -  

s t a t i c  e f f e c t s  f o r  improving t h e  c o l l e c t i o n  e f f i c i e n c y  of f i l t e r s .  

During s y s t e m a t i c  exper iments  w i t h  uncharged and charged 

a e r o s o l s  i n  t h e  s i z e  r a n g e  1 t o  10 vm,  w e  observed good c o r r e l a t i o n  

between t h e  t h e o r e t i c a l l y  p r e d i c t e d  i n f l u e n c e  of e l e c t r o s t a t i c  

e f f e c t s  (7,8) and experiment .  Such a c o r r e l a t i o n  f o r  t h e  

c o l l e c t i o n  o f  charged NaC1-part ic les  on charged f i b e r s  i s  p r e s e n t e d  

i n  F ig .  3. I n  t h i s  f i g u r e ,  t h e  s i n g l e  f i b e r  c o l l e c t i o n  e f f i c i e n c y  

Os ( i . e . ,  t h e  product  qh)  i s  p l o t t e d  as  a f u n c t i o n  of t h e  i n e r t i a  

parameter  9 f o r  t h r e e  d i f f e r e n t  Reynolds numbers which correspond t o  
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particle and fibres 

0.31 t 

0.0 0.1 0.2 0.5 1 2 5 10 

FIGURE 3 .  Dependence o f  s i n g l e  f i b e r  c o l l i s i o n  e f f i c i e n c y  on t h e  
i n e r t i a  parameter  and p a r t i c l e  s i z e .  
d a t a  are f o r  charged NaCl a e r o s o l  p a r t i c l e s  c o l l e c t e d  
by charged f i b e r s .  The c u r v e  designated-..- r e p r e s e n t s  
c a l c u l a t i o n s  f o r  R e  = 0.63 and Q q  = 7.8 x 109 e:/cm. 

Experimental  

v e l o c i t i e s  i n  t h e  range  25 t o  100 c m / s .  

$ < 1 can only be d e s c r i b e d  i n  t e r m s  of Coulomb f o r c e s .  T h i s  is  

a l s o  shown by the t h e o r e t i c a l  curve  f o r  Q q  = 7.8  x l o 9  e z / c m  

and R e  = 0.63. 

confirmed by measuring t h e  charge  on t h e  p a r t i c l e s  and t h e  f i b e r s ,  

e . g . ,  f o r  t h e  2 . 7  pm p a r t i c l e s ,  we measured a b o u t  1100 e c h a r g e s ,  

whereas t h e  f i b e r  charge  p e r  u n i t  l e n g t h  w a s  of t h e  o r d e r  of l o 6  
t o  10 e Jcm. 

The naxima i n  t h e  r e g i o n  

The charge  product  Q q  = 7.8 x l o 9  e2/cm w a s  

7 
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AEROSOL FILTRATION 305 

In  c o n t r a s t ,  when both  t h e  p a r t i c l e s  and f i b e r s  were uncharged,  

w e  observed s i n g l e  f i b e r  c o l l e c t i o n  e f f i c i e n c i e s  as shown i n  F ig .  4 .  

Good c o r r e l a t i o n  of  our  exper imenta l  r e s u l t s  and t h o s e  of  

o t h e r  a u t h o r s  f o r  s i n g l e  f i b e r  c o l l i s i o n  e f f i c i e n c i e s  n ,  i .e . ,  t h e  

t r a n s p o r t  mechanisms of  p a r t i c l e s  t o  c l e a n  f i b e r s  a t  t h e  beginning  

of f i l t r a t i o n ,  can be  had through t h e  u s e  of the e q u a t i o n s  p r e s e n t e d  

below. 

No E l e c t r o s t a t i c  E f f e c t s  

For Re 2 50, t h e n ,  as d e s c r i b e d  by LGff le r  and Muhr ( g ) ,  

where 

1 . 1 ,  

0.0 0.1 0.2 0.5 1 2 5 lt 
2 

Pp Dp Uo 
-c + =  

18 1.1 OF 

FIGURE 4 .  Dependence of  dJs on J I  and D 
p a r t i c l e s  c o l l e c t e d  by uncharged f i b e r s .  

f o r  uncharged N a C l  a e r o s o l  P 
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306 LOFFLER 

2$ 112 
q2  = D / D f  = 2[---] , P WRe 

f l (Re)  = -0.0133 I n  R e  + 0.931, 

f2(Re) = +0.0353 I n  R e  - 0.36, 

f3(Re) = -0.0537 I n  R e  + 0.398. 

For 0.5 < R e  < 50, then , fo l lowing  Suneja  and Lee ( 3 ) ,  as d e s c r i b e d  

2 by Muhr ( 6 ) ,  
1 . 5 3  - 0.23 I n  R e  + 0.0167 I n  R e  -2 > I  } x 

2$ 
+ [l f ( 

‘TS = {(JlwRe’ 

With E l e c t r o s t a t i c  E f f e c t s  

For Re < 1, t h e n ,  a s  presented  by Muhr (61 ,  

1.22 N (2 - I n  Re) 
Qq 

1 + [$/2Re I 1 1 2  312 ’ 
llE - 

Equat ion (8)  p r o v i d e s  f o r  t h e  a d d i t i o n a l  i n f l u e n c e  of e l e c t r o s t a t i c  

f o r c e s  as opposed t o  t h e  f o r c e s  of i n e r t i a  and g r a v i t y ,  

‘E = ‘~TES - n ~ ~ -  

44’ 
Note t h a t  E q .  (8 )  re la tes  rlE t o  t h e  parameters  $, Re,  and N 

Previous  works g e n e r a l l y  p r e s e n t e d  qE i n  t h e  form 

where K i s  a c o n s t a n t ;  t h i s  form i s  fundamental ly  i n c o r r e c t .  

I n  apply ing  E q s .  (6 ) - (8)  and comparing t h e  r e s u l t s  w i t h  

experimental  d a t a ,  i t  is  a b s o l u t e l y  n e c e s s a r y  t o  keep i n  mind t h a t  

‘l o n l y  d e s c r i b e s  t h e  t r a n s p o r t  e f f e c t s .  To o b t a 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 ,  t h e  adhes ion  p r o b a b i l i y h  must a l s o  be taken  i n t o  

account .  This  parameter  i s  d i s c u s s e d  i n  t h e  next  s e c t i o n .  

= KN 
E Qq’ 

ADHESION PROBABILITY 

There are  numerous i n d i c a t i o n s  i n  t h e  l i t e r a t u r e  concerning 

incomplete  adhesion of  p a r t i c l e s  s t r i k i n g  a f i l t e r  f i b e r .  The 

fo l lowing  c o n d i t i o n s  must be f u l f i l l e d  i n  o r d e r  t h a t  p a r t i c l e s  which 
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AEROSOL FILTRATION 307 

s t r i k e  a f i b e r  s u r f a c e  be r e t a i n e d  t h e r e :  (1) t h e  e las t ic  energy 

which is  a v a i l a b l e  f o r  the r e f l e c t i o n  of t h e  p a r t i c l e  a t  t h e  end 

of t h e  c o l l i s i o n  must nmt b e  l a r g e r  t h a n  t h e  adhes ion  energy 

r e t a i n i n g  t h e  p a r t i c l e s :  (2) t h e  p a r t i c l e s  must n o t  be comminuted 

d u r i n g  impact ;  and (3)  t h e  d r a g  f o r c e  due t o  t h e  gas  f low around 

t h e  p a r t i c l e  must n o t  d e t a c h  t h e  p a r t i c l e  from t h e  f i b e r .  The 

v a l i d i t y  of t h e  t h i r d  c o n d i t i o n  h a s  a l r e a d y  been demonstrated 

(10) f o r  f low v e l o c i t i e s  of i n t e r e s t  i n  t h i s  work. S i m i l a r l y ,  

comminution w i l l  n o t  occur  w i t h  t h e  s o l i d  p a r t i c l e s  employed, b u t  

may be a problem w i t h  l i q u i d  d r o p l e t s .  

The most impor tan t  c o n d i t i o n  f o r  p a r t i c l e  bounce o r  adhes ion  

i s  t h e  energy c o n d i t i o n .  Hence c o n s i d e r a t i o n s  of t h i s  c o n d i t i o n  

can provide  t h e o r e t i c a l  estimates of t h e  adhesion p r o b a b i l i t y .  

A s i m p l i f i e d  e v a l u a t i o n  h a s  been publ i shed  e l sewhere  (11); s i n c e  

t h e n ,  H i l l e r  (12) has  developed a r e f i n e d  t r e a t m e n t .  

By a n a l y z i n g  t h e  e n e r g i e s  involved ,  i t  i s  p o s s i b l e  t o  

estimate t h e  c r i t i c a l  v e l o c i t y  above which a p a r t i c l e  approaching 

t h e  f i b e r  w i l l  rebound a f t e r  c o l l i s i o n ;  

E k l  + Eal = Ek2 + Ea2 + E d >  

where Ekl and Ek2 are t h e  k i n e t i c  e n e r g i e s  of  t h e  approaching and 

t h e  rebounding p a r t i c l e ,  Eal and E 

between t h e  p a r t i c l e  and t h e  f i b e r  d u r i n g  approach and l e a v i n g ,  

which d i f f e r  due t o  i n e l a s t i c  deformation a t  t h e  c o n t a c t  area,  

and Ed i s  t h e  energy d i s s i p a t e d  by deformation.  

approximation ( 1 2 ) ,  E i s  e q u a l  t o  t h e  i n e l a s t i c  deformat ion  

energy,  E 

are  t h e  adhesion e n e r g i e s  
a2 

To a good 

d 
When adhesion o c c u r s ,  t h e r e  i s  no rebound, t h u s  

PR'  
Ek2 = 0,  and w e  o b t a i n  f o r  t h e  c r i t i c a l  v e l o c i t y  v t h e  e x p r e s s i o n  

Equat ion  (10) has  been d e r i v e d  under t h e  assumption t h a t  t h e  

adhes ion  is  of t h e  van d e r  Waals t y p e ,  and t h a t  t h e  p a r t i c l e  i s  

s p h e r i c a l .  The prameter  A i s  t h e  Hamaker-van d e r  Waals c o n s t a n t ,  

z i s  t h e  minimum d i s t a n c e  between s u r f a c e s  i n  c o n t a c t  (zo = 4 x 
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10-l' m), and p 

c o e f f i c i e n t  of  r e s t i t u t i o n  & is  g i v e n  by 

is  t h e  y i e l d  p r e s s u r e  of t h e  p a r t i c l e .  The 
PE 

2 E k l  - Ep R k =  
E k l  

S i n c e  measurements of & f o r  microscopic  p a r t i c l e s  are s p a r s e ,  and 

because  it p l a y s  a key r o l e  i n  f i l t r a t i o n ,  w e  are c u r r e n t l y  

conduct ing such measurements. 

Equat ion (10) y i e l d s  a v a l u e  o f  t h e  c r i t i c a l  v e l o c i t y  a t  

impact .  However, one must r e c o g n i z e  t h a t  t h e r e  i s  a d i f f e r e n c e  

between t h e  v e l o c i t y  of the u n d i s t u r b e d  g a s  f low upstream of t h e  

f i b e r  and t h e  p o i n t  of  p a r t i c l e  impact .  Depending on t h e  f low 

f i e l d  and t h e  i n i t i a l  c o n d i t i o n s ,  there is  a d i s t r i b u t i o n  of  impact 

v e l o c i t i e s  around t h e  f i b e r  f o r  t h e  same f i l t r a t i o n  v e l o c i t y .  

Therefore ,  t h i s  v e l o c i t y  d i s t r i b u t i o n  w a s  c a l c u l a t e d  u s i n g  t h e  same 

model as  shown i n  Fig.  1 and t r a c i n g  p a r t i c l e  t r a j e c t o r i e s .  

By comparing t h e  l o c a l  impact v e l o c i t i e s  w i t h  t h e  c r i t i c a l  

v e l o c i t i e s  a c c o r d i n g  E q .  ( l o ) ,  one o b t a i n s  a d i s t r i b u t i o n  of 

t h e  adhes ion  p r o b a b i l i t y  as a f u n c t i o n  of t h e  parameters  $, R e ,  

vdw/Ppf,) Y and P vdw W ,  k ,  and P ,  where P i s  t h e  p r e s s u r e  r a t i o  (p 

i s  t h e  van d e r  Waals p r e s s u r e .  The r e s u l t s  of some t h e o r e t i c a l  

c a l c u l a t i o n s  are p r e s e n t e d  i n  F i g s .  5 and 6 .  

The dependence of  adhes ion  p r o b a b i l i t y  on f i l t r a t i o n  v e l o c i t y  

i s  shown g r a p h i c a l l y  i n  F ig .  5 f o r  p a r t i c l e s  of  3, 5 ,  and 10  pm 

diameters .  

0 .7 ,  0.8, and 0.9. The c a l c u l a t i o n s  were performed w i t h  I; = 2.7 

g/cm , A = 5 x J o u l e ,  and p = 5 x 10 Pa; t h e s e  

c o n s t a n t s  are presumed t o  r e p r e s e n t  q u a r t z  pa r t i c l e s .  I t  i s  c l e a r  

from t h e  d a t a  p r e s e n t e d  i n  Fig.  5 t h a t  an i n c r e a s e  i n  p a r t i c l e  

s i z e ,  o r  Ir, ( i . e . ,  a d e c r e a s e  i n  energy l o s s ) ,  r e s u l t s  i n  a d e c r e a s e  

i n  t h e  adhes ion  p r o b a b i l i t y .  Moreover, rebound o f  t h e  p a r t i c l e s  

b e g i n s  a t  v e l o c i t i e s  which are w i t h i n  o r  even below t h e  range  of  

u s u a l  t e c h n i c a l  p r a c t i c e .  

The c o e f f i c i e n t  of r e s t i t u t i o n  & w a s  assumed t o  b e  

P 3 9 
PR 

The i n f l u e n c e  o f  t h e  f i b e r  d i a m e t e r  on t h e  adhes ion  p r o b a b i l i t y  

i s  d i s p l a y e d  i n  F ig .  6 .  T h i s  e f f e c t  is due t o  t h e  f low f i e l d  
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Fibre diameter 20pm 

309 

h 

x 
c .- 

C 
0 
ul aJ 
L 
73 

.- 

a 
0 10 20 30 LO 50 60 70 80 90 100 

Filtration Velocity Uo/cmls  

FIGURE 5.  Dependence o f  adhesion p r o b a b i l i t y  on f i l t r a t i o n  
v e l o c i t y ,  p a r t i c l e  d iameter ,  and c o e f f i c i e n t  of  
r e s t i t u t i o n .  
c h a r a c t e r i s t i c  of qua r t z  p a r t i c l e s  ( see  t e x t ) .  

A l l  o t h e r  parameters  a r e  taken  t o  be 

0 50 100 150 200 

Filtration Velocity Uo/cm/s 

FIGURE 6. Dependence of  adhesion p r o b a b i l i t y  on f i l t r a t i o n  v e l o c i t y ,  
p a r t i c l e  d iameter ,  and f i b e r  diameter  a t  k = 0.9. 
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around t h e  f i b e r .  An i n c r e a s e  i n  f i b e r  d i a m e t e r  r e s u l t s  i n  a n  

i n c r e a s e  i n  adhes ion  p r o b a b i l i t y .  ( I n  t h i s  case t h e  m a t e r i a l  

p r o p e r t i e s  used w e r e  p = 2 . 7  g/cm , A = 1 x J o u l e ,  
8 5 x 10 Pa ,  and k = 0.9 . )  A comparison of t h e  d a t a  p r e s e n t e d  i n  

F i g s .  5 and 6 a l s o  demonst ra tes  t h e  i n f l u e n c e  o f  t h e  van d e r  Waals 

energy and of  t h e  y i e l d  p r e s s u r e  on adhes ion  p r o b a b i l i t y .  

3 
PpR = P 

Experiments w i t h  S i n g l e  F i b e r s  

S ince  t h e  t h e o r e t i c a l  estimates o f  t h e  adhes ion  p r o b a b i l i t y  

i n c l u d e  s e v e r a l  s i m p l i f y i n g  assumpt ions ,  we sought  t o  test  t h e s e  

assumptions e x p e r i m e n t a l l y .  W e  employed h i g h  speed microcinemato- 

graphy f o r  t h e  o b s e r v a t i o n  and q u a n t i t a t i v e  e v a l u a t i o n  of  p a r t i c l e  

t r a j e c t o r i e s  around a f i b e r  ( 1 , 7 , 1 1 ) .  These f i l m s  c l e a r l y  showed 

t h e  bouncing e f f e c t  even f o r  3 u m  p a r t i c l e s .  Some of  t h e  r e s u l t s  

f o r  i r r e g u l a r l y - s h a p e d  q u a r t z  p a r t i c l e s  and round g l a s s  s p h e r e s  

are p r e s e n t e d  i n  F i g .  7 .  I n  these exper iments ,  20 pm d i a m e t e r  

f i b e r s  of polyamide and g l a s s  were employed. 

The p a r t i c l e s  begin  t o  rebound i n  t h e  r a n g e  5 t o  15 c m / s ;  

as t h e  v e l o c i t y  i n c r e a s e s ,  t h e  p r o b a b i l i t y  of adhes ion  d e c r e a s e s  

r a p i d l y .  The experimental ly-determined curves  n o t  on ly  show t h e  

same shape and t e n d e n c i e s  as  t h e  t h e o r e t i c a l  r e s u l t s ,  b u t  are  a l s o  

'00 

'I / "1. 

60 

1 0  

20 

0 
0 10 20 30 LO 50 60 70 1oc 

Uo /cm / s  

FIGURE 7.  Exper imenta l ly  determined dependence of  h on Uo 
f o r  q u a r t z  p a r t i c l e s  and g l a s s  s p h e r e s  on polyamide and 
g l a s s  f i b e r s .  
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AEROSOL FILTRATION 311 

i n  good q u a n t i t a t i v e  agreement .  

p r o p e r t i e s ,  F ig .  7 should b e  compared w i t h  F ig .  5.)  I n  t h e  

experiments ,  rebounding began a t  t h e  same v e l o c i t i e s  p r e d i c t e d  

by theory .  This  may b e  f o r t u i t o u s  i n  view of t h e  u n c e r t a i n t i e s  

a s s o c i a t e d  w i t h  t h e  v a l u e s  of the c o n s t a n t  A, t h e  minimum d i s t a n c e  

z o ,  and t h e  c o e f f i c i e n t  of  r e s t i t u t i o n  &. 

(With r e s p e c t  t o  material 

The d i f f e r e n c e  i n  t h e  r e s u l t s  between t h e  g l a s s  s p h e r e s  and 

t h e  q u a r t z  p a r t i c l e s  i s  presumably a n  e f f e c t  of t h e  c o n t a c t  geometry. 

I r r e g u l a r  q u a r t z  p a r t i c l e s  may have mul t i -poin t  o r  even area 

c o n t a c t s  w h i l e  o n l y  s i n g l e - p o i n t  c o n t a c t s  are p o s s i b l e  w i t h  t h e  

v e r y  smooth g l a s s  spheres .  

R e s u l t s  f o r  p a r a f f i n  wax p a r t i c l e s  and o i l  d r o p s  are p r e s e n t e d  

g r a p h i c a l l y  i n  F i g .  8. Beyond a v e l o c i t y  of about  30 c m / s ,  t h e  

adhes ion  p r o b a b i l i t y  v a l u e s  f o r  t h e  p a r a f f i n  wax p a r t i c l e s  are 

somewhat h igher  t h a n  f o r  t h e  q u a r t z  p a r t i c l e s .  From t h e  p a r t i c l e  

shape ,  i t  might be expected t h a t  t h e  p a r a f f i n  wax curves  would be 

r a t h e r  n e a r e r  t h e  curve  f o r  t h e  1 0  pm g l a s s  s p h e r e s ,  i . e . ,  it 

would l i e  a t  lower adhesion p r o b a b i l i t i e s .  However, b e a r i n g  i n  mind 

t h e  e f f e c t  of p a r t i c l e  deformat ion ,  a rise i n  adhes ion  p r o b a b i l i t y  

Polyamidefibre D+ = 20 pm 

-a  
07 L- - Paraffine -Wax I - 0  
-, - -0- 

- - Paraffine- Oil 
0 I 

0 20 40 60 80 ,100 

FIGURE 8 .  Adhesion p r o b a b i l i t i e s  f o r  p a r a f f i n  wax p a r t i c l e s  and 
o i l  d rops  on 20  um polyamide f i b e r s .  
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312 LOFFLER 

w i t h  d e c r e a s i n g  y i e l d  p r e s s u r e  i s  p r e d i c t e d  by t h e  t h e o r e t i c a l  

t r e a t m e n t .  The u s e  of  a n  a d h e s i v e  on t h e  f i b e r  s u r f a c e  i n c r e a s e s  

t h e  adhes ion  p r o b a b i l i t y  c o n s i d e r a b l y .  This i s  a l s o  i n  agreement 

w i t h  t h e  theory .  Moreover, t h e  range  of v e l o c i t i e s  a t  which t h e  

o n s e t  of rebound o c c u r s  i s  i n  good agreement w i t h  t h e  v a l u e s  

c a l c u l a t e d  from Eq. (10) .  

The adhes ion  p r o b a b i l i t y  of  l i q u i d  p a r a f f i n  o i l  d r o p s  d i f f e r s  

fundamental ly  from t h a t  of  s o l i d  p a r t i c l e s .  It a l s o  d e c r e a s e s  

a t  s m a l l  approach v e l o c i t i e s .  A t  v e l o c i t i e s  less t h a n  30 c m / s ,  

i t  i s  of  t h e  same o r d e r  o f  magni tude as t h a t  o f  s o l i d  p a r a f f i n  

p a r t i c l e s .  It may t h e r e f o r e  b e  concluded t h a t ,  due t o  t h e i r  

s u r f a c e  t e n s i o n ,  t h e  d r o p s  have s u f f i c i e n t  e l a s t i c i t y  t o  rebound 

from t h e  f i b e r .  The adhes ion  p r o b a b i l i t y  i s  n e a r l y  c o n s t a n t  f o r  

approach v e l o c i t i e s  r a n g i n g  from 30 t o  50 cm/s, b u t  i n c r e a s e s  

a g a i n  a t  h i g h e r  v e l o c i t i e s .  T h i s  behavior  may be  e x p l a i n e d  by 

t h e  f a c t  t h a t  d r o p s  may "f low around" t h e  f i b e r  a t  h i g h e r  impact 

v e l o c i t i e s .  T h i s  r e s u l t s  i n  a n  i n c r e a s e  i n  t h e  adhes ion  area 

and t h e  adhes ion  energy.  

Experiments  w i t h  F i b e r  Mats 

I n  a d d i t i o n  t o  t h e  above t es t s  w i t h  s i n g l e  f i b e r s ,  w e  a l s o  

performed exper iments  w i t h  rea l  f i l t e r s ,  c o n s i s t i n g  of  f i b e r s  

of t h e  same s i z e ,  b u t  having no a d h e s i v e  o r  b i n d i n g  a g e n t .  From 

measurements of  t h e  c o l l e c t i o n  e f f i c i e n c y ,  w e  f i r s t  r e c a l c u l a t e d  

t h e  s i n g l e  f i b e r  c o l l e c t i o n  e f f i c i e n c i e s  0. 
v a l u e s  t o  t h e o r e t i c a l  c o l l i s i o n  e f f i c i e n c i e s  17, w e  o b t a i n e d  

adhes ion  p r o b a b i l i y  h* v a l u e s  from Eq. (1). W e  d e s i g n a t e  t h e s e  

v a l u e s  as h* ( r a t h e r  t h a n  h ) ,  s i n c e  t h e y  r e p r e s e n t  i n d i r e c t  

d e t e r m i n a t i o n s  and c o n t a i n  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  

c a l c u l a t i o n  of r(. Data s o  d e r i v e d  f o r  q u a r t z  p a r t i c l e s  on 4 4  pm 

diameter  polyamide f i b e r  m a t s  are  p r e s e n t e d  i n  F i g .  9 .  These 

d a t a  a r e  i n  b o t h  q u a l i t a t i v e  and q u a n t i t a t i v e  agreement w i t h  

t h e o r y  and experiment  f o r  s i n g l e  f i b e r s ,  a t  l e a s t  a t  v e l o c i t i e s  

below 100 cm/s. 

due t o  u n c e r t a i n t i e s  i n  t h e  c a l . c u l a t i o n s  of 17 a t  t h o s e  v e l o c i t i e s .  

By r e f e r r i n g  t h e s e  

The d i f f e r e n c e s  a t  h i g h e r  v e l o c i t i e s  may be 
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LASER AND OPTICAL SYSTEMS 18% 
INSTALLATION FREIGHT COSTS AND c( 4- 3% :>- 

\ 
SYSTEM VENDORS 
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FIGURE 9. Adhesion p r o b a b i l i t i e s  f o r  q u a r t z  p a r t i c l e s  on 44 v m  
d iameter  polyamide f i b e r  m a t s .  

(Adhesion p r o b a b i l i t i e s  around o r  below 20% are of  c o u r s e  t o o  low 

f o r  good f i l t r a t i o n  e f f i c i e n c y . )  

t h e  concept  o f  adhes ion  p r o b a b i l i t y  i s  n o t  conf ined  t o  c o n s i d e r a t i o n s  

of  p a r t i c l e  c o l l e c t i o n  on s i n g l e  f i b e r s ,  b u t  a l s o  to rea l  commercial 

f i l t e r  mats. T h i s  h a s  i n  f a c t  been confirmed by o t h e r  a u t h o r s  

( 1 3 , 1 4 ) .  

T h i s  example demonst ra tes  t h a t  

CONCLUSIONS 

Classical  f i l t e r  t h e o r y ,  i . e . ,  a c o n s i d e r a t i o n  of t h e  micro- 

s c o p i c  p r o c e s s e s  t h a t  occur  a t  a s i n g l e  f i b e r ,  can b e  employed 

t o  g i v e  an a c c u r a t e  d e s c r i p t i o n  of  t h e  i n i t i a l  c o l l e c t i o n  e f f i c i e n c y  
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314 LOFFLER 

of a fiber filter provided that several factors are taken into 

consideration. First, i n  the calculation of the transport (collision) 

efficiency, all relevant forces and the geometrical size of the 

particles must be taken into account simultaneously, particularly 

if electrostatic forces are significant. However, relatively 

simple approximation-equations are available which re2uce the 

numerical effort considerably. Second, the adhesion probability 

must be taken into account. The collection efficiency can now be 

calculated in the regime of incomplete adhesion (i.e., h < 100%). 

Third, the fiber volume fraction a in the filter mat must be in 
the range where effects of filter structure and interactions 

between fibers are negligible. 

many deep bed filters lie in this range. 

This may be valid for a 5 3%; 

Additional work is required to further characterize the 

coefficient of restitution, to obtain simplified expressions to 

supplant the numerical methods that are used to determine values 

of the adhesion probability, and to elucidate the influence of 

filter structure in actual filter devices. 
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