
C H A P T E R  I V

PRESENTATION OF RESULTS AND DISCUSSIONS

4 .1  Q u a l i t y  o f  D a ta  O b ta in e d  a n d  M easurem ent o f  D1
The q u a l i t y  o f  d a t a  o b ta in e d  i s  shown i n  f i g u r e s  4 .1  ( a ) ,  

( ๖ ) ,( ๐ )  f o r  t h r e e  d i f f e r e n t  s i t u a t i o n s .  The r e s p o n s e  c u r v e s  w ere  
av erag ed , a n d  sa m p le d  a t  v a r io u s  t im e  i n t e r v a l s  d e p e n d in g  on l e n g th  
o f  e x p e r im e n t .  T h re e  p ro b le m s  w ere  fo u n d  one  was t h a t  f o r  some 
e x p e r im e n t s  s t e a d y - s t a t e  w as v e r y  lo n g  a n d  i t  w a s  s o m e t im e s  
d i f f i c u l t  t o  d e te rm in e  th e  h i g h e s t  c o n c e n t r a t i o n ,  t h e  se c o n d  
p ro b le m  was t h a t  f o r  some e x p e r im e n ts  t h e  n o i s e  l e v e l  w as h ig h  
a n d  i t  was n e c e s s a r y  t o  a v e ra g e  t h e  v a lu e s ,  a n d  t h e  t h i r d  p ro b le m  
was t h a t  i n  some c a s e s  t h e  e x p e r im e n ta l  v a lu e s  o f  t h e  c u r v e s  
d e c r e a s e d  a f t e r  r e a c h in g  a  maximum b e c a u s e  o f  t h e  s u p p o r t  zone  
e f f e c t  a n d  to o k  a  lo n g  t im e  t o  r e a c h  a  f i n a l  c o n c e n t r a t i o n .  
However a l l  t h r e e  ty p e s  o f  e x p e r im e n ts  c o u ld  b e  o p t im iz e d .  F ig u r e
4 .2  show s t h e  r e s u l t s  o f  a n  o p t im iz a t io n  f o r  t h e  c a s e  w h ere  t h e  
e x p e r im e n ta l  c u rv e  r e a c h e s  a  maximum a n d  th e n  d e c r e a s e s .

4 .2  D e te rm in a t io n  o f  D2
T he s y s te m  u s e d  c o n s i s t s  o f  a n  a g i t a t e d  c o lu m n  w h e r e  

t u r b u le n c e  i s  d e s c r i b e d  b y  D1 a n d  a  s u p p o r t  zone w h ere  tu r b u le n c e  
i s  d e s c r ib e d  b y  D2. I n  t h e  s u p p o r t  zo n e  i t  i s  b e l i e v e d  t h a t  
t u r b u le n c e  i s  much s m a l l e r  th a n  i n  t h e  co lum n b e c a u s e  o f  tw o 
r e a s o n s ,  f i r s t  o f  a l l  t h e  c r o s s  s e c t i o n a l  a r e a  o f  t h e  s u p p o r t
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zone  i s  1 7 0 .8  s q u a r e  c e n t im e te r s  w h e re a s  t h e  c r o s s  s e c t i o n a l  a r e a  
o f  t h e  l a r g e s t  colum n u s e d  i s  7 8 .5 4  s q u a re  c e n t i m e t e r s .  Thus i f  a  
p u l s a t i o n  A f i n  cm /s  i s  a p p l i e d  t o  t h e  l a r g e s t  co lum n th e n  th e  
r e s u l t i n g  p u l s a t i o n  i n  t h e  s u p p o r t  zone  i s  Af X  7 8 .5 4 /1 7 0 .8 .  
A c tu a l ly  i n  t h e  ra n g e  o f  p u l s a t i n g  v e l o c i t i e s  u s e d  A f i n  t h e  
s u p p o r t  s e c t i o n  v a r i e s  b e tw e e n  0 .2 2  t o  0 .2 7  cm /s  o r  a t  a n  a v e ra g e  
o f  0 .2 4 5  c m /s . S e c o n d ly  th e  s u p p o r t  s e c t i o n  i s  d e v o id  o f  d i s k s  
an d  r i n g s  a n d  tu r b u le n c e  i s  th u s  re d u c e d  a s  a  r e s u l t .

However t h e  v a lu e  o f  D2 d o e s  in f lu e n c e  th e  m easu rem en t 
o f  D1 a n d  a n  a v e ra g e  v a lu e  o f  D2 c o r r e s p o n d in g  t o  a  p u l s a t i n g  
v e l o c i t y  o f  a ro u n d  0 .2 4  cm /s  was e s t im a te d  a s  f o l lo w s .  T r a c e r  
e x p e r im e n t  a s  d e s c r ib e d  i n  t h e  p r e v io u s  c h a p te r  w ere  c o n d u c te d  on 
th e  l a r g e s t  co lum n u s in g  t h e  l a r g e s t  d i s t a n c e  b e tw e e n  d i s k s  a n d  
r i n g s  o f  6 .2 5  cm a n d  u s in g  t h r e e  p u l s a t i n g  v e l o c i t i e s  i n  t h e  
colum n ( 0 .4 7 ,  0 .5 3 ,  0 .5 9  c m /s) r e s u l t i n g  i n  9 e x p e r im e n ts .  D2 was 
e s t im a te d  a n d  D1 o p t im iz e d  from  t h e  e x p e r im e n ta l  c u r v e s  an d  th e  
m ost l i k e l y  v a lu e  o f  D2 was c h o s e n  a s  shown i n  f i g u r e  4 .3 .

A s e t  o f  d a t a  w as m ade w i t h  t h e  l a r g e s t  c o lu m n  b u t  
d e v o id  o f  d i s k s  a n d  r i n g s .  The r e s u l t s  i n d i c a t e  t h a t  i n  su c h  a  
s i t u a t i o n  m ix in g  b e tw e e n  n i t r i c  a c i d  a n d  t r a c e r  s o l u t i o n  a n d  
w a te r  i s  n o t  v e r y  goo d  d u e  t o  l a c k  o f  m ic ro m ix in g  i n  t h e  e a r l y  
s t a g e s  o f  c o n t a c t  a n d  t h e  e x p e r i m e n t a l  d a t a  h a d  p r o b l e m s  o f  
r e p e a t a b i l i t y .  Thus t h i s  s e t  o f  d a t a  was d i s c a r d e d .  I t  was th e n  
d e c i d e d  t o  m ake u s e  o f  t h e  l a r g e s t  c o lu m n  w i t h  t h e  l a r g e s t  
d i s t a n c e  b e tw e e n  t h e  d i s k s  a n d  r i n g s  i n  o r d e r  t o  e s t i m a t e  D2.

A s e n s i t i v i t y  a n a l y s i s  on  D1 i n d i c a t e s  t h e  f o l lo w in g
r e s u l t s .  V a r i a t i o n s  o f  D2 o f  0 .7 5  b e tw e e n  0 .5 0  a n d  1 .0  r e s u l t s  i n
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v a r i a t i o n s  i n  t h e  d e te r m in a t io n  o f  D1. F o r  one  s e t  o f  d a t a  when 
D2 i s  s e t  a t  0 .7 5  C O ? / ร  a  v a lu e  D1 = 2 .2  cn fV s i s  o b ta in e d ,  t h e  
s e n s i t i v i t y  a n a l y s i s  show s t h a t  t h e  v a lu e  o f  D1 v a r i e s  o n ly  - 5 .6  
p e r c e n t  t o  6 .8  p e r c e n t  from  D1 = 2 .2  cm ^ /s  when D2 i s  v a r i e d  
b e tw e e n  0 .5 0  t o  1 .0  cm^/ ร . .  F o r  a n o th e r  s e t  o f  d a t a  when D2 i s  s e t  
a  0 .7 5  a  v a lu e  o f  D1 = 1 0 .3 5  c n /y s  i s  o b ta in e d ,  t h e  s e n s i t i v i t y  
a n a l y s i s  show s t h a t  th e  v a lu e  o f  D1 v a r i e s  b e tw e e n  - 1 .2  p e r c e n t  
t o  6 .3  p e r c e n t  from  D1 = 1 0 .3 5  C 'a ? / ร  when D2 v a r i e s  b e tw e e n  0 .5 0  
t o  1 .0  c m ^ /s . F o r a  t h i r d  s e t  o f  d a t a  when D2 i s  s e t  a t  0 .7 5  
c m ^ /s  a  v a lu e  o f  D1 = 1 7 .5  C O ? / ร  i s  o b ta in e d ,  t h e  s e n s i t i v i t y  
a n a l y s i s  show s t h a t  t h e  v a lu e  o f  D1 v a r i e s  b e tw e e n  0 p e r c e n t  t o  
4 .0  p e r c e n t  from  D1 = 1 7 .5  c a ? / s .  S e n s i t i v i t y  a n a ly s e s  w ere  made 
f o r  a  t o t a l  o f  18 r u n s  a n d  s i m i l a r  d e v i a t i o n s  from  t h e  D1 v a lu e  
o b ta in e d  b a s e  on  D2 = 0 .7 5  cm 'V s ra n g e d  from  z e r o  t o  a  maximum 
o f  6 .9  p e r c e n t .  We c o n c lu d e d  t h e r e f o r e  t h a t  e r r o r  i n  t h e  
d e te r m in a t io n  o f  D1 b a s e d  on a  s i n g l e  v a lu e  o f  D2 ( i . e .  D2 ะ 0 .7 5  
c n /V s) w ere  n o t  s i g n i f i c a n t .

4 .3  P r e s e n t a t i o n  o f  t h e  m ain  d a t a
A s e t  o f  D1 e x p e r i m e n t s  w a s  c o n d u c t e d  f o r  t h e  

d e te r m in a t io n  o f  t h e  a x i a l  d i s p e r s i o n  c o e f f i c i e n t  D1 i n  t h e  t e s t  
co lum ns f o r  t h e  f o l lo w in g  c o n d i t i o n s .
Column L ะ 10 cm d ia m e te r ,  A1 = 7 8 .5 4  cm^

p u l s a t i o n  v e l o c i t y  A f c m /s , v a r y in g  b e tw e e n  0 .4 7  
a n d  0 .5 9

Column M ะ 7 .5  cm d ia m e te r ,  A1 = 4 4 .1 8  cm^
p u l s a t i o n  v e l o c i t y  Af c m /s ,  v a r y in g  b e tw e e n  0 .8 7
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a n d  1 .0 5
Column ร ะ 4 .5  cm d ia m e te r ,  A l = 1 5 .9 0  cm^

p u l s a t i o n  v e l o c i t y  A f c m /s , v a r y in g  b e tw e e n  2 .4 2  
a n d  2 .9 1

Two o t h e r  v a r i a b l e s  a r e  h  o r  t h e  d i s t a n c e  b e tw e e n  d i s k  a n d  r i n g  
w h ich  w ere  s e t  a t  6 .2 5  cm, 3 .7 5  cm, 2 .5 0  cm a n d  t h e  p r e s u r e  o f  
su sp e n d e d  s o l i d  p o ly s ty r e n e  b e a d s  b e tw e e n  0 -  2 .5 0  p e r c e n t .

The e x p e r im e n ts  a r e  p r e s e n te d  i n  t a b l e  4 .1

4 .4  D is c u s s io n  o f  t h e  I n f lu e n c e  o f  S o l id  i n  t h e  S y stem .
I n  a c t u a l  l e a c h i n g  c o lu m n s  t h e r e  w i l l  b e  s u b s t a n t i a l  

s o l i d s  p r e s e n t ,  t h u s  tw o  t h i r d  o f  t h e s e  e x p e r i m e n t s  w e r e  
c o n d u c te d  w i th  su sp e n d e d  s o l i d s  p r e s e n t  a t  c o n c e n t r a t i o n s  u p  t o
2 .5  p e r c e n t .  The d a t a  f o r  s o l i d s  p r e s e n t  i s  a l s o  in c lu d e d  i n  
t a b l e  4 .1 .  The 27 e x p e r im e n ts  c o n d u c te d  i n  t h e  a b s e n c e  o f  s o l i d  
w ere  com pared  t o  54 e x p e r im e n ts  c o n d u c te d . What was d o n e  d u r in g  
th e  e x p e r im e n ts  was t o  s t a r t  w i th  a n  em pty  co lum n a n d  p ro c e e d  
w i th  t h e  m easu rem en t o f  t h e  a x i a l  d i s p e r s i o n  c o e f f i c i e n t  D l.  A 
s m a l l  am o u n t o f  s o l i d s ,  l e s s  t h a n  1 p e r c e n t  o f  t o t a l  v o lu m e  
w ould  th e n  b e  ad d e d  t o  t h e  sy s te m  a n d  we w ou ld  p ro c e e d  w i th  
a n o t h e r  e x p e r im e n t  t o  m e a s u re  D l w i t h  t h e  o t h e r  p a r a m e t e r s  
r e m a in in g  i d e n t i c a l .  T h en  we w o u ld  a d d  a  g r e a t e r  a m o u n t  o f  
s o l i d s ,  g r e a t e r  th a n  1 p e r c e n t ,  an d  we w ou ld  p ro c e e d  a g a in  w i th  
a n o th e r  e x p e r im e n t  t o  m ea su re  D l. T h e re fo re  e a c h  e x p e r im e n t  w i th  
n o  s o l i d s  w i l l  h a v e  2 a d d i t i o n a l  e x p e r i m e n t s  w i t h  tw o  
c o n c e n t r a t i o n s  o f  s o l i d s  p r e s e n t  (b o th  lo w e r  th a n  2 .5 0  p e r c e n t  o f
t o t a l  v o lu m e) .
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A q u ic k  a n a l y s i s  o f  t h e  27 s e t s  o f  e x p e r i m e n t s  a s  
m e n t io n e d  a b o v e  i n d i c a t e s  t h e  f o l l o w i n g .  I n  som e s e t s  o f  3 
e x p e r im e n ts  ( 15 s e t s  o f  e x p e r im e n ts )  D1 i n c r e a s e s  a s  s o l i d s  a r e  
a d d e d ,  i n  som e o f  t h e  e x p e r im e n t s  (7  s e t s  o f  e x p e r i m e n t s )  t h e  
a d d i t i o n  o f  s o l i d s  c a u s e s  a n  in c r e a s e  i n  D1 b u t  t h e  a d d i t i o n  o f  
f u r t h e r  s o l i d s  r e s u l t s  i n  a  d e c r e a s e  i n  D1 o r  v i c e - v e r s a .  F i n a l l y  
i n  some o f  t h e  e x p e r im e n ts  (5 s e t s  o f  e x p e r im e n ts )  t h e  a d d i t i o n  
o f  s o l i d s  c a u s e s  a  d e c r e a s e  i n  D l.

I t  i s  d i f f i c u l t  t o  s a y  w h e th e r  t h e  v a r i a t i o n s  a r e  w i th in  
e x p e r im e n ta l  e r r o r  o r  w h e th e r  t h e r e  e x i s t s  a  d e f i n i t e  t r e n d .  I t  
was th u s  d e c id e d  t o  p r e s e n t  a  g e n e r a l i z e d  c o r r e l a t i o n  f o r  t h r e e  
c a s e s  ะ a  c o r r e l a t i o n  b a s e d  o n  t h e  d a t a  w i t h  n o  s o l i d s ,  a  
c o r r e l a t i o n  b a s e d  on  th e  d a t a  w ith  s o l i d s  (up  t o  a  h o ld u p  o f  2 .5  
p e r c e n t ) ,  a n d  a  c o r r e l a t i o n  b a s e d  on a l l  t h e  81 d a t a  p o i n t s  w h ich  
assu m es a  n e g l i g i b l e  in f lu e n c e  o f  t h e  p r e s s u r e  o f  s o l i d s  on  t h e  
sy s te m .

4 .5  P r e s e n t a t i o n  o f  R e s u l t s  a s  a  G e n e r a l iz e d  E m p ir ic a l  R e l a t i o n  
H av ing  c o n c lu d e d  t h a t  t h e  p r e s e n c e  o f  s o l i d s  u p  t o  a  

h o ld u p  o f  2 .5  p e r c e n t  d o e s  n o t  a f f e c t  t h e  m easu rem en t o f  th e  
a x i a l  d i s p e r s i o n  i n  t h e  colum n s e c t i o n  th e  r e s u l t s  w ere  p r e s e n t e d  
i n  a  g e n e r a l i z e d  e m p i r i c a l  r e l a t i o n  p r e s e n te d  a s  f o l lo w s .

The g e n e r a l i z e d  e m p i r i c a l  r e l a t i o n  u s e d  was

Dl = a ( A f ) b (A l)c ( h ) d  ( 4 .1 )

The e s t i m a t i o n  o f  c o n s t a n t s  b ,  c ,  d ,  a  w a s  o b t a i n e d  b y  
r e a r r a n g in g  e q u a t io n  4 .1  a s
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I n  D1 = b  ln (A f )  + l n [ a ( A l ) c (h ) d ] ( 4 .2 )

I n  D1 = c  ln ( A l)  + ln [ a ( A f ) b ( h ) d ] ( 4 .3 )

I n  D1 = d  l n ( h )  + l n [ a ( A f ) b (A l)c ] ( 4 .4 )

I n  D1 = I n  a  + ln [ ( A f ) b ( A l ) c ( h ) d ] ( 4 .5 )
i d e n t i f y i n g c o e f f i c i e n t s  b , c ,  d  b y  p l o t t i n g I n  D1 a g a i n s t

I n  (A f) ,  l n ( A l ) ,  l n ( h )  r e s p e c t i v e l y  a n d  m e a su r in g  t h e  s lo p e s  ๖, 
c ,  d  u s in g  a  l e a s t  s q u a r e  m ethod  p r e s e n te d  i n  t h e  a n n e x , th e n  b y  
p l o t t i n g  I n  D1 a g a i n s t  l n [ ( A f ) b ( A l ) c ( h ) d ] t o  o b t a i n  I n  a  a s  
i n t e r c e p t .

The r e s u l t s  o f  
f o l lo w in g  r e s u l t s

-  C ase  o f  no  s o l i d s  ะ b  
(27 d a t a  p o i n t s )  c

d  
a

-  C ase  o f  p r e s e n c e  ะ b
o f  s o l i d s  c
(54 d a t a  p o i n t s )  d

a
-  G e n e ra l  c a s e  b o th  ะ b

w i th  an d  w i th o u t  c  
s o l i d s  d
(81 d a t a  p o i n t s )  a

th e  l e a s t  s q u a re  c a l c u l a t i o n s  i n d i c a t e  t h e

0 .5 9 1 0 3 6 7  
-0 .5 9 6 1 2 9 1  
0 .07 9 2 9 3 8  
34 .9 7 1 6  
0 .6 2 1 9 0 6 6  

-.0 6 0 7 7 5 0 5  
0 .0 8 6 5 6 5 4  
3 6 .31347  
0 .6 2 5 0 1 6 8  ; 

-0 .6 1 1 2 5 5 2  ; 
0 .0 8 2 4 4 6 2 1 ; 
36 .3 7 2 7 4

I n  [ a ( A l ) c ( h ) d ]= 
I n  [ a ( A f ) b ( h ) d ]= 
I n  [ a ( A f ) b (A l)c ]=

I n  [ a ( A l ) c ( h ) d ]=

-0 .6 3 4 5 5 9 5
4 .3 9 0 6 9
1 .2 5 6 9 4 4

-0 .7 2 6 1 9 4 1  
4 .4 4 2 3 9 9  

I n  [ a ( A f ) u (A l)^ ]=  1 .2 42499
I n  [ a ( A f ) d ( h ) d ]=

I n  ( a ( A l ) c ( h ) d ]= -0 .7 2 2 5 1 4 2  
4 .4 3 9 4 1 2  

I n  [ a ( A f ) U(A 1)(J]= 1 .24 8 3 6 2
I n  [ a ( A f ) b ( h ) d ]=

On f i g u r e  4 .4  a ,  b ,  c  a r e  p l o t t e d  I n  D1 a g a i n s t  I n  (A f ) ,
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I n  (A l) a n d  I n  ( h ) .  On f i g u r e  4 .5  a ,  ๖, ๐ a r e  p l o t t e d  I n  D1 
a g a i n s t  I n  [ (A f) k ( A l) c (h )rï]  f o r  3 c a s e s .

F i n a l l y  f i g u r e  4 .6  r e p r e s e n t s  t h e  e n t i r e  s e t  o f  d a t a  
in c lu d in g  t h e  c a s e s  o f  no s o l i d s  a n d  w i th  s o l i d s  i n  te rm s  o f  
I n  D1 a g a i n s t  I n  [ (A f )k (A l)c ( h ) ^ ] .

4 .6  D is c u s s io n s  o f  t h e  G e n e r a l iz e d  R e la t io n
The g e n e r a l i z e d  r e l a t i o n  r e p r e s e n t s  a l l  t h e  d a t a  o b ta in e d  

c o m b in e d  i n t o  a  s i n g l e  f i g u r e .  I t  m u s t  b e  n o t e d  b e f o r e  t h e  
r e l a t i o n  i s  u s e d  t h a t  t h e  l i m i t a t i o n s  o f  t h e  r e l a t i o n  a r e  
l i m i t a t i o n s  i n  t h e  r a n g e s  o f  p a ra m e te r s  a s  p r e v i o u s l y  i n t r o d u c e d .

One w e a k n e s s  o f  t h i s  s t u d y  w as t h a t  t h e  r a n g e  o f  
p u l s a t i o n  v e l o c i t y  w as r e s t r i c t e d  b y  t h e  p u l s i n g  e q u ip m e n t  
im p ro v is e d  a s  no  p r o p e r  p u l s e r s  w i th  g r e a t e r  p u l s a t i o n  v e l o c i t i e s
c o u ld  b e  fo u n d .



F i g u r e  4 . 1 R e s p o n s e  c u r v e s

( f t )  7 . n ('III c o l u m n ,  h ะ 2 . 5  c m ,  AT = 1 .0 5  C f f l / s ,  1 .7 4  % s o l i d  

h o l d u p ,  c h u r l  p a p e r  s p e e d  2  e m / m i n

( h )  1 0 . 0  cm c o l u m n ,  h  = 2 . 5  c m , AT = 0 . 5 3  c m / s ,  2 . 5  % s o l i d
h o l d u p ,  c h a r t  p a p e r  s p e e d  2 c m /m ir i  
( t h i s  c u r v e  w a s  r e d u c e d  i n  s i z e )



F i g u r e  4 . 1 r io n p o tiH H  c u r v e s
( c )  4 . 5  cm c o l u m n ,  h = 3 . 7  5 c m , A f = 2 . 4  2 c i n / s , 0 

h o l d u p ,  c h a r t  p a p e r  s p e e d  2 c n i /m in
'X. s o l i  d

roพ
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F i g . 4  2  -  R e l u i t  o f  o n  o p t i m i z a t i o n  b e t w e n  o n  e x p e r i m e n t a l  c u r v e  o n d  a  t h e o r e t i c a l  c u r v e .
■ ro £
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D

F ig . 4 . 3  -  D e te r m in a t io n  o f  D2 b a s e d  o n  e x t r a p o l a t i o n s  o f อๅ
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Fig. 4 .5  (g )  -  R e la t io n  fo r  D a ta  b a s e d  o n  e x p e r im e n t s  w ith  no  s o l id s  p r e s e n t .  T h e  s lo p e  of th e  l e a s t -  

s q u a r e  lin e  sh o w n  is a -  3 4 . 9 7 .

พ ุ



F ig . 4 . 5  (b )  -  R e la t io n  fo r  D a ta  b a s e d  o n  e x p e r im e n ts  w ith  s o l id s  p r e s e n t .  T h e  s lo p e  o f  th e  le a s t  

s q u a r e  lin e  s h o w n  is  a  •  3 6 .3 1  .
พCD



F i g . 4 - 5  ( c  ) -  R e l a t i o n  f o r  d o t a  b o s e d  o n  e x p e r i m e n t J  w i t h  a n d  w i t h o u t  s o l i d s  p r e s e n t .  T h e  s l o p e  o f  t h e  l e a s t  s q u a r e  l i n e  s h o w n  I s  a «  3 6 . 3 7 ,

ro<D



F l g ü f t  4 - 6  P l o t *  o f  เท D I  o g o m i t  เ ท  ( A f ) 0 - 6 2 5 ( A , ) " 0 - 6 1 1  ( h  )0 0 0 2 g
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T a b le  4 .1  E x p e r im e n ta l  r e s u l t s  f o r  t h e  d e te r m in a t io n  o f  D1

l a r g e medium s m a ll
co lum n colum n colum n

d ia m e te r  (can) 1 0 .0 0 7 .5 0 4 .5 0

a r e a  (cm2) 7 8 .5 4 4 4 .1 8 1 5 .9 0

h = 6 .2 5 cm

l a r g e  colum n medium c o lu n n s m a ll  co lum n

A f (can/s) 0 .4 7 0 .8 7 2 .4 2

s o lid (% ) 0 0 .5 0 2 .5 0 0 0 .3 5 1 .7 4 0 0 .2 0 1 .0 2
D l(c m 2 /s ) 1 .5 2 1 .7 5 1 .6 0 3 .6 5 4 .1 2 3 .8 2 8 .9 1 2 .0 1 0 .5
e p s i l o n .0 3 0 .025 .034 .089 .164 .109 .055 .045 .026

A f ( can/s ) c>.53 0 .9 5 2 .6 3

s o lid (% ) 0 0 .5 0 2 .5 0 0 0 .3 5 1 .7 4 0 0 .2 0 1 .0 2
D l(c m 2 /s ) 1 .7 8 2 .2 0 2 .1 0 4 .0 2 4 .8 2 3 .4 0 1 3 .6 1 4 .4 1 4 .2
e p s i l o n .0 2 2 .045 .026 .143 .173 .078 .026 .062 .0 2 8

A f(c rn /s ) 0 .5 9 1 .0 5 2 .9 1

s o lid (% ) 0 0 .5 0 2 .5 0 0 0 .3 5 1 .7 4 0 0 .2 0 1 .0 2
D l(c m 2 /s ) 1 .9 0 2 .5 0 2 .6 0 4 .8 0 4 .6 2 4 .5 2 1 8 .2 1 6 .5 1 8 .0
e p s i l o n .091 .046 .171 .148 .2 1 0 .078 .022 .034 .011



3 2

l a r g e medium s m a ll
colum n colum n colum n

d ia m e te r  (cm) 1 0 .0 0 7 .5 0 4 .5 0

a r e a  (cm2) 7 8 .5 4 4 4 .1 8 1 5 .9 0

h ะะ 3 .7 5  cm

l a r g e  c o lim n medium colum n s m a l l  colum n

A f(c m /s ) (). 47 0 .8 7 2 .4 2

s o lid (% ) 0 0 .5 0 2 .5 0 0 0 .3 5 1 .7 4 0 0 .2 0 1 .0 2
D 1(cm 2/s) 1 .5 7 1 .3 5 1 .4 5 1 .7 5 2 .1 0 1 .8 0 1 3 .0 1 2 .2 1 2 .0
e p s i l o n .029 .023 .024 .076 .149 .030 .274 .095 .220

A f(cm /ร ) () .5 3 0 .9 5 2 .6 3

s o lid (% ) 0 0 .5 0 2 .5 0 0 0 .3 5 1 .7 4 0 0 .2 0 1 .0 2
D l(c m 2 /s ) 1 .5 0 1 .3 8 1 .5 3 2 .2 4 2 .6 7 2 .2 7 1 7 .0 1 7 .5 1 7 .8
e p s i l o n .045 .024 .024 .147 .176 .126 .1 5 0 .135 .145

A f(c m /s ) 0 .5 9 1 .0 5 2 .9 1

s o lid (% ) 0 0 .5 0 2 .5 0 0 0 .3 5 1 .7 4 0 0 .2 0 1 .0 2
D l(c m 2 /s ) 1 .5 5 1 .5 0 1 .5 3 2 .7 0 2 .9 2 3 .1 4 1 8 .4 1 9 .3 2 0 .5
e p s i l o n .0 2 5 .032 .020 .142 .2 1 8 .3 0 0 .174 .084 .088



3 3

l a r g e medium sm a ll
colum n co lum n colum n

d ia m e te r  (can) .10.00 7 .5 0 4 .5 0

a r e a  (cm2) 7 8 .5 4 4 4 .1 8 1 5 .9 0

h = 2 .5 0  can

l a r g e  colum n medium colum n Fanal 1 colum n

A f(c m /s ) 0 .4 7 () .8 7 2 .4 2

s o lid (% ) 0 0 .5 0 2 .5 0 0 0 .3 5 1 .7 4 0 0 .2 0 1 .0 2
D1(«ท2 / s ) 0 .7 7 0 .8 0 0 .6 4 1 .9 5 1 .8 4 2 .0 2 1 0 .4 9 .7 1 0 .5
e p s i l o n .149 .301 .145 .082 .063 .094 .168 .036 .043

A f (c m /s) 0 .5 3 () .9 5 2 .6 3

s o l id (% ) 0 0 .5 0 2 .5 0 0 0 .3 5 1 .7 4 0 0 .2 0 1 .0 2
D l(c m 2 /s ) 0 .9 0 0 .7 9 0 .7 5 2 .1 9 2 .2 3 2 .3 2 1 2 .0 1 2 .2 1 0 .7
e p s i l o n .071 .127 .062 .238 .2 2 0 .109 .106 .088 .0 3 0

A f (can/s) 0 .5 9 1 .0 5 2 .9 1

s o lid (% ) 0 0 .5 0 2 .5 0 0 0 .3 5 1 .7 4 0 0 .2 0 1 .0 2
D1 (c m 2 /s) 0 .8 2 0 .9 0 0 .8 3 2 .4 5 2 .7 4 2 .6 2 1 2 .2 1 3 .9 1 2 .5
e p s i l o n .180 .154 .064 .319 .095 .1 7 3 .079 .075 .035
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