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ABSTRACT 

,' 
T h e  f l o w  p a t t e r n s  w i t h i n  a pump mix m i x e r - s e t t l e r  

e x t r a c t o r  a r e  s t u d i e d  p h o t o g r a p h i c a l l y  a n d  v k u a l l y ' .  Dye is 

i n j e c t e d  i n t o  t h e  pump m i x e r  a n d  f o l l o w e d  t h r o u g h  t h e  v a r i o u s  

p o r t i o n s  o f  t h e  e q u i p m e n t .  T h e s e  r e s u l t s  a r e  a n a l y z e d  t o  

g i v e  b o t h  a q u a n i t a t i v e  a n d  q u a l . i t a t i v e  m e a s u r e  o f  t h e  f low 

w i t h i n  a -  s i n g l e  s t a g e .  

A mass t r a n s f e r  m e c h a n i s m  i s  d e r i v e d  b a s e d  o n  a  p s e u d o  

d i s t r i b u t i o n  c o n s t a n t  a n d  a p s e u d o  f i r s t  o r d e r  r a t e  c o n s t a n t .  

T h e s e .  c o n s t a n t s  a r e  a d j u s t e d  t o  g i v e  b o t h  t h e  p r ~ p e r  o u t p u t  

c o n c e n t r a t i o n s ,  a n d  s t a g e w i s e  c o n c e n t r a t i o n s  o f  t h e  p r o p e r  

f o r m .  

T h e  r e s u l t s  of b o t h  t h e s e  s t u d i e s  a r e  p r o g r a m m e d  o n  a n  

IEM ' 360  ,model 65 d i g i t a l  c o m p u , t e r .  T h e  r e s u l t s  o b t a i n e d  b.y 

t h i s  c o m p u t e r  s i m u l a t i o n  o f  s t a r t u p  t o  s t e z d y  s t a t e  a r e  com- 

p a r e d  t o  e x p e r i m e n t a l  d a t a .  T h e  c c m p a r i s o n  s h o w s  v e r y  c l o s e  
. - 

a g r e e m e n t .  



A s e c o n d  s i m u l a t i o n  i s  t h e n  c o n s t r u c t e d  a n d  r u n  t o  dem- 

o n s t r a t e  t h a t  t h e  model c a n  b e  g r e a t l y  s i m p . l i f i e 3 ,  a n d  g o o d  

r e s u l t s  s t i l l  o b t a i n e d .  



T h e  f l o w  p a t t e r n s  w i t h i n  a pump mix m i x e r - s e t t l e r  

e x t r a c t o r  a r e  s t u d i e d  p h o t o g r a p h i c a l l y  a n d  v i s u a l l y .  Dye is  

i n j e c t e d  i n t o  t h e  pump m i x e r  a n d  f o l l o w e d  t h r o u g h  t h e  v a r i o u s  

p o r t i o n s  o f  t h e  e q u i p m e n t ,  p h o t o g r a p h i c a l l y  w h e r e  p o s s i b l e .  

T h e  s t u d y  is d i v i d e d  i n t o  t h r e e  p a r t s .  T h e  s e t t l i n g  c h a m b e r  

is s t u d i e d  f i r s t ,  N e x t  t h e  c h a m b e r  s u r r o u n d i n g  t h e  pump 

m i x e r  ( P r e p u m ~  C h a m b e r )  is s t u d i e d  p h o t o g r a p h i c a l l y .  a n d  f i- 

n a l l y  t h e  p u m l  m i x e r  i s  s t u d i e d  v i s u a l l y ,  a n d  a n a l y t i c a l l y .  

F o r  t h e  s t u d y  o f  t h e  s e t t l i n g  c h a m b e r ,  d y e  is i n j e c t e d  

i n t o  t h e  pump m i x e r ,  a n d  f o l l o w e d  p h o t o g r a p h i c a l l y  t h r o u g h  

t h e  s e t t l i n g  c h a m b e r ,  T h e  o u t l i n e s  of t h e  d y e  i n  t h e  p h o t o -  

g r a p h s  a r e  p l o t t e d  o n  g r a p h  p a p e r ,  a n d  t h e  a r ea s  m e a s u r e d  

w i t ' h  a K e u f f e l  a n d  E s s e r  P o l a r  P 1 , a n i m e t e r .  A s  t h e  f l o w  i s  

e s s e n t i a l l y  two d i m e n s i o n a l ,  . t h e s e  a reas  a r e  m u l t i p l i e d  b y  

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

i n g  v o l u m e s .  T h e s e  v o l u m e s  a r e  p l o t t e d  a g a i n s t  time t o  g i v e  

a  m e a s u r e  o f  t h e  m i x i n g  t a k i n g  p l a c e .  A m o d e l  is  d e r i v e d  

from t h e s e  f i n d i n g s ,  fo r  e a c h  p h a s e ,  a n d  s i m u l a t e d  o n  t h e  IBH 

65,  s e r i e s  360  d i g i t a l  c o m p u t e r .  

P h o t o g r a p h s  o f  t h e  p r e p u m p  c h a m b e r  s h o w  t h e  f l o w  t h e r e  

t o  be  p u r e  p l u g  f l o w .  A h y d r a u l i c  b a l a n c e  o n  t h e  a p p a r a t u s  

r e v e a l s  t h a t  d u r i n g  an  a c t u a l  s t a r t u p ,  t h e  i n t e r f a c e  i n  t h e  

s e t t l i n g  c h a m b e r  w i l l  s h i f t  u p w a r d ,  s l o w i n g  t h e  f low i n  t h e  

p r e p u m p  c h a m b e r .  T h i s  i s  m o d e l e d  a s  a p r e p u m p  c h a m b e r  l a r g e r  



t h a n  t h e .  a c t u a l  e q u i p m e n t ,  w i t h -  c o n s t a n t  f l o u  r a t e s .  

T h e . m o s t  d i f f i c u l t  p o r t i o n  t o . s t u d y  was t h e  pump m i x e r .  

T h e  mater ia l  c o n t a i n e d  i n  i t  is w h i r l e d  v e r y  r a p i d l y ,  m a k i n g  

i t  d i f f i c u l t  t o  p h o t o g r a p h .  T h e  f low h e r e  was o b s e r v e d  

v i s u ' a l l y ,  a n d  f o u n d  t o  be  p l u g  flow. T h e  pump m i x e r  is t h e n  

m o d e l e d  a s  a  lug f low u n i t .  A mass t r a n s f e r  m e c h a n i s m  is 

d e r i v e d  b a s e d  o n  a p s e u d o  d i s t r i b u t i o n  a n d  a p s e u d o  r a t e  c o n -  

s t a n t .  T h e s e  are a d j u s t e d  t o  d u p l i c a t e  t h e  o u t p u t  d a t a  o f  

Cas to  ;A. (5.6.7) a n d  t h e  s t a g e w i s e  d a t a  of R a h n ( l 8 ) .  

T h e  r e s u l t s  o f  a l l  t h e s e  i n d i v i d u a l  s t u d i e s  a r e  t h e n  

c o m b i n e d  t o .  f o r m  a d e t a i l e d  p h y s i c a l  s i m u l a t i o n  o f  t h e  m i x e r  

s e t t l e r  e x t r a c t o r .  T h e  s i m u l a t i o n  is t h e n  r u n  a n d  t h e  

r e s u l t s  c o m p a r e d  t o  e x p e r i m e n t a l  s t a r t u p  d a t a .  T h e  s i m u l a -  

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

s t a t e  e x p e r i m e n t a l  d a t a .  

A .  s e c o n d  m o d e l .  is t h e n  c o n s t r u c t e d  t o  test  s i m p l i f y i n g  

a s ' s u m p t i o n s  o n '  t h e  a c c u r a c y  of t h e  .model. I n  t h e  s e t t l i n g  

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

t h e  a q u e o u s  p h a s e  is a s s u m e d  t o  b e  w e l l  m i x e d .  T h e  prepumg 

c h a m b e r  i s  a g a i n  m o d e l e d  a s  p u r e  p l u g  f l o u ,  a n d  t h e  pump 

m i x e r  is c o n s i d e r e d  t o  b e  e m p t i e d  e a c h  i t e r a t i o n  of t h e  com- 

~ u t e r .  

T h e  r e s u l t s  of t h i s  s i m p l i f i e d  model a r e  c o m p a r e d  t o  t h e  

e x p e r i m e n t a l  d a t a ,  a n d  t h e  d e t a i l e d  s i m u l a t i o n .  T h e  

s i m p l i f i e d  m o d e l  is f o u n d  t o  p r o d u c e  a s i m u l a t ' i o n  w h i c h  i s  



n e a r l y  a s  g o o d  a s  the d e t a i l e d  m o d e l .  T h e s e  r e s u l t s ' c a n  b e  

e x p e c t e d  to a p p l y  to a l l  similar s y s t e m s ,  i n c l u d i n g  o p a q u e  

a n d  l i q u i d  m e t a l  s y s t e m s .  



I N T R O D U C T I O N  

T h e  p u r p c s e  of t h i s  s t u d y  is t o  p r o d u c e  a c o m p u t e r  s i m -  

u l a t i o n  of t h e  m i x e r - s e t t l e r  e x t r a c t o r  w h i c h  w i l l  m o d e l  t h e  

s t a r t u p  a n d  s t e a d y  s t a t e  d a t a  o b t a i n e d  by C a s t o ( 5 )  o n  t h i s  

e q u i p m e n t .  T h e  a c c u r a c y  o f  t h i s  m o d e l  i s  i n t e n d e d  t o  b e  s u f -  
. . 

f i c i e n t  t o  make  it of v a l u e  i n  f u t u r e  s t u d i e s . n a d e  w i t h  t h i s  

a n d  o t h e r  s i m i l a r  a p p a r a t u s .  

T h e  m i x e r - s e t t l e r  e x t r a c t o r  u s e d  i n  t h e s e  s t u d i e s  i n c o r -  

p o r a t e s  t h e  i m p r o v e m e n t s  m a d e  o n  s e v e r a l  p r e v i o u s  v e r s i o n s '  o f  

t h e  e q u i p m e n t .  T h e  m i x e r  a l s o  s e r v e s  t o  pump t h e  o r g a n i c  a n d  

a q u e o u s  p h a s e s  from s t a g e  t o  s t a g e .  T h i s  pump m i x e r  i s  

e q u i p p e d  w i t h  a n  i n t e r f a c e  a d j u s t m e n t  s h a f t  on t h e  i n l e t  

t u b e .  T h i s  facilitates c o n t r o l  of t h e  i n t e r t a c e  l e v e l  In t h e  

s e t t l i n g  c h a m b e r .  T h e s e  a n d  o t h e r  i m p r o v e n e n t s  a r e  i n c o r p o -  

r a t e d  i n  a b o x  l i k e  a r r a n g e m e n t  f o r  t h e  e f f i c i e n t  u s e  o f  

s p a c e .  

The chemical s y s t e m  s t u d i e d  is t h e  e x t r a c t i o n  of r a r e  

e a r t h  c h l o r i d e  b y  D2EHPA i n  HC1. T h e  o r g a n i c  p h a s e  c o n s i s t s  

o t  r n d u s t r i a l  g r a d e  d i  ( 2 - e t h y l h e x y l )  p h o s p h o r i c  a c i d  (DZEHPA) 

d l l u t e d  t o  0.5 N w i t h  Amsco O d o r l e s s  P l i n e r a l  S p l r i t s  ( 1 6 ) .  

T h e  a q u e o u s  ~ h a s e  was 0.1 N H C l  p r e p a r e d  f r o m  r e a g e n t  g r a d e  

HC1 and d e i o n i z e d  wdter. T h e  rare e a r t h  t e e d  s t o c k  was a  2.7 

I s o l u t ~ o n  o f  Didymium C h l o r i d e .  T h i s  s y s t e m  d i s e n g a g e s  r a p -  

i d l y  i n  t h e  s e t t l i n g  c h a m b e r ,  p r o d u c i n g  t w o  d i s t i n c t  p h a s e s .  

M D i d y m i u a q t  refers t o  t h e  m i x t u r e  o f  ra re  e a r t h s  o b t a i n e d  



a f t e r  r . e m o v a 1  o f  c e r i u m  a n d  t h o r i u m  from t h e  n a t u r a l l y  o c c u r ' -  

r i n g  m i x t u r e  c f  rare e a r t h s  f o u n d  i n  ore.  T h e  m a n u f a c t u r e r ' s  

s t a t e d  t y p i c a l  c o m p o s i t i o n  was 46% l a n t h a n u m ,  10% 

p r a s e d y m i u m ,  33% n e o d y m i u m ,  6% s a m a r i u m ,  3% g a d o l i n i u m ,  1% 

c e r i u m ,  a n d  2% o t h e r  rare  e a r t h s .  D i f f e r e n t  l o t s  o f  Didymium 

C h l o r i d e  were f o u n d  t o  v a r y  i n  c o m p o s i t i o n ,  b u t  t h e  c e r i u m  

c o n t e n t  was g e n e r a l l y  f o u n d  t o  b e  h i g h e r  t h a n  t h e  s t a t e d  

t y p i c a l  c o m p o s i t i o n .  

Ear l ie r  work d o n e  b y  Casto (5)  , w i t h  t h e  same s y s t e m  a n d  

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

d e a d  time of 80 m i n u t e s  f o l l o w e d  b y  a n  i n d e t e r m i n a t e  o r d e r  

time c c n s t a n t  r e s p o n s e .  S i n c e  t h i s  was t h e  r e s u l t  of  

t r a v e l l r a g  t h r o u g h  s e v e n  s t a g e s  i t  m i g h t  b e  e x p e c t e d  t h a t  t h e  

dead  time of t h e  a q u e o u s  ra f  f i n a t e  p h a s e  w o u l d  b e  a b o u t  1 1 

m i n u t e s  f o r  e a c h  s t a g e .  A d e a d  time r e s p o n s e  i s  c h a r a c t e r i s -  

t i c  w h e n e v e r   lug flow o c c u r s .  A time c o n s t a n t  r e s p o n s e  i s  

c h a r a c t e r i s t i c  of w e l l - m i x e d  z o n e s  o f  flow a n d  may a l s o  a r i s e  

d u e  t o  mass t r a n s f e r  e f fec ts  b e t w e e n  t h e  p h a s e s .  E x p e r i m e n -  

t a l  w o r k  w a s  done o n  a single s t a g e  t o  i l l u m i n a t e  t h e  correct 

tlow c h a r a c t e r l s t i c s .  

T h e  o r i g i n a l  d a t a  s h o w e d  v e r y  l i t t l e  d e l a y  i n  t h e  re- 

s p o n s e  i n  t h e  o r g a n i c  e x t r a c t  p h a s e .  O n l y  t h r e e  s t a g e s  v e r e  

t r a v e r s e d  b y  t h e  r a r e  e a r t h s  f r o m  t h e  f e e d  i n l e t  t o  t h e  

o r g a n i c  p h a s e  o u t l e t ,  w h i c h  w o u l d  decrease t h e  d e i a y  a s  com- 

p a r e d  w i t h  t h e  a q u e o u s  p h a s e  w h i c h  t r a v e r s e d  s e v e n  s t a g e s .  



T h e  f i r s t  s a m ~ l e  was t a k e n  a t  1 0  m i n u t e s  a f t e r  s t a r t u p .  ' T h e  

d e a d  time i n  t h e  o r g a n i c  p h a s e  i s  less t h a n  10 m i n u t e s .  

S i n g l e  s t a g e  e x p e r i m e n t s  were p e r f o r m e d  t o  g i v e  f u r t h e r  i n -  

f o r m a t i c n  c c n c e r n i n g  t h e  correct flow c h a r a c t e r i s t i c s .  

S i n c e  a n a l o g  m a c h i n e s  c a p a b l e  of m o d e l i n g  a m i x e r -  

s e t t l e r  w i t h  t h i s  n u m b e r  of s t a g e s  a n d  d u r a t i o n  of time 

d e l a y s  a r e  p r e s e n t l y  n o t  a v a i l a b l e  a t  I o w a  S t a t e  - U n i v e r s i t y ,  

i t  was d e c i d e d  t o  u s e  t h e  I B M  65, 3 6 0  s e r i e s  d i g i t a l  c o m p u t -  

er. E a r l y  i n  t h e  s t u d y  i t  was d e c i d e d  t o  u s e  a n  o p e n - e n d e d  

i t e r a t i v e  c a l c u l a t i o n ,  w i t h  e a c h  i t e r a t i o n  e q u a l  t o  o n e - t e n t h  

o f .  a m i n u t e  r e a l  time. T h i s  was j u d g e d  t o  b e  a s m a l l  e n o u g h  

time i n c r e m e n t  t o  g i v e  t h e  d e s i r e d  a c c u r a c y .  B e c a u s e  t h e  

r a f f i n a t e  p h a s e  s h o w e d  a d e l a y  of a b o u t  1 1  m i n u t e s  pel: s t a g e ,  
1 

a o n e - t e n t h  m i n u t e  time i n c r e m e n t  w o u l d  a l l o w  1 1 0  i t e r . a t i o n s  

t c  s i m u l a t e  t h e  f l o w  t h r o u g h  e a c h  s t a g e .  T h i s  was j u d g e d  t o  

t e  s u f f i c i e n t  t o  a l l o w  f o r  a - s i m u l a t i o n  of t h e  a c t u a l  

~ h y s i c a l  f l c w  p a t t e r n s .  S i n c e  most of t h e  r u n s  made  o n  t h e  

e q u i p m e n t  t o c k  a b o u t  3 0 0  m i n u t e s ,  t h i s  time i n c r e m e n t  w o u l d  

c n l y  r e q u i r e '  3 0 0 0  i t e r a t i o n s  t o  s i m u l a t e  s t a r t u p  t o  s t e a d y  

s t a t e .  I t  w a s  j u d g e d  t h a t  t h i s  w o u l d  n o t  c o n s u m e  a n  e x c e s s  

a m o u n t  o f  c o r n ~ u t e r  time. 

S i n g l e  s t a g e  e x p e r i m e n t s  l e d  t o  t h e  a s s u m p t i o n s  f o r  t h e  

m c d e l .  T h e  m o d e l  w a s  c o n s t r u c t e d  a n d  r u n  i n  i ts e n t i r e t y  a n d  

t h e  s t a r t u p  d a t a  p r o d u c e d  b y  t h e  model was c o m p a r e d  t o  t h e  

e x p e r i m e n t a l  d a t a  o b t a i n e d  b y  C a s t o ( 6 ) .  T h e .  r e s u l t s  s h o w e d  a 



v e r y  c lose  c o r r e l a t i o n  b e t w e e n  t h e  r a f f i n a t e  o u t p u t s  of t h e  

a p . p a r a t u s  a n d  t h e  m o d e l  a n d  a r e a s o n a b l e  c o r r e l a t i o n  b e t  ween 

t h e  e x t r a c t  o u t p u t s .  



LITERATURE R E V I E W  

S h a r p  a n d  S m u t z  ( 2 2 ) ,  S e b e n i k  et a&. (21)  , a n d  B o c h i n s k i  

e t  a&. (3 )  p e r f o r m e d  s t a g e w i s e  c a l c u l a t i o n s  f o r  a s y s t e m  u s i n g  - 
t r i b u t y l  p h o s p h a t e ,  rare e a r t h  n i t r a t e s ,  a n d  n i t r i c  a c i d .  

T h e i r  v c r k  was fo r  t h e  s t e a d y  s t a t e  o p e r a t i o n  of a n  

e x t r a c t i o n  c o l u m n ,  S m i t h ( 2 3 )  r e v i e w e d  a n u m b e r  of t e c h n i q u e s  

cf  s t a g e w i s e  c a l c u l a t i o n s  f o r  m u l t i s t a g e  s y s t e m s ,  i n c l u d i n g  

t h o s e  o f  L e w i s  a n d  H a t h e s o n ( l 4 ) ,  Amundson a n d  P o n t i n e n ( 1 )  , 
Amundson _ey 81. ( 2 ) .  a n d  T h i e l e  a n d  G e d d e s  ( 2 4 )  f o r  

d i s t i l l a t i o n .  O t h e r  w o r k  d o n e  o n  t h e  s t e a d y  s t a t e  s t a g e v i s e  

c c m p o s i t i o n s  i n c l u d e  t h e  w o r k  of Goto a n d  S m u t z ( 9 , 1 0 ) ,  a n d  

L e n z  a n d  S m u t z ( l 3 ) .  T h e s e  a n d  many o t h e r  r e f e r e n c e s  I n  t h e  

l i t e r a t u r e  d e a l t  w i t h  t h e  c a l c u l a t i o n  of a c o l u m n  o p e r a t i n g  

a t  s t e a d y  s t a t e .  

L o v e  ( 1 5 )  s t u d i e d  t h e  t r a n s i e n t  b e h a v i o r '  of s o l v e n t  

e x t r a c t i o n  p r c c e s s e s .  R e  a s s u m e d  t h a t  b o t h  p h a s e s  were w e l l  

m i x e d  i n  t h e  Fump m i x e r ,  a n d  i n  p l u g  flow i n  t h e  se t t l e r .  

P l o w  is c o c u r r e n t  i n  e a c h  s t a g e ,  b u t  c o u n t e r c u r r e n t  o v e r a l l .  

P r o v i s i o n  is made i n  h i s  s i m u l a t i o n  f o r  t h e  p o s s i b l e  i n p u t  

a n d  o u t p u t  of a n  e x t r a  o r g a n i c  a n d  a q u e o u s  s tream i n  e a c h  

s t a g e .  H i s  m c d e l  is b a s e d  o n  a n  i d e a l  c o n c e p t  a n d  t h e  o u t p u t  
. . 

c c m p a r e d  t o  t h e  o u t p u t s  of a m i n i a t u r e  m i x e r - s e t t l e r .  

P o l l o c k  and J o h n s o n  (17) r e v i e w e d  t h e  w o r k  p r e s e n t e d  i n  

4 6  v a r i c u s  p a F e r s ,  b o o k s ,  a n d  t h e s e s .  Huch  work o n  s t a g e w i s e  

c c n t a c t  p r o c e s s e s  h a s  b e e n  d o n e  t h e o r e t i c a l l y ,  n u m e r i c a l l y ,  



a n d  e x p e r i m e n t a l l y  f o r  b o t h  p u l s e d  a n d  S c h e i b e l  e x t r a c t i o n  

c o l u m n s ,  L i t t l e  w o r k  h a s  b e e n  d o n e  o n  m i x e r - s e t t l e r s .  

B u r n s  a n d  H a n s o n ( 4 )  s t u d i e d  t h e  t r a n s i e n t  r e s p o n s e  of a 

m u l t i s t a g e  m i x e r - s e t t l e r  u s i n g  t h e  s y s t e m  t r i b u t y l  p h o s p h a t e  

i n  k e r o s e n e ,  w a t e r ,  a n d  n r t r i c  a c id .  He s t u d i e d  t h e  r e s u l t s  

o f  s t e p  a n d  i m p u l s e  c h a n g e s  i n  t h e  n i t r i c  a c i d  i n p u t  t o  t h e  

s y s t e m .  H e  n o t e d  t h a t  t h e  r e s p o n s e  l a g  i n  t h e  r a f f i n a t e  was 

scme 50% l o n g e r  f o r  a d o w n w a r d  c h a n g e  t h a n  f o r  a n  u p w a r d  

c h a n g e .  H e  e x p l a i n s  t h i s  a s  b e i n g  t h e  r e s u l t  of n i t r i c  a c i d  

b e i n g  t r a n s f e r e d  from t h e  o r g a n i c  p h a s e  t o  t h e  a q u e o u s  p h a s e  

d u r i n g  a d o w n w a r d  c o n c e n t r a t i o n  c h a n g e ,  m a i n t a i n i n g  a h i g h  , 

c o n c e n t r a t i o n  i n  t h e  r a f f i n a t e  o u t p u t .  H e  s t a t e s  t h a t  d u r i n g  

a p e r i o d  o f  i n c r e a s e d  n i t r i c '  acrd i n p u t  s u c h  a n  i n t e r c h a n g e  

d o e s  n o t  h a v e  n e a r l y  a s  m a r k e d  a n  effect. 

H a l l i g a n  a n d  S m u t z  ( 11) p r o p o s e d  s e v e r a l  m o d e l s  for  

p r e d i c t i n g  t h e  a p p r o a c h  t o  s t e a d y  s t a t e  of a m i x e r - s e t t l e r  

e x t r a c t o r .  He s i m u l a t e d  a n d  recorded t h e  r e s u l t s  of s e v e r a l  

models of m i x e r - s e t t  l e r  e x t r a c t o r s  a n d  c o m p a r e s  t h e  r e s u l t s  

w i t h  e x p e r i m e n t a l  d a t a .  I n  a l l  cases h e  a s s u m e d  a v e l l  m i x e d  

FumF m i x e r ,  a n d  c o m p l e t e  d i s e n g a g e m e n t  of t h e  p h a s e s  i n  t h e  

s e t t l e r .  I n  t h e  c a s e  cf t h e  p e r f e c t l y  m i x e d  m o d e l  b o t h  

p h a s e s  a r e  c o n s i d e r e d  t o  b e  v e l l  m i x e d  w i t h i n  t h e m s e l v e s  i n  

t h e  s e t t l i n g  c h a m b e r .  A p l u g  flow model was c o n s i d e r e d  w i t h  

b o t h  p h a s e s  i n  p l u g  flow i n  t h e  s e t t l i n g  c h a m b e r .  A h y b r i d  

model c o n s i d e r e d  t h e  o r g a n i c  p h a s e  a s  p l u g  f l o w ,  a n d  t h e  



a q u e o u s  p h a s e  a s  well m i x e d .  A f o u r t h  m o d e l  c o n s i d e r e d  t h e  

m i x e r  a n d  se t t ler  a s  o n e  v e s s e l  a n d  e a c h  p h a s e  h o m o g e n e o u s .  

T h e  m o d e l s  were p r o g r a m m e d '  o n  t h e  d i g i t a l  c o m p u t e r  u s i n g  t h e  

D I A N  c o m p o n e n t s  of P a r r i s  a n d  B u r k h a r t ( 8 ) .  T h e  r e s u l t s  

s h o w e d  t h e  most a c c u r a t e  model is t h e  t h e  h y b r i d  m o d e l .  I t  

was a l s o  s h o w n  t h a t  t h e  l a r g e r  t h e  n u m b e r  o f  s t a g e s ,  t h e  more 

n e a r l y  i d e n t i c a l  t h e  r e s u l t s  of a l l  t h e  m o d e l s .  

Rahn  a n d  S m u t z  ( 19) a n d  Rahn  (18)  d e s i g n e d  a n d  c o n s t r u c t e d  

a t w e n t y  s t a g e  m i x e r - s e t t l e r  e x t r a c t o r ,  i n  t e n  s t a g e  u n i t s .  

He made some p r e l i m i n a r y  r u n s  w i t h  1 ll D2EHPA a n d  0 . 3  H HC1. 

He v e r i t i e d  these r e s u l t s  v i t h  a s i m u l a t e d  c o l u m n  r u n  u s i n g  

s e p a r a t o r y  f u n n e l s  a n d  a s h a k i n g  m a c h i n e .  T h e  s i m u l a t e d  

c o l u m n  a l l o w e d  t h o r o u g h  m i x i n g  a n d  a m p l e  time f o r  p h a s e  s e p a -  

r a t i o n ,  t h e r e f o r e  a p p r o a c h i n g  i d e a l  s t a g e  e f f i c i e n c y .  T h i s  

c c n f i r m f d  t h e  m i x e r - s e t t l e r  t o  be  o p e r a t i n g  a t  n e a r l y  1 0 0 %  

s t a g e  e f f i c i e n c y .  

P e r r y  ( 1 6 )  c o n t i n u e d  t h e  w o r k  of Rahn b y  s t u d y i n g  t h e  

s t a g e w i s e  . c o n c e n t r a t i o n s  a n d  c o m p o s i t i o n s .  As i n  t h e .  wor-k of .. 

Rahn ,  h e  e n c o u n t e r e d  t r o u b l e  v i t . h  e m u l s i o n s  f o r m i n q  i n  t h e  

pump m i x e r .  F e r r y  u s e d  a s i m i l a r  m i x e r - s e t t l e r  w i t h  a 6  Fl 

R C 1  s c r u b  s o l u t i o n  t c  s t r i p  rare e a r t h s  from t h e  o r g a n i c  e x -  

t r ac t  p r o d u c t .  

Casto  21. (5,6,7) f u r t b e r  r e f i n e d  t h e  e q u i p m e n t  a n d  

o p e r a t i n g  c o n d i t i o n s .  H e  c h a n g e d  t h e  o r g a n i c  e x t r a c t  p h a s e  

t o  0.5 11 DZEHFA. T h i s  e l i m i n a t e d  t h e  e m u l s i o n  p r o b l e m  e n -  



c o u n t e r e d  i n  e a r l i e r  w o r k .  T h e  a q u e o u s  s c r u b  s o l u t i o n  w a s  

r e d u c e d '  t o  0 .  1 fl HC1. By a d j u s t i n g  t h e  f l o w  r a t e s  h e  was 

s u c c e s s f u l  i n  o b t a i n i n g  a 97% l a n t h a n u m  r a f f i n a t e  p r o d u c t .  

Hoh (12)  s t u d i e d  t h e  s t r i p p i n g  'of  rare  e a r t h s  from 

d i  ( 2 - e t h y l h e x y l )  p h o s p h o r i c  a c i d  w i t h  h y d r o c h l o r i c  a c i d  i n  a 

m i x e r - s e t t l e r  s t r i p p e r .  E x p e r i m e n t s  were r u n  b o t h  w i t h  t h e  

p i l o t  p l a n t  s c a l e  m i x e r - s e t t  l e r  s t r i p p e r  a n d  s e p a r a t o r y  

f u n n e l s  t o  f i n d  t h e  a m o u n t ' o f  s t r i ' p p i n g  a c c o m p l i s h e d  a s  a 

f u n c t i o n  of H C l  s t r e n g t h .  A s t u d y  was a l s o  made of t h e  

e f f e c t s  of c h a n g e s  of t h e  v a r i o u s  flow r a t e s .  

H o h ( l 2 )  a l s o  m a d e  a d y n a m i c  s t u d y .  W h i l e  o p e r a t i n g  t h e  

e q u i p m e n t  a t  s t e a d y  s t a t e ,  h e  i n t r o d u c e d  u p s e t s  a n d  f o l l o w e d  

t h e  r e t u r n  t o  s t e a d y  s t a t e  b y  t i t r a t i o n s .  N e x t ,  b a s e d  o n  

p r e l i m i n a r y  r e s u l t s  by t h i s  a u t h o r ,  Hoh s t u d i e d  t h e  f l o w  p a t -  

t e r n s  r n  t h e  s t r i p p e r  p h o t o g r a p h i c a l l y .  T h i s  was accom- 

p l i s h e d  by i n j e c t i n g  d y e  i n t o  t h e  e q u i p m e n t ,  a n d  

~ h o t o g r a p h i n g  i t  as  it a d v a n c e d  t h r o u g h  t h e  v a r i o u s  p o r t i o n s  

o f  t h e  e q u i p m e n t .  T h e s e  p h o t o g r a p h s  were t h e n  a n a l y z e d  t o  

q i v e  a m e a s u r e  of t h e  flow. 



EXPERIIYENTAL APPARATUS A N D  PROCEDURES 

D e s c r i p t i o n  of E q u i p m e n t  

T h e  m i x e r - s e t t l e r  u s e d  i n  t h i s  r e s e a r c h  was d e s i g n e d  a n d  

c o n s t r u c t e d  by  R a h n  a n d  S m u t z ( l 9 )  a n d  R a h n ( l 8 ) ,  a n d  was s u c -  

c e s s f u l l y  u s e d  t o  s e p a r a t e  l a n t h a n u m  from a r a r e  e a r t h  
. . 

c h l o r i d e  m i x t u r e  b y  C a s t o  et &. ( 5 , 6 , 7 ) .  

T h e  m i x e r - s e t t l e r  is c o n t i n u o u s ,  h o r i z o n t a l ,  b o x  l i k e  

a n d  m u l t i - s t a g e .  I t  was made i n  t e n - s t a g e  u n i t s  w i t h  

a d j a c e n t  s t a g E s  h a v i r g  ccmmon walls .  F i g u r e  1 s h o w s  t h e  

d e t a i l  o f  o n e  s t a g e  a n d  a d j a c e n t  s t a g e s  c o n n e c t e d  t o  i t .  

F i g u r e  2 s h o w s  t h e  flow of t h e  f e e d  s t reams t o  t h e  e x t r a c t o r ,  

a n d  t h e  p r o d u c t  streams from t h e  e x t r a c t o r .  P l e x i g l a s  w a s  

u s e d  a s  t h e  c c n s t r u c t i c n  mater ia l  b e c a u s e  i t  c a n  w i t h s t a n d  

t h e  HC1-D2EHPA e n v i r c n m e n t  a n d  a l s o  b e c a u s e  it is t r a n s p a r e n t  

a n d  i n e x p e n s i v e .  

R e m o v a b l e  s o l i d  i n s e r t s  were u s e d  i n  b o t h  t h e  m i x i n g  a n d  

s e t t l i n g  c h a m b e r s  t o  d e c r e a s e  t h e  l i q u i d  h o l d u p  i n  t h e  a p p a -  

r a t u s  i n  o r d e r  t o  a t t a i n  s t e a d y  s t a t e  o p e r a t i o n  i n  a s h o r t e r  

tlme. T h e  l i q u l d  v o l u m e  i n  t h e  s e t t l i n g  c h a m b e r  w i t h  t h e  

v o l u m e  d i s p l a c e r s  i n  p o s i t i o n  is 1 . 0 2  1, d i v i d e d  e q u a l l y  be-  

t w e e n  t h e  o r g a n i c  a n d  a q u e o u s  p h a s e s .  T h e  m i x i n g  c h a m b e r  was 

d i v i d e d  i n t o  two  p a r t s ,  t h e  pump i t se l f  c o n t a i n i n g  135 m l ,  

a n d  t h e  c h a m b e r  s u r r o u n d i n g  t h e  pump c o n t a i n i n g  365 m l .  



I. LIGHT PHASE 
OVERFLOW PORT 

2. HEAVY PHASE 
UNDERFLOW PORT 

3. PUMP-MIXER CHAMBER 
4. INTERFACE ADJUSTMENT 

SHAFT 

5. ADJUSTABLE PUMP- 
MIXER INTAKE TUBE 

6. IMPELLER. SHAFT 

7. GEARED PULLEY 

8. DISCHARGE ARM 

Figure 1 .  Ntstage mixer-settler 
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T h e  pump m i x e r s  u s e d  i n  t h i s . r e s e a r c h  were g l a s s  b o d i e d .  

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

were made  of Kel -F  w i t h - a  s t a i n l e s s  s t ee l  i n s e r t ,  a n d  t h e  

p a d d l e s  of T e f l o n ;  T h e  p u m p - m i x e r s  were. d r i v e n  s i m u l t a n e o u s l y  

b y  e m p l o y i n g  a c e n t r a l  s h a f t .  t o g e t h e r  w i t h  t i m i n g  b e l t s  a n d  

s p r o c k e t e d  p u l l e y s .  T h e  d r i v e  s h a f t  was d r i v e n  v i t h  a b e l t  

k y  a o n e - f  o u r  t h  h o r s e p o v e r  motor w i + t h a  H i n a r i k  S p e e d  C o n t r o l .  

A brief s t u d y  of t h e  equipment r e v p e a l s  t h a t  t h e  s i m u l a -  

t i o n  o t  e a c h  s t a g ' e  c a n  ~ e a d i l y  b e  d i v i d e d  i n t o  f o u r  d i s t i n c t  

~ a r t s .  T h e  s e t t l i n g  c h a m b e r  t d i v i d e s  n a t u r a l l y  i n t o  t h e  

a q u e o u s  a n d  o r g a n i c  p o r t i o n s .  T h e  m i x e r  is d r v i d e d  by t h e  

wa l l  o f  t h e  g l a s s  pump i n t o  t h e  p o r t i o n  c o n t a i n e d  i n  t h e  

pump, a n d  t h e  p o r t i o n  . i n  t h e 2  c h a m b e r  s u r r o u n d r n g  t h e  pump. 

' E x p e r i m e n t a l  P r o c e d u r e  

T h i s  m i x e r - s e t t l e r  p r o v e d  t o  b e  i d e a l  f o r  t h e  v i s u a l  

s t u d y  o f  t h e  f l o w  p a t t e r n s  u s i n g  d y e  a s  a m a r k i n g  mater ia l .  

F o r  s t u d i e s  o f  t h e  f low p a t t e r m s  i n  t h e  s e t t l i n g  c h a m b e r ,  

n a r r o v  s t r i p s  of p a p e r  were p a s t e d  o n  t h e  s i d e  o f  t h e  f i r s t  

s t a g e  s e t t l i n g  c h a m b e r  a t  i n t e r v a l s  of 4 cm t o  form a g r i d .  

T h e s e  were t h e n  g r a d u a t e d  i n  cm w i t h  a p e n .  A " P r e c i s i o n  

T i m e  I t t t  d i g i t a l  timer was d i s m a n t l e d  a n d  t h e  i n n e r  w o r k i n g s  

m o u n t e d  o n  a F o r t a b l e  s t a n d  s u c h  t h a t  t h e  d i a l  was e x p o s e d .  

T h i s  w a s  p l a c t d  a d j a c e n t  t o  t h e  s e t t l i n g  c h a m b e r  s o  t h a t  t h e  

f a c e  was c l e a r l y  v i s i b l e  b e s i d e  t h e  c h a m b e r .  T h e  timer i s  



g r a d u a t e d  i n  h u n d r e d t h s  of a m i n u t e .  T h e  pump m i x e r  was 

r e m o v e d  from t h e  s e c o n d  s t a g e  a n d  t h e  pump c c m p a r t m e n t  

d r i l l e d  a n d  t a p p e d  t o  a l low t h e  o r g a n i c  p h a s e  o v e r f l o w i n g  

f r o m  t h e  f i r s t  s t a g e  t o  be d r a i n e d  from t h e  e q u i p m e n t  w i t h o u t  

f l o w i n g  t h r o u g h  t h e  e n t i r e  t e n  s t a g e s  of t h e  m i x e r - s e t t l e r  

u n r t .  A sma l l  h o l e  was d r i l l e d  t h r o u g h  t h e  c o v e r  p l a t e  of  

t h e  pump c h a m b e r  i n t o  t h e  pump m i x e r .  B o t h  t h e  o r g a n i c  a n d  

a q u e o u s  p h a s e s  were i n t r o d u c e d  i n t o  t h e  f i r s t  s t a g e  pump 

c h a m b e r  t h r o u g h  t h e  i n l e t  p o r t .  

T h e  pump m i x e r  was t u r n e d  o n  a n d  t h e  o r g a n i c  a n d  a q u e o u s  

f e e d s  s t a r t e d .  After a b o u t  f i v e  m i n u t e s  t h e  r a re  e a r t h  f e e d  

was s t a r t e d ,  f e e d i n g  d i r e c t l y  i n t o  t h e  pump m i x e r  t o  i n s u r e  

t o t a l ,  c o m p l e t e ,  and immediate m i x i n g .  O n e - h a l f  m l  of s a t u -  

r a t e d  a l c o h o l i c  s o l u t i o n  of G e n t l a n  Violet  Dye was i m m e d i a t e -  

l y  i n j e c t e d  t h r o u g h  t h e  o p e n i n g  i n  t h e  c o v e r p l a t e .  A t  t h e  

same time t h e  timer was s t a r t e d .  This was time ze ro .  

P i c t u r e s  were t a k e n  t h r o u g h  t h e  s i d e  of t h e  s e t t l i n g  c h a m b e r  

w i t h  a n  A u t o m a t i c  1 0 0  P o l a r o i d  L a n d  C a m e r a  e q u i p p e d  w i t h  

c lose  u p  l e n s  No. 583. S i n c e  a f i l m  c a r t r i d g e  c o n t a i n s  o n l y  

e i g h t  ~ i c t u r e s ,  i t  was e s s e n t i a l  t o  u s e  d i s c r e t i o n  a s  t o  w h a t  

i n t e r v a l s  t o  t a k e  p i c t u r e s  i n  order  t o  c a p t u r e  a l l  t h e  f low 

p a t t e r n s  a s  t h e y  d e v e l o p .  E x p e r i e n c e  i n d i c a t e d  t ' h e  b e s t  

times t o  t a k e  p i c t u r e s  t o  b e  0 .1 ,  0.2,  0.3, 0 . 4 ,  0 . 6 ,  1 . 0 ,  

1.5, a n d  2 .0  m i n u t e s .  



A s t u d y  was a l s o  made o f  t h e  f l o w  i n  t h e  c h a m b e r  s u r -  . . 

r o u n d i n g  t h e  Fump m i x e r .  F o r  t h i s  s t u d y  t h e  s h a f t  a n d  p a d d l e  

were r e m o v e d  f r o m  t h e  nr imber  s i x  , p u m p  m i x e r  a n d  a  v a c u u m  l i n e  

i n s e r t . e d .  T h e  t i m i n g  b e l t s  were r e m o v e d  f r o m  a l l  b u t  t h e  

n u m b e r  s e v e n  pump m i x e r  t o  r e n d e r  t h e m  i n o p e r a b l e .  T h e  num- 

. h e r  e i g h t  p u m l  m i x e r  was f l o o d e d  w i t h  D2EHPA s o l u t i o n  t o  

a b o v e  t h e  l e v e l  o f  t h e  o v e r f l o w  p o r t .  T h i s  l o w e r e d  t h e  

i n t e r f a c e  l e v e l  of t h e  n u m b e r  s e v e n  s e t t l i n g  c h a m b e r  t o  a p -  

p r o x i m a t e l y  3 cm a n d  h e l p e d  t o  h o l d  i t  c o n s t a n t  d u r i n g  t h i s  

e x p e r i m e n t ,  

The a q u e c u s  p h a s e  a n d  rare e a r t h  f e e d  were i n t r o d u c e d  

t h r o u g h  t h e  n u m b e r  s e v e n  pump m i x e r ,  as  t h e y  h a d  b e e n  i n t r o -  

d u c e d  t h r o u g h  t h e  n u m b e r  o n e  pump m i x e r  i n  t h e  s e t t l i n g  

c h a m b e r  e x p e r i m e n t s .  T h e  o r g a n i c  p h a s e  was i n t r o d u c e d  i n t o  

t h e  n u m b e r  f i v e  s e t t l i n g  c h a m b e r .  T h e  o r g a n i c  a n d  a q u e o u s  

p h a s e s  were t u r n e d  o n  a n d  allowed t o  flow f o r  a b o u t  f i v e  

m i n u t e s ,  T h e n  t h e  rare  e a r t h  f e ed  was i n t r o d u c e d  i n t o  t h e  

,number  s e v e n  ~ u m ~  . m i x e r .  . A t  t h i s  time o n e - h a l f  m l  of s a t u -  

r a t e d  alcnhnlic s o l u t i o n  of  G e n t i a n  V io l e t  Dye was i n j e c t e d  

i n t o  t h e  n u m b e r  s e v e n  pump m i x e r .  P i c t u r e s  were t a k e n  a s  t h e  

d y e  f l o w e d  i n t o  a n d  t h r o u g h  t h e  c h a m b e r  s u r r o u n d i n g  t h e  num- 
. . 

b e r  s i x  pump m i x e r .  

A s t u d y  u a s  a l s o  made of t h e  f l o w  i n s i d e  t h e  pump m i x e r ,  

F o r  t h i s  . s t u d y  t h e  i n l e t  p o r t  of t h e  pump m i x e r  was m o d i f i e d  

t o  a l l o w  t h e  i n t r o d u c t i o n  of t h e  r a re  e a r t h  f e e d  s t o c k  a n d  



t h e  d y e  t h r o u g h  t h e  i n l e t  p o r t .  Th.e pump m i x e r  m a s  t u r n e d  o n  

' a n d  t h e  o r g a n i c  a n d  a q u e o u s  p h a s e s  i n t r o d u c e d .  Then t h e  r a r e  

e a r t h  f e e d  a n d  t h e  a l c o h o l i c  s o l u t i o n  of G e n t i a n  Violet Dye 

were i n t r o d u c e d  t h r o u g h  t h e  i n l e t  p o r t .  T h e  r e s u l t s  were ob-  

s e r v e d  v i s u a l l y ,  a s  t h i s  was, r a t h e r  d i f f i c u l t  t o  p h o t o g r a p h .  



A N A L Y S I S  A N D  SIMULATION 

S e t t l i n g  C h a m b e r  

I n  o b s e r v i n g  t h e  flow of t h e  d y e  t h r o u g h  t h e  s e t t l i n g  

c h a m b e r  i t  was n o t e d  t h a t  t h e  flow was e s s e n t i a l l y  two d i m e n -  

s i o n a l .  F i g u r e  3 s h o w s  p h o t o g r a p h s  of t h e  d y e  a s  i t  a d v a n c e s  

t h r o u g h  t h e  s e t t l i n g  c h a m b e r .  T h e  o u t l i n e s  of t h e  d y e  i n  t h e  

p h o t o g r a p h s  a r e  p l o t t e d  i n  P i g u r e  4. T h e  a r e a s  c o n t a i n e d  by 

t h e s e  o u t l i n e s  were m e a s u r e d  w i t h  a K e u f f e l  a n d  Esser P o l a r  

P l a n i m e t e r .  S i n c e  t h e  flow was two d i m e n s i o n a l ,  t h e s e  a r e a s  

were t h e n  m u l t i p l i e d  b y  t h e  t h i c k n e s s  of t h e  s e t t l i n g  c h a m b e r  

t o  g i v e  t h e  c o r r e s . p o n d i n g  v o l u m e s .  T h e s e  a r e  l i s t e d  i n  T a b l e  

1 a n d  p l o t t e d  a g a i n s t  time i n  F i g u r e  5 t o  g i v e  a m e a s u r e  o f  

t h e  a m o u n t  of  m i x i n g  a c t u a l l y  t a k i n g  p l a c e  i n  t h e  s e t t l i n g  

c h a m b e r .  

O r g a n i c  phase -- 
As c a n  b e  s e e n  f r o m  F i g u r e  5 t h e  o r g a n i c  p h a s e  v e r y  

n e a r l y  d u p l i c a t e s  p l u g  flow. It was a l s o  a s s u m e d  t h a t  a l l  o f  

t h e  v o l u m e  t h a t  does n o t  c o n t a i n  d y e  a t  t h e  e n d  of two 

m i n u t e s  was d e a d  s p a c e .  I n  t h e  p i c t u r e s  of t h e  f l o w  p a t t e r n s  

( F i g u r e  3) i t  is s h o w n  t h a t .  t h e  v o l u m e  i n  t h e  t o p  r i g h t  h a n d  

p o r t i o n  of t h e  o r g a n i c  s e t t l i n g  c h a m b e r  was t r a p p e d  by t h e  

h e a v i e r  rare ~ a r t h  l a d e n  l i q u i d  below i t  a n d  t h e  p a r t i t i o n  

s u p p o r t  t o  tlie l e f t .  I t  was o b s e r v e d  t h a t  t h i s  l i q u i d  

r e m a i n e d  t r a ~ ~ e d  e v e n  a f t e r  t e n  o r  more m i n u t e s  of o p e r a t i o n  
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Figure 3. Flow of dye in t h e  s e t t l i n g  chamber 
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F i g u r e  4. O u t l i n e s  of t h e  areas o c c u p i e d  b y  d y e  
i n  t h e  s e t t l i n g  c h a m b e r  



TIME ( m i d  

F i g u r e  5 .  The vo lume  o c c u p i e d  by d y e  i n  t h e  s e t t l i n g  
chamber  a s  a f u n c t i o n  of time 

. . 



2 0  

a n d  h e n c e  was a s s u m e d  t o  be d e a d  s p a c e  f o r  t h i s  s i m u l a t i o n .  

T a b l e  1. V o l u m e t r i c  f low i n  s e t t l i n g  c h a m b e r  

E l a p s e d  C h a n g e  i n  T o t a l  
time i n  d y e d  v o l u m e  d y e d  v o l u m e  
m i n u t e s  mi l l i l i ters  mi l l i l i t e r s  

............................. 
C r g a n i c  p h a s e  0 . 1  

0 .2  
0 . 3  
0.4 
0 .6  
1 .0  
1.5 
2 .0  

A q u e o u s  p h a s e  

T o  s i m u l a t e  t h i s  o n  t h e  c o m p u t e r  t h e  o r g a n i c  p o r t i o n  of 

t h e  s e t t l i n g  c h a m b e r  was a s s u m e d  t o  r e s p o n d  l i k e  t w e n t y  small  

w e l l  m i x e d  c h a m b e r s .  T h e  d y e  t o o k  2 m i n u t e s  t o  f i l l  t h e  

a c t i v e  p o r t i o n  of t h e  c h a m b e r .  U s i n g  a time i n c r e m e n t  of  U. 1 

m r n u t e ,  t h i s  r e q u i r e s  t w e n t y  i n c r e m e n t s .  T h i s  s i m u l a t i o n  is 

i l l u s t r a t e d  i n  F i g u r e  6. I t  was a s s u m e d  t h a t  p l u g  f l o v  was 

t a k i n g  p l a c e  i n  t h e  s e c o n d  t h r o u g h  t h e  s i x t e e n t h  v o l u m e s .  
* 

T h e  f i r s t  v o l u m e  i s  a well m i x e d  v o l u m e  twice a s  l a r g e  a s  t h e  

r e m a i n d e r  c o n t a i n i n g  twice t h e  time i n c r e m e n t  of t h e  o r g a n i c  

flow. T h i s  i s  t h e  a g i t a t e d  e n t r a n c e  z o n e ,  a s  c a n  be  s e e n  i n  
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t h e  f i r s t  p h o t o g r a p h  o f  F i g u r e  3. F i g u r e  5 a l s o  s h o w s  t h a t  

t h e : f i r s t  d a t a  p o i n t  of t h e  p l o t  f o r  t h e  o r g a n i c  p h a s e  i s  

twice a s  h i g h  a s  f o r  p l u g  flow. T h e  e x i t  s t ream from t h e  

s e t t l i n g  c h a m b e r  is d r a w n  e q u a l l y  from e a c h  of t h e  l a s t  f o u r '  

v o l u m e s .  T h i s  is t h e  e x i t  z o n e  of t h e  s e t t l e r  w h e r e  t h e  flow 

ceases to  b e  two d i m e n s i o n a l .  

A p p e n d i x  A l ists  t h e  F o r t r a n  p r o g r a m  f o r  a s i n g l e  s t a g e  

s i m u l a t i o n ,  a n d  F i g u r e  7 s h o w s  t h e  r e s p o n s e  o f  t h i s  s i m u l a -  

t i o n  t o  a s t e ~  c h a n g e  i n  i n p u t .  A s  s h o w n  i n  F i g u r e  3, a n d  i n  

t h e  s i m u l a t e d  s t a r t u p  s h o w n  i n  F i g u r e  7 ,  t h e  o r g a n i c  s e t t l i n g  

c h a m b e r  does ' n o t  b e g i n  r e l e a s i n g  ra re  e a r t h s  t o  t h e  e x i t  

stream u n t i l  1 . 7  m i n u t e s  a f t e r  t h e i r  e n t r a n c e  t o  t h e  c h a m b e r .  

T h i s  does n o t  c o n t r a d i c t  t h e  r e s u l t s  f o u n d  b y  C a s t o  a s  h i s  

f i r s t  d a t a  was t a k e n  ' a t  t h e  e n d  o f  t e n  m i n u t e s .  

A g u e o u s  j h a s e  - 
F i g u r e  5 i n d i c a t e s  t h a t  t h e  a q u e o u s  p h a s e  . i n  t h e  

s e t t l i n g  c h a m b e r  i s  n o t  i n  p l u g  f l o w .  It was o b s e r v e d  w h i l e  

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

a q u e o u s  p h a s e  a l o n g  t h e  u p p e r  a n d  lower b o u n d a r i e s ,  t h e  

n o n d y e d  p o r t i c n  f l o w e d  i n  t h e  o p p o s i t e  d i r e c t i o n  i n  t h e  

c e n t e r  of t h e  a q u e o u s  z o n e .  

T h e  p h o t c g r a p h s  i n  F i g u r e  3 s h o w  t h a t  t h e  c h a m b e r  t o o k  

l e s s  t h a n  0.6 m i n u t e s  to  b e c o m e  c o m p l e t e l y  f i l l e d  w i t h  d y e .  

S i n c e  t h e  t i m e  i n c r e m e n t  u s e d  is 0 .1  m i n u t e ,  t h e  s r m u l a t i o n  

r e q u i r e s  six well m i x e d  c h a m b e r s .  I t  a p p e a r e d  t h a t  t h e  flow 
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Figure  7 .  Eesponse of  t h e  s i m u l a t i o n  o f  a s i n g l e  s t a g e  
organ ic  s e t t l i n g  chamber t o  a  step change 



o f  o r g a n i c  p h a s e  t h r o u g h  t h e  a q u e o u s  p h a s e  i n c r e a s e d  t h e  s i z e  

. o f  t h e  a p p a r e n t  d y e d  a q u e o u s  v o l u m e  i n  t h e  f i r s t  c h a m b e r  of 

t h e  m o d e l .  ~ d i s  was p a r t i a l l y  d u e  t o  t h e  v o l u m e  p h y s i c a l l y  

o c c u p i e d  b y  t h e  o r g a n i c  m a t e r i a l  i n  t h i ' s  r e g i o n .  An e v e n  

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

t h e  b u o y a n c y  c f  t h e  c r g a n i c  ma te r i a l .  T h i s  c a u s e s  t h e  d y e d  

a q u e o u s  ma te r i a l  t o  f l o w  u p w a r d  i n  a smal l  c o l u m n ,  r a t h e r  

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

H e n c e  t b e  a c t u a l  v o l u m e  c o n t a i n i n g  d y e  a t  t h e  e n d  o f  0 . 1  

m i n u t e  is much less t h a n  t h a t  i n d i c a t e d  b y  t h e  p h o t o g r a p h s .  

H e n c e  t h e  v o l u m e s  f o r  t h e  m o d e l  were d i f f e r e n t  f r o m  t h o s e  

g i v e n  i n  T a b l e  1. 

T h e  m o d e l  f o r  t h e  simulation 1s i l l u s t r a t e d  r n  F i g u r e  8 .  

T h e  ma te r l a l  trom t h e  pump m i x e r  e n t e r s  t h e  f i r s t  well m i x e d  

z o n e ,  t h e  f i r s t  e n t e r s  t h e  s e c o n d ,  e t  c e t e r a .  T h e  m a t e r i a l  

f r o m  t h e  s i x t h  f l o w s  b a c k  t o  t h e  f i rs t .  T h i s  r a t e  o f  r e c y c l e  

i s  . d e s i g n a t e d  a s  A S R  o r  A q u e o u s  C i r c u l a t i o n  Rate. A p o r t i o n  

cf  t h e  m a t e r i a l  l e a v i n g  the f o u r t h  c h a m b e r  e x i t s  f r o m  t h e  

s e t t l i n g  c h a m b e r  a n d  p r o c e e d s  t o  t h e  p r e p u m p  c h a m b e r  o f  t h e  

n e x t  s t a g e .  A p p e n d i x  B lists t h e  F o r t r a n  p r o g r a m  f o r  t h i s  

s i m u l a t i o n .  F i g u r e  9 is a p l o t  o f  t h e  r e s p o n s e  o f  a s i n g l e  

s t a g e  a q u e o u s  s e t t l i n g  c h a m b e r  t o  a s t e p  c h a n g e  i n  i n p u t .  I n  

t h i s  p l o t  s i x  r e s p o n s e s  a r e  s h o w n  f o r  r e c i r c u l a t i o n  ra tes  

tiom O t o  50 ml/min i n  s t e p s  o f  10 mi/min.  



C(N) 
AFR '( 

ASET(N) 
AFR 

F i g u r e  8 .  Model o f  t h e  a q u e o u s  ph'ase 
i n  t h e  s e t t l i n g  c h a m b e r  
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P r e p u m p  C h a m b e r  

T h e  p i c t u r e s  t a k e n  of t h e  c h a m b e r  s u r r o u n d i n g  t h e  pump 

m i x e r  a r e  s h o w n  i n  F i g u r e  10. T h e s e  p h o t o g r a p h s  i n d i c a t e  

t h a t  t h e  f low is p u r e  p l u g  flow w i t h  a d e l a y  of 4 m i n u t e s .  

T h i s  added  t o  t h e  o t h e r  d e l a y s  i s  n o t  e n o u g h  t o  a c c o u n t  f o r  

t h e  8 0  m i n u t e  d e a d  time i n  t h e  r a f f i n a t e  p h a s e  s h o w n  i n  t h e  

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

c h a n g e  i n  d e n s i t y  o f  t h e  m a t e r i a l  i n  t h e  c h a m b e r .  A s  t h e  

r a r e  e a r t h  l a d e n  m a t e r i a l  e n t e r s  t h e  p r e p u m p  c h a m b e r ,  t h e  

d e n s i t y  o f  t h e  m a t e r i a l  i n  t h e  c h a m b e r  i n c r e a s e s ,  a n d  t h e  

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

T o  o f f s e t  t h i s  i n c r e a s e  t h e  i n t e r f a c e  l e v e l  r ises i n  t h e  

s e t t l i n g  c h a m t e r  of t h e  p r e c e d i n g  s t a g e .  T h i s  c a u s e s  a d e -  

crease i n  t h e  flow ra t e  of t h e  a q u e o u s  p h a s e  e n t e r i n g  t h e  

p r e p u m p  c h a m b e r .  T h i s  a l s o  effects t h e  o r g a n i c  f l o w  r a t e s  b y  

a n  e q u a l  a m o u r t .  

T h e  h e i g h t  of t h e  i n t e r f a c e ,  s h o w n  a s  H i  i n  F i g u r e  1, is  

e q u a l  t o  t h e  d e n s i t y  o f  t h e  a q u e o u s  ' l a y e r  m u l t i p l i e d  by t h e  

h e i g h t  o f  t h e  a q u e o u s  l a y e r  m i n u s  t h e  p r o d u c t  o f  t h e  d e n s i t y  

cf t h e  o r g a n i c  l a y e r  a n d  t h e  t o t a l  h e i g h t  of t h e  l i q u i d  i n  

t h e  s e t t l i n g  c h a m b e r ,  a l l  d i v i d e d  b y  t h e  d i f f e r e n c e  b e t w e e n  

t h e  d e n s i t y  o f  t h e  a q u e o u s  a n d  o r g a n i c  p h a s e s ;  

H i  = ( ~ a * i i a - P o * H )  / ( P a - P o )  
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Figure 10. F l o w  of t h e  d y e  i n  the prepump chamber 
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Where P a  is t h e  d e n s i t y  of t h e  a q u e o u s  p h a s e ,  a n d  Po  is 

t h e  d e n s i t y  o f  t h e  o r g a n i c  p h a s e .  I f  it is a s s u m e d  t h a t  t h e  

d e n s i t y  of t h e  a q u e o u s  p h a s e  i n c r e a s e s ' f r o m  1.0 t o  1.06 g r a m s  

Fer m l  a s  t h e  rare e a r t h s  e n t e r  t h e  s y s t e m ,  it c a n  b e  c a l c u -  

l a t e d  f r o m  t h e  h y d r a u l i c  b a l a n c e  t h a t  t h e  i n t e r f a c e  l e v e l  

w i l l  r i se  1.'6 cm, o r  t h e  a q u e o u s  v o l u m e  w i l l  i n c r e a s e  1 1 2  m l .  

T h i s  r e p r e s e n t s  a time d e l a y  of 1 . 2  m i n u t e s .  

F o r  p u r p c s e s  of  t h i s  s i m u l a t i o n  it was a s s u m e d  t h a t '  t h e  

p r e p u m p  c h a m b e r  u a s  l a r g e r  t h a n  the a c t u a l  p o r t i o n  of t h e  

e q u i p m e n t ,  a n d  t h a t  t h e  flow rates were c o n s t a n t . '  A d e l a y  of  

1 .2  m i n u t e s  was a d d e d  b a s e d  o n  t h e  c a l c u l a t i o n  o f  a ' h y d r a u l i c  

b a l a n c e  f o r  a r e a s o n a b l e  a v e r a g e  i n c r e a s e  i n  rare e a r t h  c o n -  

t e n t  of t h e  a q u e o u s  p h a s e  d u r i n g  s t a r t u p .  A n o t h e r  1 m i n u t e  

d e l a y  w a s  a d d e d  t o  a c ' c o u n t  f o r  t h e  9 0  m l  d i s p l a c e d  b y  t h e  

v o l u m e  d i s p l a c e r  i n  t h e  p r e p u m p  c h a m b e r ,  w h i c h  w a s  p r e s e n t  i n .  

t h i s ,  w o r k ,  b u t  was n o t  u s e d  by C a s t o ( 5 , 6 )  i n  h i s  w o r k .  T h i s  

c h a m b e r  was t h e n  s i m u l a t e d  b y  a d e l a y  of 6 .2  m i n u t e s  r e a l  

time, o r  6 2  i t e r a t i o n s  o n  t h e  c o m p u t e r .  

Pump M i x e r  

H y d r p d y n a m l c  srudy - 
T h e  pump m i x e r  was r a t h e r  d i f f i c u l t  t o '  s t u d y  a s  t h e  ma- 

t e r i a l  i n  i t  uaa mo.vi.ng r a t h e r  r a p i d l y .  When t h e  d y e  w a s  

, i n j e c t e d  t h r o u g h  t h e  c o v e r  p l a t e  f o r  t h e  s e t t l i n g  c h a m b e r  

s t u d i e s ,  i t  w a s  n o t e d  t h a t  t h e  e n t i r e  pump was c o l o r e d  b y  t h e  



d y e  almost i n s t a n t l y ,  T h i s  c o l o r  r e m a i n e d  i n  t h e  pump f o r  

a p p r o x i m a t e l y  f i v e  m i n u t e s  before b e g i n n i n g  t o  c lear .  T h i s  

l e d  t o  t h e  a s s u m p t i o n  t h a t  t h e  pump was w e l l  m i x e d .  I n i t i a l  

s i m u l a t i c n s  o n  t h e  c o m p u t e r  i n d i c a t e d  t h a t  w i t h  a well m i x e d  

' ~ u m p  i t  was i m ~ 0 ~ ~ i b l e  t o  g e t  a s  s h a r p  a r e s p o n s e  a s  was ob-  

t a i n e d  i n  t h e  w o r k  of Casto ( S , 6 )  . When t h e  d y e  was a d d e d  

t h r o u g h  t h e  i n l e t  p o r t  w i t h  t h e  rare  e a r t h  f e e d  s t o c k ,  a 

l i g h t l y  c o l o r e d  b o u n d a r y  was o b s e r v e d  t o  r i s e  t h r o u g h  t h e  

pump, f c l l o w e d  b y  a d a r k e r  co lo red  b o u n d a r y ,  T h i s  i n d i c a t e s  

t h a t  t h e  p h a s e s  a r e  i n  p l u g  flow, w i t h  t h e  p o s s i b i l i t y .  t h a t  

t h e  r e s i d e n c e  times o f  t h e  two p h a s e s  may d i f f e r .  F o r  . t h i s  

s i m u l a t i o n ,  t h e  r e s i d e n c e  times a r e  a s s u m e d  to  b e  i d e n t i c a l .  

F rom t h e  o b s e r v a t i o n s  of t h e  t y p e  of flow p r e s e n t  i n  t h e  

pump m i x e r ,  i t  is. r e a s o n a b l e  t o  c a l c u l a t e  t h e  pump v o l u m e s  a s  

f c l l o w s .  

T h e , ' r e a c t o r  v o l u m e  i n v o l v e d  i n  t h e  mass t r a n s i e r  is 

e q u a l  t o  t h e  time i n c r e m e n t  of t h e  t o t a l  l i q u i d - f l o w .  

T h e  v o l u m e  of o r g a n i c  mater ia l  i n v o l v e d  i n  t h e  mass 

t r a n s f e r  r e a c t i o n  is e q u a l  t o  t h e  time i n c r e m e n t  of t h e  

o r g a n i c  f l o w  r a t e .  

O V P  = dT*OFR 



T h e  v o l u m e  of t h e  a q u e o u s  m a t e r i a l  i n v o l v e d  i n  t h e  mass 

' t r a n s f e r  r e a c t i o n  is e q u a l  t o  t h e  time i n c r e m e n t  of t h e  

a q u e o u s  f low ra t e .  

AVP = dT*AFR 

T h e s e  a r e  t h e  v o l u m e s  u s e d  i n  t h e  s i m u l a t i o n  a s  t h e  

v o l u m e s  a c t u a l l y  i n v c l v e d  i n  t h e  mass t r a n s f e r  p r o c e s s .  T h e  

t o t a l  v c l u m e  i n  t h e  pump m i x e r  is- known t o  be  135 m l ,  H o w  

much of e a c h  p h a s e  is c o n t a i n e d  i n  t h e  pump is unknown.  T h e  

r e m a i n d e r  o f  ~ a c h  p h a s e  i n  t h e  pump is e s t i m a t e d  t o  be p r o -  

~ c r t i o n a l  t o  t h e  flow ra t e s .  T h e s , e  r e m a i n i n g  v o l u m e s  a r e  

a s s u m e d  t o  b e  i n  p l u g ' f l o w .  A s  a time i n c r e m e n t  of o n e - t e n t h  

m i n u t e  is u s e d ,  a m u l t i p l e  of  t h i s  m u s t  b e  ' u s e d  a s  t h e  time 

d e l a y  c a u s e d  t y  t h e  p l u g  flow. P o u r  time i n c r e m e n t s  (0 .U  

m i n )  c l o s e l y  d u p l i c a t e s  t h e  d e l a y  f o r  most of t h e  flow r a t e s  

u s e d  o n  t h i s  e q u i p m e n t .  T h e  model f o r  t h e  s i m u l a t i o n  of t h e  

pump m i x e r  is i l l u s t r a t e d  i n  F i g u r e  11. 

n a s s  t r a n s f e r  d e r i v a t i o n  -- - -  ---- 
I n  t h r s  s i m u l a t i o n  t h e  rare  e a r t h  e q u i l i b r i u m  r e l a t i o n -  

s h i p  u s e d  is a s  follows: A t  e q u i l i b r i u m ,  t h e  c o n c e n t r a t i o n  

o f  r a r e  e a r t h s  i n  t h e  o r g a n i c  p h a s e  is e q u a l  t o  a c o n s t a n t ,  

K 1 ,  times t h e  c o n c e n t r a t i o n  i n  t h e  a q u e o u s  p h a s e .  T h i s  i s  

s h o w n  i n  F i g u r e  12.  I f  t h i s  were t h e  o n l y  p a r a m e t e r  u s e d ,  

t h e  s t a g e w i s e  c o n c e n t r a t i o n s  f o r  t h e  s t e a d y  s t a t e  o p e r a t i o n  

w o u l d  b e  a s  s h o w n  i n  F i g u r e  13. 
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Figure 11. l o d e 1  of t h e  flow i n  t h e  pump mixer 



CONCENTRATION IN  AQUEOUS PHASE 

F i g u r e  1 2 .  P s e u d o  e q u i l i b r i u m  r e l a  t i o n s h i p  b e t w e e n  
a q u e o u s  a n d  o r g a n i c  p h a s e s  
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Figure 13. Stagevise  concentrations for 
pseudo equilibrium stages 



From t h e  work of Rahn ( 1 8 )  t h e  s t a g e w i s e  c o n c e n t r a t i o n s  

a r e  known t o  k e  h i g h  i n  t h e  a q u e o u s  p h a s e  i n  t h e  e x t r a c t i n g  

s e c t i o n  o n l y .  I n  t h e  stripping s e c t i o n  the c o n c e n t r a t i o n  i n  

t h e  o r g a n i c  p h a s e  is g r e a t e r  t h a n  t h a t  i n  t h e  a q u e o u s  p h a s e .  

A l s o  t h e  s t a g e w i s e  c o n c e n t r a t i o n s  f o r  e a c h  p h a s e  is 

r e l a t i v e l y  c o n s t a n t  on e i t h e r  s i d e  of t h e  f e e d  s t a g e .  T h i s  

is  s h o w n  i n  F i g u r e  14.  

T h i s  is s i m u l a t e d  a s  b e i n g  t h e  effect  of p o o r  s t a g e  

e f f  i c e n c y .  T h i s  i s  known n o t  t o  be  t h e  case  f r o m  a s i m u l a t e d  

c o l u m n  r u n  m a d e  w i t h  s e p a r a t o r y  f u n n e l s  b y  R a h n ( l 8 ) .  F o r  a 

t r u e  s i m u l a t i o n  i t  w o u l d  be n e c e s s a r y  t o  u s e  e q u i l i b r i u m  d a t a  

f o r  e a c h  of t h e  i n d i v i d u a l  r a r e  e a r t h s .  T h i s  d a t a  i s  n o t  y e t  

a v a i l a b l e .  

A f i r s t  crder  r a t e  c o n s t a n t ,  K2, w a s . u s e d  f o r  t h i s  s i m u -  

l a t i o n .  T h i s  is d e f i n e d  a s  t h e  r a t e  a t  w h i c h  rare e a r t h s  a r e  

t r a n s f e r r e d  b e t v e e n  t h e  p h a s e s ,  p e r  u n i t  v o l u m e ,  p e r  molar 

d i f f e r e n c e  b e t w e e n  t h e  c o n c e n t r a t i o n  p r e s e n t  i n  t h e  o r g a n i c  

p h a s e  a n d  w h a t  w o u l d  b e  p r e s e n t  i n  e q u i l i b r i u m  w i t h  t h e  

a q u e o u s  p h a s e .  T h e  d e r i v a t i o n  of t h e  e q u a t i o n s  f o r  t h e  p r o -  

g r a m m i n g  o f  t h i s  c o n c e p t  f o l l o w .  T h e  n o t a t i o n  u s e d  i n  t h i s  

d e r i v a t i o n  i s  l i s t e d  i n  A p p e n d i x  E.  

T h e  r a t e  a t  w h i c h  rare  e a r t h s  a re  t r a n s f o r r e d  b e t w e e n  

~ h a s e s  c a n  b e  d e t e r m i n e d  b y  a  m a t e r i a l  b a l a n c e  o n  e i t h e r  of 

t h e  p h a s e s .  H o w e v e r  t h e  ra re  e a r t h  feed  stream c o n t r i b u t e s  

l i q u i d  v o l u m e  t o  t h e  a q u e o u s  stream s o  t h a t  i t  is n o t  c o n -  



AQUEOUS PHASE O 
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ORGANIC PHASE. A 

2 4 6 8 10 12 14 16 18 20 

S T A G E  NUMBER 

F i g u r e  1 4 .  E x p e r i m e n t a l  s t e a d y  s t a t e  
s t a g e w i s e  c o n c e n t r a t i o n s  of Rahn ( 1  8)  



. . 
s t a n t  t h r o u g h c u t  t h e  e x t r a c t o r .  H e n c e  i t  i s  more  c o n v e n i e n t  

t o  d o  t h e  m a t e r i a l  b a l a n c e  o n  t h e ' o r g a n i c  p h a s e .  T h e  r a t e  o f  

t r a n s f e r  is g i v e n ,  by: 

R a t e  o f  t r a n s f e r  = OFR* ( C O ( N - 1 )  -CO ( N )  ) 

. . 
T h i s  same r a t e  of t r a n s f e r  c a n  a l s o  b e  o b t a i n e d  by 

c o n s i d e r i n g  t h e  c o n c e n t r a t i o n  i n  t h e  o r g a n i c  p h a s e  a n d  t h e  

~ s e u d o  d i s t r i b u t i o n  c o n c e n t r a t i o n  f o r  t h e  a q u e o u s  p h a s e :  

R a t e  o f  t r a n s f e r  = K2*RV* (CO ( N )  -KI*C ( N )  ) 

E q u a t i n g  t h e  two r a t e  e x p r e s s i o n s  a n d  d i v i d i n g  by OFR: 

CO (N- 1 )  -CO ( N )  = (K2*RV/OFR) *CO ( N )  -.R 1*C ( N )  ) 

C e f i n i n g  K3 = K2*RV/OFR a n d  s u b s t i t u t i n g :  

R e a r r a n g i n g  a n d  f a c t o r i n g :  

( K 3 + 1 )  *CO (N)  =:CO (N-1)  + K I & K ~ * C  ( N )  

C i v i d i n g  by ( K 3 + 1 )  : 

CO (N)  .= (CO (N- 1 )  + K l * K 3 * C  (N)  ) / ( K 3 + 1 )  



Ey b a s i c  ma te r i a l  b a l a n c e :  

INFUT - OUTPUT = ACCUFlULATION 

OFR*CO ( N - 1 )  +AFR*C ( N +  1) -OFR*CO ( N )  +AFR*C ( N )  ) = (dCO ( N )  /dT) *OVP 
+ (dC ( N )  /dT) * A  VP 

A t  s t e a d y  s t a t e  t h e  time d e r i v a t i v e s  a r e  z e r o .  By c o l l e c t i n g  

terms, f a c t o r i n g  a n d  r e a r r a n g i n g  we h a v e :  

C ( N +  1) = C ( M )  + (CO ( N )  -CO ( N -  1)  *OFR/AFR 2. 

C ( N )  = C ( N +  1 )  + (CO ( N - 1 )  -CO ( N )  ) *OFR/AFR 3. 

S u b s t i t u t i n g  3 i n  1 a n d  s o l v i n g  f o r  C O ( N )  : 

C a l c u l a t i o n  of P s e u d o  
D i s t r i b u t i o n  a n d  Ra te  C o n s t a n t s  

Prom C a s t o e s  d a t a  t h e  i n l e t  a n d  o u t l e t  c o n c e n t r a t i o n s  

a r e  known a t  t b e  e n d s  of t h e  c o l u m n .  I t  is p o s s i b l e  t o  f i n d  

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

c o l u m n  by s u c c e s s i v e l y  a p p l y i n g  e q u a t i o n s  1 a n d  2 t o  t h e  

s t a g e  o n e  a q u e o u s  p h a s e  c o n c e n t r a t i o n .  E q u a t i o n s  1 a n d  2 

c o n t a i n  two u n k n o w n s ,  K 1  a n d .  K2. (K3 is a f u n c t i o n  of K 2 ) .  

By s p e c i f y i n g  a K2, a t r i a l  a n d  error  c a l c u l a t i o n  is n e c e s -  

s a r y  t o  f i n d  HI. 

T h e  p r o g r a m  t o  c a l c u l a t e  K 1  a n d  K2 is l i s t e d  i n  A p p e n d i x  



C. T h i s  p r o g r a m  i n i t i a l l y  r e a d s  i n  l a b e l s  f o r  g r a p h s  w h i c h  

w i l l  b e  p r o d u c e d  b y  t h i s  p r o g r a m .  N e x t  it reads i n  t h e  run 

n u m b e r  a s  d e s i g n a t e d  b y  C a s t o  ( 5 , 6 ) .  T h i s  i s  followed by t h e  

n u m b e r  o f  s t a g e s  i n  t h e  e x t r a c t o r , .  t h e  f eed  s t a g e  n u m b e r ,  a n d  

t h e  i n p u t  f l o w  r a t e s  i n  m l  p e r  m i n u t e  o f  t h e  a q u e o u s  s c r u b  

s o l u t i o n ,  t h e  o r g a n i c  e x t r a c t  s o l u t i o n  a n d  t h e  r a r e  e a r t h  

f e e d  s o l u t i o n ' .  N e x t  t h e  c o m p o s i t i o n  of t h e  f e e d ,  a n d  the 

c c m p o s i t i o n s  c t  t h e  a q u e o u s  ~ a f f i n a t e  p r o d u c t  a n d  t h e  o r g a n i c  

e x t r a c t  p r o d u c t  a r e  r e a d .  T h e  p r o g r a m  t h e n  p e r f o r m s  a mate- 

r i a l  b a l a n c e  c a l c u l a t i o n  o v e r  t h e  e x t r a c t o r  t o  c a l c u l a t e  t h e  

f e e d  f low r a t e .  T h e  new c a l c u l a t e d  v a l u e ' i s  t h e n  o u t p u t  o n  

t h e  printout. 

T h e  p r o g r a m  c a l c u l a t e s  t h e  a q u e o u s  flow r a t e  i n  t h e  e x -  

t r a c t i n g  s e c t i o n  of t h e  a p p a r a t u s  a s  t h e  sum of t h e  i n p u t  

a q u e o u s  f low r a t e  a n d  t h e  f e e d  flow rate.  T h i s  seems r e a s o n -  

a b l e  a s  t h e  t c e d  stream is a q u e o u s  i n  n a t u r e .  T h e  a q u e o u s  

f l o w  ra te  i n  t h e  s t r i p p i n g  s e c t i o n  is c o n s i d e r e d  t o  be t h e  

sa'me a s  t h e  , i n p u t  a q u e o u s  f low r a t e .  T h e  e x t r a c t i n g  s e c t i o n  

a n d  s t r i p p i n g  s e c t i o n  a q u e o u s  flow r a t e s  a r e  s t o r e d  i n  t h e  

c o m p u t e r  a s  t h e  v a r i a b l e s  AFRE a n d  AFRS r e s p e c t i v e l y .  T h e n  

t h e  a q u e o u s ,  f low r a t e  is e q u a t e d  t o  t h e  a p p r o p r i a t e  v a l u e  as  
. . 

t h e  c a l c u l a t i c n s  p r o c e e d  from o n e  end of t h e  c o l u m n  t o  t h e  

o t h e r .  

I n  t h i s  p r o g r a m  ' t h e  v a l u e  of t h e  p s e u d o  r a t e  c o n s t a n t  i s  

i n i t i a l l y  se t  t o  5 a n d  d e c r e a s e d  t o  a v a l u e  of 0.2 by i n -  



c r e - m e n t s  o f  0 . 2  t o  g i v e  a r a n g e  of v a l u e s  f o r  t h e '  p s e u d o  d i s -  

t r i b u t i o n  a n d  r a t e  c o n s t a n t s . '  T h e  v a l u e  of t h e  p s e u d o  d i s -  

t r i b u t i o n  c o n s t a n t  i s  i n i t i a l l y  set  . t o  0 . 0  a t  t h e  b e g i n n i n g  . 

. of  e a c h  c a l c u l a t i o n  f o r  a n e w  p s e u d o  r a t e  c o n s t a n t .  E q u a -  

t i o n s  1 a n d  2 a r e  t h e n  a p p l i e d  s u c c e s s i v e l y  t o  t h e  o u t p u t  

a q u e o u s  c o n c e n t r a t i o n  u n t i l  t h e  o t h e r  e n d  of  t h e  c o l u m n  is 

r e a c h e d .  T h e  i n p u t  a q u e o u s  c o n c e n t r a t i o n  i s  known t o  b e  0.0. 

T h e  c a l c u l a t e d  i n p u t  c o n c e n t r a t i o n  is t h e n  c o m p a r e d  t o  0 . 0 .  

I t  i t  is less t h a n  0 . 0 ,  t h e  p s e u d o  d i s t r i b u t i o n  c o n s t a n t  i s  

i n c r e a s e d  t i r s t  b y  t e n t h s  u n t i l  t h e  a q u e o u s  i n p u t  is p o s i -  

t i v e ,  t h e n  b y  h u n d r e d t h s ,  e t  cetera, u n t i l  t h e  i n p u t  c o q c e n -  

t r a t i o n  is c a l c u l a t e d  t o  be  less t h a n  o n e  m i l l i o n t h .  T h e n  

t h e  s t a g e w i s e  c o n c e n t r a t i o n s  a re  p l o t t e d  t o  a l l o w  t h e i r  corn- 

F a , r i s o n  t o  known da t a .  

.The v a l u e  of t h e  p s e u d o  r a t e  c o n s t a n t  i s  t h e n  

i n c r e m e n t e d ,  t h e  v a l u e  o f  t h e  p s e u d o  d i s t r i b u t i o n  c o n s t a n t  

s e t  t o  z e r o  a n d  t h e  c a l c u l a t i o n s  r e p e a t e d ,  When t h e  c a l c u l a -  

t i o n s  f o r  t h e  lowest d e s i r e d  p s e u d o  r a t e  c o n s t a n t  h a v e  b e e n  

c o m p l e t e d ,  t h e  p r o g r a m  t h e n  p l o t s  a g r a p h  of  p s e u d o  r a t s  con- 

r t a n t  v e r s u s  p s e u d o  d i s t r i b u t i o n  c o n s t a n t .  F i g u r e  1 5  s h o w s  a 

 lot o f  K 1  v e r s u s  K 2 .  T h e  s e l e c t i o n  of t h e  v a l u e s  o f  K 1  a n d  

K2 u s e d  f o r  t h e  s i m u l a t i o n  was m a d e  b y  c o m p a r i n g  t h e  s i m u l a t -  

e d  s t e a d y  s t a t e  s t a g e w i s e  c o n c e n t r a t i o n s  f o r  v a r i o u s  p s e u d o  

d i s t r i b u t i o n  a n d  r a t e  c o n s t a n t s  w i t h  t h e  e x p e r i m e n t a l  s t e a d y  

s t a t e  s t a g e w i s e  c o n c e n t r a t  i o n s ,  Some of t h e  s i m u l a t e d  



PSEUDO Dl STRlBUTlON CONSTANT 

F i g u r e  15, ' 8 e l a t . i o n s h i p  b e t  ween p s e u d o  d i s t r i b u t i o n  
a n d  p s e u d o  ra t e  c o n s t a n t s  



ORGANIC PHASE A 

0.2 

1 6 a .  S t a g e w i s e  c o n c e n t r a t i o n s  for rate  c o n s t a n t  o f  0 . 2  

1 6 b .  S t a g e w i s e  c o n c e n t r a t i o n s  for r a t e  c o n s t a n t  o f  0 . 5  

0 2 4 6 8 10 
S T A G E  N U M B E R  

1 6 c .  S t a g ~ w i s e  c o n c e n t r a t i o n s  f or  r a t e  c o n s t a n t  o f  1 . 0  

F i g u r e  16. Ccmpar l s o n  of s i m u l a t e d  s t a g e w i s e  c o n c e n t r a t i o n s  
f o r  v a r i o u s  v a l u e s  of p s e u d o  c o n s t a n t s  



s t a g e w i s e  c o n c e n t r a t i o n s  a r e  s h o w n  i n  F i g u r e  1 6 .  

Care  m u s t  be  t a k e n  i n  t h e  t r r a l  a n d  er ror  c a l c u l a t i o n  

p r o c e s s ,  b e c a u s e  f o r  e v e r y  K2 t h e r e  are a n  u n d e t e r m i n e d  num- 

b e r  o f  K l ' s  w h i c h  w i l l  s a t i s i f y  t h e  e n d  c o n d i t i o n s .  T h e s e  

a r e  h a r m o n i c s  o f  t h e  d e s i r e d  s o l u t r o n .  T h e  u n d e s i r a b l e  h a r -  

m c n r c  s o l u t i o n s  p r o d u c e  n e g a t i v e  c o n c e n t r a t i o n s  i n  c e r t a i n  

r n t e r m e d r a  te  s t a g e s .  

T h e  c o n v e r g e n c e  s c h e m e  u s e d  i n  t h i s  p r o g r a m  is c r u d e .  

H o w e v e r  t h e  i n l e t  a q u e o u s  c o n c e n t r a t i o n  a s  a f u n c t i o n  of 

p s e u d o  d i s t r i b u t i o n  c o n s t a n t  was f o u n d  t o  b e  too  h i g h l y  

i r r e g u l a r  t o  a l l o w  t h e  u s e  of  a more s o p h i s t i c a t e d  c o n v e r -  

g e n c e  s c h e m e .  

S i m u l a t i o n  o f  M i x e r - S e t t  ler  E x t r a c t o r  

When t h e  p r o p e r  v a l u e s  of K1 a n d  K2 h a v e  b e e n  d e t e r -  

m i n e d ,  E q u a t i c n s  3 a n d  4 a r e  t h e n  u s e d  f o r  t h e  a c t u a l  s i m u l a -  

t i o n .  T h e s e  a r e  u s e d  a s  t h e  p s e u d o  e q u i l i b r i u m  r e l a t i o n s h i p  

i n  t h e  s i m u l a t i o n  of t h e  pump m i x e r ,  I n  d e r i v i n g  t h e s e .  e q u a -  

t i o n s  i t  was a s s u m e d  t h a t  t h e  time d e r i v a t i v e s  were e q u a l  t o  

z e r o ,  By u s i n g  a t w o  s t e p  c a l c u l a t i o n  t h e  t o t a l  a m o u n t  of 

mater ia l  i n  t h e  p u m p - m i x e r  c a n  b e  k e p t  c o n s t a n t  d u r i n g  t h e  

c a l c u l a t i o n  of t h e  m a s s  t r a n s f e r  b e t w e e n  p h a s e s .  H e n c e  a l -  

t h o u g h  t h e  i n d i v i d u a l  d a r i . v a t i . v e s  a r e  n o t  e q u a l  t o  z e r o ,  t h e  

a c c u m u l . a t . i o n  term of t h e  ma te r i a l  b a l a n c e  is i n d e e d  zero  a n d  

t h e  e q u a t i o n s  r e m a i n  v a l i d  f o r  t h i s  s i m u l a t i o n .  

T h e  p r o g r a m  f o r  t h e  s i m u l a t i o n  was w r i t t e n  s o  t h a t  i t  



c o u l d  s i m u l a t e  a n y  of t h e  r u n s  m a d e  b y  C a s t o  2s 91. ( 5 , 6 , 7 ) ,  

w h i c h  d i d  n o t  i n v o l v e  u p s e t s .  A l l  a r r a y s  i n  t h e  p r o g r a m  a r e  

d i m e n s i o n e d  t o  h a n d l e  a n  e x t r a c t o r  a s  l a r g e  a s  t w e n t . y  s t a g e s .  

F o r  a l a r g e  c h a n g e  of flow ra tes ,  i t  is n e c e s s a r y  t o  c h a n g e  

t h e  t i m e ' d e l a y s  i n  t h e  p l u g  flow z o n e s .  T h e  p r o g r a m  is writ- 

t e n  t o  c o n t i n u o u s l y  r e a d  i n  new p a r a m a t e r s  a n d  t h e n  s i m u l a t e  

t h e  s t a r t u p  o f  t h e  s p e c i f i e d  e x t r a c t o r .  T h e  p r o g r a m  is s e t  

t o  t e r m i n a t e  i f  t h e  n u m b e r  of s t a g e s  is s p e c i f i e d  a s  less 

t h a n  f i v e .  

T h e  p r o g r a m  r e a d s  i n  a l l  e s s e n t i a l  c o n s t a n t s  f o r  a 

s t a r t u p .  I t  r e a d s  i n  g r a p h  l a b e l s  f o r  t h e  p l o t s  w h i c h  w i l l  

b e  p r o d u c e d  i n  t h e  p r o g r a m .  I t  n e x t  reads  i n  t h e  d e s i g n a t e d  

r u n  n u m b e r ,  t h e  t o t a l  n u m b e r  of s t a g e s  i n  t h e  e x t r a c t o r ,  a n d  

t h e  f e e d  s t a g e  n u m b e r .  T h e s e  a re  f o l l o w e d  b y  t h e  flow r a t e s  

of t h e  o r g a n i c  a n d  a q u e o u s  p h a s e s ,  a n d  t h e  f e e d .  T h e  s t e a d y  

s t a t e  o u t p u t  c o n c e n t r a t i o n s  of t h e  o r g a n i c  a n d  a q u e o u s  o u t p u t  

streams a n d  t h e  f e e d -  c o m p o s i . t i o n  a r e  r e a d  i n  l a s t .  T h e s e  a re  

t h e n  o u t p u t  t o  t h e  p r i n t e r .  A new f e e d  f low r a t e  i s  t h e n  

c a l c u l a t e d  f r o m  a mater ia l  b a l a n c e  o n  t h e  e x t r a c t o r  i n p u t  a n d  

o u t p u t  s treams. T h i s  v a l u e  is t h e n  o u t p u t  t o  t h e  p r i n t e r .  

T h e  v a l u e s  f o r  t h e  p s e u d o  d i s t r i b u t i o n  a n d  r a t e  c o n s t a n t s  t o  

b e  u s e d  i n  t h e  s i m u l a t i o n  a r e  t h e n  r e a d .  

T h e  p r o g r a m  t h e n  i n i t i a l i z e s  t h e  a r r a y s  t o  z e r o .  T h i s  

is s imi la r  t o  c l e a n i n g  t h e  e x t r a c t o r  b e f o r e  a r u n .  T h e  

a q u e o u s  flow r a t e  i n  the e x t r a c t i n g  s e c t i o n  is c a l c u l a t e d  a s  



t h e  sum of t h e  i n p u t  a q u e o u s  flow r a t e  a n d  t h e  f e e d  f.low r a t e  

a s  i n  t h e  K 1  a n d  KZ c a l c u l a t i o n s .  

I n  t h i s  s i m u l a t i o n ,  t ime is s t a r t e d  a t  17 m i n u t e s  r a t h e r  

t h a n  a t  z e r o .  T h i s  is b e c a u s e  i n  t h e  r u n  by C a s t o  t h a t  is 

b e i n g  s i m u l a t e d ,  t h e  f e e d  was a d d e d  t o  t h e  p r e p u m p  c h a m b e r ,  

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

C a s t o ( 6 )  o b s e r v e d  t h a t  t h e  ra re  e a r t h  f e e d  s o l u t i o n  c o l l e c t e d  

i n  t h e  b o t t o m  of t h e  p r e p u m p  c h a m b e r .  T h i s  l a y e r  i n c r e a s e d  

i n  d e p t h  f o r  a b o u t  17 m i n u t e s  b e f o r e  r e a c h i n g  a c o n s t a n t  

l e v e l .  I t  w o u l d  seem r e a s o n a b l e  t h a t  t h i s  l a y e r  w o u l d  b u i l d  

u p  w i t h o u t  a n  a p p r e c i a b l e  a m o u n t  d i s s o l v i n g  i n  t o  t h e  a q u e o u s  

stream, u n t i l  t h e  d e p t h  w a s  s u f f r c i e n t  t o  p a r t i a l l y  b l o c k  t h e  

u n d e r f l o w  p o r t  l e a d i n g  t o  t h e  f e e d  s t a g e  p r e F u m p  c h a m b e r .  

T h e n  t h e  l a y e r  e x t e n d i n g  i n t o  t h e  u n d e r f l o w  p o r t  w o u l d  b e  e x -  

~ 0 s e d  t o  t h e  m o v i n g  a q u e o u s  stream, a n d  b e  d i s s o l v e d  a t  a 

r a t e  e q u a l  t o  t h e  f e e d  f low ra te .  T h i s  r s  s i m u l a t e d  s i m p l y  

b y  a d d i n g  17 m i n u t e s  t o  t h e  i n i t i a l  s t a r t i n g  time. 

T h e  h e a r t  of t h e  s i m u l a t i o n  c o n s i s t s  of a master c a l l i n g  

F r o g r a m  a n d  t h e  s i m u l a t i o n s  of t h e  v a r i o u s  p a r t s  of t h e  

e q u i p m e n t  w r i t t e n  a s  s u b r o u t i n e s .  . T h e  f low of m a t e r i a l .  i n  

t h e  e x t r a c t o r  is c o c u r r e n t  w i t h i n  e a c h  s t a g e ,  a n d  

c o u n t e r c u r r e n t  o v e r a l l .  T h i s  is i l l u s t r a t e d  i n  F i g u r e  17. 

T h e  s i m u l a t i o n  a l s o  u s e s  t h i s  i n  i t s  i n f o r m a t i o n  f l o w  p a t t e r n  

i l l u s t r a t e d  i n  F i g u r e  18. T h e  s i m u l a t i o n s  o f  t h e  p r e p u m p  

c h a m b e r ,  t h e  pump m i x e r ,  t h e  o r g a n i c  p h a s e  s e t t l i n g  c h a m b e r ,  
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a n d  t h e  a q u e o u s  p h a s e  s e t t l i n g  c h a m b e r  a r e  r e f e r r e d  to  as 

PRRP, PUMP, OSET, a n d  ASET r e s p e c t i v e l y .  T h e  s i m u l a t i o n  o f  

t h e  m o d i f i e d  f e e d  s t a g e  pump m i x e r  i s  c a l l e d  F E E D .  As e a c h  

cf t h e s e  s u b r o u t i n e s  a r e  c a l l e d  by t h e  master p r o g r a m , .  t h e  

f l u i d  i n  t h e m  is i n c r e m e n t e d  by o n e - t e n t h  o f  a m i n u t e .  

S i n c e  i n  t h e  r u n s  b y  C a s t o  s a m p l e s  were u s u a l l y  t a k e n  

e v e r y  t e n  m i n u t e s ,  t h i s  s i m u l a t i o n  is w r i t t e n  t o  o u t p u t  a 

d a t a  p o i n t  e v e r y  h u n d r e d  i t e r a t i o n s  o r  e v e r y  t e n  m i n u t e s  r e a l  

time. T h i s  c o n t i n u e s  f o r  a t o t a l  of 390 m i n u t e s  r e a l  time. 

T h i s  is s u f f i c i e n t  f o r  t h e  s t a r t u p  of e v e n  a t w e n t y  s t a g e  

r u n .  

A f t e r  a s t a r t u p  is c o m p l e t e d ,  t h e  p r o g r a m  p l o t s  t h e  s i m -  

u l a t e d  s t a r t u p  a l o n g  w i t h  t h e  e x p e r i m e n t a l  d a t a  l i s t e d  i n  

T a b l e  2 ,  f o r  c o m p a r i s o n .  T h e  p r o g r a m  r e a d s  f i r s t  t h e  n u m b e r  

of t h e  a q u e o u s  p h a s e  e x p e r i m e n t a l  da t a  p o i n t s  . for  t h e  

s t a r t u p ,  a n d  t h e n  r e a d s  t h e  a q u e o u s  c o n c e n t r a t i o n s  a n d  times 

f o r  t h e s e  p o i n t s .  T h i s  is t h e n  r e p e a t e d  f o r  t h e  o r g a n i c  

~ h a s e .  ' T h e  d a t a  from t h e  s i m u l a t i o n  is p l o t t e d  a s  s o l i d  

l i n e s  d r a w n  b e t w e e n  t h e  d a t a  p o i n t s  p r o d u c e d  b y  t h e  s i m u l a -  

t i o n .  T h e  e x p e r i m e n t a l  d a t a  is p l o t t e d  a s  p o i n t s ,  c i r c les  

r e p r e s e n t i n g  t h e  a q u e o u s  p h a s e  d a t a ,  a n d  t r i a n g l e s  r e p r e s e n t -  

i n g  t h e  o r g a n i c  p h a s e  d a t a .  A p l o t  is a l s o  made o f  t h e  

s t a g e w i s e  c o n c e n t r a t i o n s  f o r  b o t h  p h a s e s .  B o t h  o f  t h e s e  

 lots are  made  i n  t w o  s i z e s ,  f o r  c o n v e n i e n c e .  
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A s e c o n d  s i m u l a t i o n  was made t o  t e s t  t h e  p o s s i b i - l i t y  o f  

s i m p l i f y i n g  t h e  model. For t h i s  s i m u l a t i o n  a time i n c r e m e n t  

o f  o n e - h a l f  m i n u t e  was c h o s e n .  T h e  p r e p u m p  c h a m b e r  i s  a g a i n  

p u r e  p l u g  f l o w ,  b u t  d u e  to  t h e  l a r g e r  time i n c r e m e n t  m u s t  be 

s i m u l a t e d  a s  h a v i n g  a time d e l a y  of s i x  m i n u t e s  o r  t w e l v e  i n -  

c r e m e n t s  o f  o n e - h a l f  m i n u t e  e a c h .  T h e  o r g a n i c  p h a s e .  i n  t h e  

s ~ t t l i n g  c h a m b e r  was s i m u l a t e d  a s  p u r e  p l u g  flow w i t h  a  time 

d e l a y  o f  two ~ t i n u t e s .  T h e  a q u e o u s  p h a s e  is c o n s i d e r e d  a s  

well m i x e d .  The pump is s m a l l  e n o u g h  t o  b e  c o n s i d e r e d  t o  be 

c o m p l e t e l y  e m p t i e d  d ' u r i n g  e a c h  i t e r a t i o n .  H e n c e  t h e  t y p e  o f  

f l ow is u n i m p o r t a n t .  

F o r  t h i s  s i m u l a t i o n  t h e  p r o g r a m s  d e s c r i b e d  p r e v i o u s l y  

were m o d i f i e d  t o  a c c e p t  t h e  new time i n c r e m e n t .  T h e  v a l u e s  

f o r  t h e  p s e u d c  d i s t r i b u t i o n  a n d  r a t e  c o n s t a n t s  were 

r e c a l c u l a t e d ,  b y  c h a n g i n g  t h e  v a l u e  of t h e  reactor v o l u m e .  

T h e  subroutines i n  t h e  p r o g r a m  f o r  t h e  s i m u l a t i o n  were re- 

 laced b y  t h e  new; g r e a t l y  s i m p l i f i e d  v e r s i o n s .  T h i s  

l e s s e n e d  t h e  s i z e  o f .  t h e  a r r a y s  n e e d e d  i n  t h e  p r o g r a m .  The 

n u m b e r  of i t e r a t i o n s  r e q u i r e d  t o  s i m u l a t e  t h e  s t a r t u p  t o  

s t e a d y  s t a t e  o p e r a t i o n  were r e d u c e d  by a f a c t o r  of  f i v e .  
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T a b l e  2 .  E x p e r i m e n t a l  d a t a  from C a s t o ( 6 )  

A q u e o u s  p h a s e  
Time i n  Rare e a r t h  
m i n u t e s  m o l a r i t y  

Organ i d  p h a s e  
T i m e  i n  Rare e a r t h  
m i n u t e s  . m o l a r i  t y 



RESULTS A N D  CONCLUSIONS 

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

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

two. T h e  p r o g r a m  s h o w n  i n  A p p e n d i x  C t e r m i n a t e d  w i t h  a 

F S ~ U ~ O  ra te  c o n s t a n t  o f  0.2. I t  was f o u n d  t h a t  f u r t h e r  re- 

d u c t i o n  of t h e  p s e u d o  r a t e  c o n s t a n t  p r o d u c e d  p s e u d o  d i s t r i b u -  

t i o n  c o n s t a n t s  w h i c h  were u n r e a s o n a b l y  l a r g e ,  w i t h o u t  p r o d u -  

c i n g  a s i g n i f i c a n t  c h a n g e  i n  . t h e  s t a g e w i s e  c o n c e n t r a t i o n s .  

T h e  u s e  cf a p s e u d o  r a t e  c o n s t a n t  o f  0 . 2  a n d  t h e  corre- 

s ~ o n d i n g  p s e u d o  d i s t r i b u t i o n  c o n s t a n t  p r o d u c e d  a s i m u l a t e d  

s t a r t u p  w h i c h  was c l o s e  t o  t h e  a c t u a l  e x p e r i m e n t a l  d a t a .  

T h i s  is s h o w n  i n  F i g u r e  19. T h e  a q u e o u s  p h a s e  d a t a  was e x -  

t r e m e l y  c lose.  T h e  s i m u l a t e d  o r g a n i c  p h a s e  d a t a  g a v e  a 

' t a s t e r  s t a r t u ~  t h a n  w a s  f o u n d  e x p e r i m e n t a l l y .  T h i s  is b e -  

c a u s e  t h e  i n t e r f , a c e  l e v e l  w a s  a s s u m e d  t o  be  c o n s t a n t .  I n  t h e  

a p p a r a t u s  t h e  i n t e r f a c e  a c t u a l l y  rose d u r i ' n g  s t a r t u p ,  p r o d u -  

c i n g  a h i g h e r  o r g a n i c  p h a s e  f l o w  r a t e  i n  t h e  s t r i p p i n g  sec- 

t i o n .  T h e  r e s u l t  was t h a t  t h e  o r g a n i c  o u t p u t  stream was 

d i l u t e d  d u r i n g  s t a r t u p .  A s  t h e  e x t r a c t o r  a p p r o a c h e d  s t e a d y  

s t a t e  t h e  i n t e r f a c e  l e v e l s  b e c a m e  c o n s t a n t ,  a n d  t h e  o r g a n i c  

flow r a t e  d e c r e a s e d  u n t i l  s t e a d y  s t a t e  was a t t a i n e d .  A d d i n g  

a  s i m u l a t i o n  cf t h i s  t o  t h e  p r o g r a m  w o u l d  more c l o s e l y  a p -  

p r o x i m a t e  t h e  e x p e r i  m e n t a l  d a t a .  
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T h i s  p a r a m e t e r  was n o t  i n c l u d e d  t o  s i m p l i f y  p r o g r a m m i n g .  

I t  s h o u l d  a l s o  b e  m e n t i o n e d  t h a t  t h e  o r g a n i c  p h a s e  was v e r y  

d i f f i c u l t  t o  a n a l y z e  c h e m i c a l l y .  H e n c e  some e r r o r  c a n  b e  e x -  

p e c t e d  i n  t h . e  e x p e r i m e n t a l  d a t a .  T h e r e f o r e  t h e  e x c l u s i o n  of 

t h i s  p a r a m e t e r  c a n  b e  j u s t i f i e d .  

A s  t h e  p s e u d o  r a t e  c o n s t a n t  is i n c r e a s e d ,  t h e  s t a r t u p  

b e c o m e s  more g r a d u a l .  T h i s  is s h o w n  i n  F i g u r e  20.  T h i s  is 

b e c a u s e  more mater ia l  is b e i n g  e x t r a c t e d  i n  t h e  e x t r a c t i n g  

s e c t i o n ,  a n d  s t r i p p e d  i n  t h e  s t r i p p i n g  s e c t i o n .  A s  i t  is  i n -  

creased t h e  e n t i r e  e x t r a c t o r  ' r e c i r c u l a t e s  more a n d  more mate- 

r i a l .  I n  t h e  l i m i t ,  t h i s  a p p r o x i m a t e s  t h e  time c o n s t a n t  re- 

s p o n s e  of a we l l  m i x e d  z o n e .  

T h e  time i n c r e m e n t  of 0.1 m i n u t e  was c h o s e n  so  t h a t  t h e  

p h y s i c a l  f l o w  p a t t e r n s  c o u l d  b e  s i m u l a t e d  i n  d e t a i l .  H o w e v e r  

i t  c a n  b e  s e e n  from F i g u r e  21  t h a t  n e a r l y  a s  g o o d  s t a r t u p  t o  

s t e a d y  s t a t e  d a t a  c a n  be o b t a i n e d  from t h e  s i m p l e r  model, 

s i m u l a t e d  w i t h  a time r n c r e m e n t  of 0 . 5  m i n u t e .  A s i m u l a t i o n  

of t h i s  t y p e  w o u l d  n o r m a l l y  b e  more p r a c t i c a l .  

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

a c o n s i d e r a b l e  s a v i n g s  i n  c o m p u t e r  time a n d  s p a c e .  T h e  c e n -  

t r a l  p r o c e s s i n g  u n i t  time r e q u i r e d  f o r  t h e  c a l c u l a t i o n s  was 

r e d u c e d  from 133 s e c o n d s  t o  7 s e c o n d s .  T h e  r e g i o n  r e q u i r e d  

was s l i g h t l y  r e d u c e d  from 54K t o  4 6 K .  

I t  s h o u l d  b e  e m p h a s r z e d  t h a t  t h e  m o d e l  is f o r  s t a r t u p  

o n l y .  T h e  f l o w  p a t t e r n s  i n  t h e  m a c h i n e  a r e  h i g h l y  d e p e n d e n t  
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o n  d e n s i t y  c h a n g e s .  D u r i n g  a s t a r t u p ,  a more d e n s e  ma te r i a l  

is b e i n g  a d d e d  t o  e a c h  p a r t  of t h e  e q u i p m e n t .  T h i s  c a u s e s  

t h e  p l u g  f low i n  t h e  p r e p u m p  c h a m b e r  a n d  t h e  o r g a n i c  p h a s e  

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

' r e v e r s e d .  A l i g h t e r  mater ia l  is e n t e r i n g  w h i c h  i m m e d i a t e l y  , 

f l o w s  u p w a r d  t o  t h e .  t o p  of t h e , c h a m b e r  p r o d u c i n g  a p a r t i a l l y  

s h u n t e d ,  p a r t i a l l y  m i x e d  c h a m b e r .  A s i m i l a r  s i t u a t i o n  e x i s t s  

i n  t h e  pump m i x e r .  

T h e  a q u e o u s  p h a s e  s e t t l i n g  c h a m b e r  w l l l  a l w a y s  b e  

a g r t a t e d  b y  t h e  o r g a n i c  p h a s e  t l o w i n g  t h r o u g h  i t .  H o v e v e r  i f  

t h e  mater ra l  e n t e r i n g  1s much more d e n s e  t h a n  t h e  r e s i d u a l  

m a t e r i a l ,  t h e  a g i t a t i o n  w i l l  n o t  b e  s u f f i c i e n t  t o  p r o d u c e  a n  

a p p r e c i a b l e  a m o u n t  o f  m i x i n g .  A h e a v y  l a y e r  w i l l  form o n  t h e  

b o t t o m  u n t i l  t h e  u n d e r f l o w  p o r t  is c o v e r e d .  T h e n  t h i s  l a y e r  

w i l l  r e m a i n  a t  a c o n s t a n t  t h i c k n e s s  u n t i l  i t  is s l o w l y  m i x e d  

w i t h  t h e  r e s i d u a l  m a t e r i a l .  A s  t h e  d e n s i t y  b e c o m e s  more 

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

I f  t h e  m a t e r i a l  i n t r o d u c e d  r s  much l i g h t e r  t h a n  t h e  

r e s i d u a l  m a t e r i a l ,  t h e  s i t u a t i o n  is r e v e r s e d ,  a n d  t h e  l i g h t e r  

l a y e r  f o r m s  a t  t h e  t o p  o f  t h e  a q u e o u s  p h a s e  s e t t l i n g  c h a m b e r .  

T h e  c h a m b e r  t h e n  o p e r a t e s  i n  e s s e n t i a l l y  p l u g  flow u n t i l  t h e  

more d e n s e  material  is p u s h e d  o u t .  

T h e s e  f lcw p a t t e r n s  c o u l d  b e  e x p e c t e d  t o  b e  p r e s e n t  i n  

a l l  s i m i l a r  e q u i p m e n t .  I f  t h e  mater ia l  e n t e r s  t h e  s e t t l i n g  

c h a m b e r  a t  t h e  i n t e r f a c e  l e v e l  o r  lower, a n d  i s  more d e n s e  



t h a n  t h e  r e s i d u a l  m a t e r i a l ,  t h e  same forces w i l l  b e  p r e s e n t  

a s  were p r e s e n t  i n  t h i s  s y s t e m ,  T h i s  c a n  b e  e . x p e c t e d  t o  p r o -  

d u c e  a s i m i l a r  r e s p o n s e  i n  t h e  s e t t l i n g  c h a m b e r .  W h e t h e r  or 

n o t  t h e  m i x e r  is p l u g  flow o r  w e l l  m i x e d  is a f u n c t i o n  n o t  

c n l y  o'f d e n s i t y ,  b u t  a l s o  t h e  b a s i c  e q u i p m e n t  d e s i g n ,  As 

n o t e d  eq r l i e r ,  t h e  o u t p u t  of  t h e  c o m p u t e r  s i m u l a t i o n  is 

s t r o n g l y  i n f l u e n c e d  by  t h e  mass t r a n s f e r  m e c h a n i s m .  T h e s e  

f i n d i n g s  s h o u l d  b e  of v a l u e  i n  s t u d i e s  o f  a l l  s i m i l a r  e q u i p -  

m e n t ,  i n c l u d i n g  o p a q u e  a n d  l i q u i d  metal  s y s t e m s .  
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APPENDIX A: 
SIRULATION OF 

ORGANIC PHASE SETTLING CHAHBER 



//D21502 J09 1A0366,TIME=7,REGION=144K,LINES=2K,CARDS=3OO',BEETNER 
//STEP1 EXEC FOFTG,LINES=2,CAFDS=300,REGION.GO=128K,TIHF.G9=3 
//FORT.SYSIN DD * 

DIMENSION XL (5) ,YL (5) ,GL (5) , DL (5) 
DIMENSION X (100) ,Y (100) ,XOSET (20) 
DO 10 I=1,20 

10 XOSET(I)=O.O 
DO 30 1=1,100 
XTIH=I 
X(I)=XTIM/IO.O 
Y (I) =XOSPT (20) 
XOSET (20) = (XOSET (19) +XOSET (18) +XOSFT(17) +XC)SET (16) ) /4.O 
XOSET (19)=(3.0*XOSET (19)+XOSET(18)) /4.O 
XOSET(18) =(XOSET(18) +XOSET(17))/2.0 
XOSST(17)= (XOSET (17)+3.O*XOSET(16)) /4.O 
DO 20 J=1,15 

20 XOS2T(17-J)=XOSPT(16-5) 
30 XOSET(1) =1.O 

REA3 (5,100) XL,YL,GL,DL 
DO 40 I=1,100 
URITE(6,llO) X(I),Y(I) 

40 CONTINUE 
CALL ORIGIN (0,1.5,1) 
CALL GRAPH(lOo,X,Y, 1,4,10.0,7.5,0.0,0.0,0.0,0.O,XL,YL,GL,DL) 
CALL ORIGIN (15.0,2.0,1) 
CALL GRAPH(1OO,X,Y,1,4,05.O,4.5,O.O,O.O,O.O,O.O,XL,YL,GL,DL) 
STOP 

100 FORHAT (20 A4) 
110 FORHAT(' X(I)=',E20.10,' Y(I)=',E20.5) 

END 
//GO.SYSIU DD * 
TIMF IN MINUTES FRACTION OF S S VAL START UP 3 P  A SINGLESTAGY 3RGANIC SETTLE 
//GO. FT14FOO1 DD DSNAME=GSM, UNIT=SYSDA,DISP= (NEW,PASS) , SMVLT1/3 
// SPACE= (800, (120,15) ) , DCE=(RECFM=VS, LRECLz796, BLKSIZE=800) SMPLT2/3 
//SMPL.TTR EXEC PLOT,PLOTTSR=INCRMNTL,PARM.PLOT=lTYPE 00 PAPER PLEASE' SMPLT3/3 
// 



APPENDIX B :  
S I H U L A T I O N  O F  

A Q U E O U S  PHASE S E T T L I N G  CHAMBER 



//D215AQ JOE ' A 0 3 6 6 , T 1 M ~ = 5 , 9 E G 1 ~ 0 N = 9 6 K , L 1 N E S = 4 K 8 C A R D S = 3 0 0 ~  ,BEETNER 
//STFP1 EXEC FOETG,LINPS=2,CARDS=300,REGION.G0=96K,PIYE.G0=2 
//FORT.SYSIN DD * 

DIMENSION TIME(300'l ,Y(300) ,XL(5) ,YL(5) ,GL(5) ,DL(5) , X  (6) 
READ (5,100) XL,YL,SL 
READ(5,lOl) DL 
C!LL ORIGIN (0,3.0,1) 
AFR=92.0 
DAFR=AF!?/10.0 

- ASR=-10.0 
C=l .o 
DO 200 J=1,6 
XTIM=O. 0 
ASR=AS8+10.0 
DASR=ASR/10.0 
DSFR= (.\SE+AFF!) /lo. 0 
DO 5 1=1,6 

5 X(I)=O.O 
DO 99 TT=1,300 
XTIN=XTIM+O. 1 
TINE(1T) =XTIN 
Y (IT) = X  (4) 
SXPL=X (6) I 

X (6)=((70.0-DASR)*X(S) +DASR*X (5)) /70.O 
X (5)=((75.O-DAS?) *X(5) +DASR*X(4)) /75.O 
X (4) = ( (75.0-DSFR) *X (4) + DSFR*X (3) ) /75.O 
X (3) = ( (120.0-DSFF!) *X(3) +DSFFt*X(2) ) /12O.O 
X (2)= ((120.0-DSFR) *X(2) +DSFR*X (1))/120.0 

99  X (I)= ((50.0-DSFR)*X (1) +DAFR*C+DASF*SXPL) /50.O 
IF(J.GE.2) GOT0 50 
CALL GFAPH(300,TIfE,Y,1,4,10.@,7.5,0.0,0.0,0.O,O.O,XL,YL,GL8DL) 
GOT0 200 

50 CONTINUE 
CALL GRAPH(300,T1HE,Y,1,4,00.0,7.5,0.0,0.0,0.0,0.0,XL,YL8GL,DL) 

200 C3NTINUE 
STOP 

100 FORMAT (15A4) 



1 0 1  FORMAT (SA4) 
END 

//GO.SYSIN D D  * 
T I l l E  I N  MIWUTES FRACTIClN O F  S S  V A L Y E  AQUEOUS SETTLE9 

ASF=O TO 5 0  BY 1 0  
/ / G O .  7 T 1 4 T 0 0 1  D D  DSNAME=&Sfi,!JNIT=SYSDA8 DISP= (NEW8 PASS) SHPLT1/3 
// SPACE= (800, ( l 2 0 , l S )  ) , DCB= ( F E C F Y = V S , L R E C L = ~ ~ ~ , B L K S I Z E = ~ O O )  S R ? L T ~ / ~  
//SYPLTTE EXEC PLOT,FLOTTER=INCRMNTL,PARE.PLOT='TYPE 00 PAPER PLEASZ* SHPLT3/3 



APPENDIX C: 
PROGRAM F O R  PSEUDO 

D I S T R I B U T I O N  AND RATE CONSTANT 
CALCULATIONS, 



/ / @ 2 1 5 K K  JOP ' A O 3 6 6 T T 1 M E = 7 ~ R E G I O N = 1 4 4 K ~ L I r J E S = 5 K ~ C A R 3 S = 3 O O ' ~ B E E T N E R  
/ / S T E P 1  E X E C  F O R T G T L I N E S = 4 ~ C A R n S = 3 0 0 ~ R E G I ? h l o G 3 = l 2 8 K ~ T I ~ E o G 3 = 3  
/ / F T R T . S Y S T r \ l  r)D * 
C  P9C lGPAU T O  C A L C U L A T E  K 1  A N 9  K 2  
C 
C  O E C L A R A T I G N  O F  V A R T A G L E S  
C 

I Y P L I C I T  R E A L * 8  ( A - H T O - 2 )  
I N T E G E R  F S N p Q N  
R E A L * 8  K l ~ K 2 r K 3  
O I M E Y S I O N  C ( 2 2 ) r C @ ( 2 2 ) ~ X ( 3 6 ) r Y ( 3 6 ) ~ z ( 3 6 ) ~ x K l ( 1 5 ~ 2 5 ) ~ x K 2 (  1 5 7 2 5 1  
R E b L * 4  X L ( ~ I , Y L ( ~ ) T G L ( ~ ) T D L ( ~ )  
R E A L * 4  O L 2 ( 5 )  
R E A L * 4  X K ( 5 I T Y K ( 5 ) ~ 0 K ( 5 ) r G K ( 5 )  
R E A D ( 5 7 1 3 0 )  X L ~ Y L T G L T D L  
R E A D (  5 7  130)  D L 2  
I G = O  

r 
C  R E A D I N G  P A R A Y E T E R S  
c 

10 R E A D (  5 7  1 2 0 1  R N T N S T F S N T O F R T A F R T F F R ~ ~ F A ~ T F O C  
W Q I T E ( 6 r 1 2 1 )  R N 9 N S T F S N ~ D F R T A F P p F F R f F C p F 4 C y F O C  
N P T S = - 1 * N S  

C 
C  R N = R U N  N U M B E R  
C N S = N U M B E R  OF S T A G E S  
C  F S N = F E E O  S T A G E  N U M B E R  
C O F R = O R G A N I C  F L O W  R A T E  
C  AF S = A Q U E O U S  FLOW R A T E  
C F K R = F E F O  F L O W  P A T E  
C  F C = F E E D  C O M P O S I T I O N  ( R A R E  E A Q T H  M O L A R I T Y )  
C F A C = F I Y A L  A Q U E O U S  C O M P O S I T I O N  
C F C I C = F I N A L  O R G A N I C  C O M P O S I T I O N  
C  C C I ( N ) = R A R E  E A R T H  C O N C E N T P A T I O N  I Y  0 9 G A Y I C  P H A S E  L F A V I V G  S T A S E  Y 
C C I N ) = R A P E  E A R T H  C O N C E N T R A T I O N  I N  A Q U E O U S  P H A S E  L E A V I V G  S T A G E  N  
C  K l = E Q U I L I B R I U M  C O N S T A V T  S U C H  T H A T  A T  E 3 U I L I S R I U Y  C O ( V ) = K l * C ( V )  
C  K 2 = F I 9 S T  O R D E R  R E A C T I O N  R A T E  C O N S T A N T  



C SV=REAC.TOQ VOLUME ( V O L U M E  O F  M I X E R  PUMP1 
C 

I F ( Y S . L E . 5 )  G O T 0  94 
I G = I G + l  
K 2 = 5 . 0 ! 3 0  
D K 2 = - 0 . 2 D O  
K 2 = K 2 - ! 3 K 2  
A F R S = A F R  

C 
C C A L C U L A T I N G  F E E 9  F L O W  R A T E  F R O M  R A R E  E 4 R T H  B A L A N C E  
C 

F F R = C @ F R * F O C + A F R S * F A C ]  / ( F C - F A C  1 
W R I T E ( 6 r 3 0 0 )  FF!? 

300 F O P . M A T ( '  F E E D  F L O W  R A T E  C A L C U L A T E D  F R O M  R A R E  - E A R T H  84L41VC.E = ' ?  

1 E 2 0 -  109' M L / M T N '  1 
c 
c SEGINING ITERATI  VE CALCULATIONS 
c 

R F R E = A F R + F F R  
C O (  I )  =O. O D 0  
C ( 2 ) = F A C  
T Z T = O  
C A L L  O R I G I N ( 0 . 0 , 3 . 0 , 1 )  
DO 60 I 6 0 = 1 1 5  
DO 5 9  1 5 9 = 1 , 5  
I Z T = I  Z T + 1  
G = 0 . 0 @ 0  
D G = 0 . 1 0 0  
K 2 = K 2 + n K 2  
I C T = O  

1 C O N T I N U E  
I c r = I c T + i  
I F !  I C T . G E . 1 6 0 )  G O T 0  45 
K l = G  

C  
C  S T A G E W I S E  C A L C U L A T I O N S  
C 



C 
C E X T R A C T I N G  S E C T I O N  C A L C U L A T I O N  
C 

A F R = A F R E  
RV=  f O F R + A F R ) / l O . O D O  
K 3 = K 2 * R V / O F R  
D O  30 I = 2 ? F S N  
CO( I ) = ( C O (  I - l ) + K l * E 3 s C ( I )  ) / ( K 3 + l 0 O 9 0 )  
C(l+I)=C(I)+(CO(I)-COIT-l)I*OFR/AFR 

30 C O N T I N U E  
C 
C . F E E D  S T A G E  C A L C U L A T I O N  
C 

T = F S N + l  
C0(1~=(CC(1-1)+K1*K3*~~1~)/(K3+1.0D0) 
C(f+l)=(C~.Il*AFR+(CO(T)-CO(I-11~*OFR-FC*FFRl/AFRS 

C 
C S T R I P P I N G  S E C T I O N  S A L C U L A T I O N  
c 

I D l = F S N + 2  
I D ' ~ = N  S+ 1 
A F R = A F R S  
R V = ( O F R + A F R ) / 1 0 . 0 0 0  
K 3 = K 2 * R V / O F R  
D O  40 I = I D 1 ?  I D 2  
CO(I)=(CO(I-1~+K1*K3*C(l))/(K3+lo0DO) 
C (  I + l ) = C (  I ) + ( C O ( I  1 -CO(  1 - 1 1  ) * O F R / A F R  

40 C O N T I N U F  
r, 
C COMPLETION OF STAGEWISE CALCULATIONS 
C S E G  I N  C C N V E R G A N C E  SCHEME 
C 

A Q = C t  N S + 2  l 
gRG=CC! (NS+ l )  
IF~DASS~AQ).LE.1000-07~GO~0 5 0  
I F ( A Q . L T o O o O )  GO T O  5 
G=G-DG 



DG=DG/lO.ODO 
IC(DGoLE-loOD-10) GO TO 49 

5 G=G+DG 
GO TO 1 

C 
C COH?LETION OF CONVERGANCE SCHEME 
C BEGIN PRINT OUT SCHEME 
C 

49 CONTINUE 
WRITE(6y152) DG 

50 CONTINUE 
WRITF(6v1501 GvAQvORGvICTqKlvK2 
WRITE(7,lOl) RNvKlvK2 
XKl(IG,IZTI=Kl 
XK2( IGv IZT)=K2 

59 CONTINUE 
DO 90 IKz1,NS 
XIIK)=TK 

90 Y(IK)=CIIK+l) 
WRITE(8v153) k19K2 
REWINO 8 
READ(8v154) GL 
REWIND 8 
CALL G R A P H ( N P T S ~ X v Y ~ 1 ~ 1 0 3 ~ 0 5 ~ 0 ~ 4 ~ 5 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ X L ~ Y L q G L v 3 L ~  
00 91 IK=lqNS 

91 Y(IK)=CO(IK+l) 
CALL G R A P H I N P T S ~ X ~ Y ~ 2 ~ 1 0 3 ~ 0 0 ~ 0 ~ 7 ~ 5 ~ O ~ O q O ~ O ~ O ~ O v O ~ O ~ X L v Y L v G L v ~ L 2 ~  
CALL OSIGIN(7-0vO-Oql) 

.60 CONTINUE 
DO 61 IZT=1,25 
X(IZT)=XKl(IG,IZT) 

61 Y(IZT)=XK2(IG,IZTl 
REkD(59130) XK,YK,GK9DK 
CALL G R A P ~ ~ - 2 5 ~ X ~ Y ~ l ~ l ~ 5 ~ 0 ~ 4 ~ 5 ~ 0 ~ 4 ~ O o O ~ 1 ~ 6 ~ O ~ ~ ~ X < ~ Y K ~ G ~ ~ ~ K I  
C4LL @RIGIN(7.0~-2.0vl) 
CALL G R A P H ~ - 2 5 ~ X ~ Y ~ 1 ~ 1 ~ 1 0 ~ 5 ~ 7 ~ 5 ~ 0 ~ 2 ~ 0 ~ 0 ~ 0 ~ 8 ~ 0 ~ 0 v X K ~ Y K ~ ~ ~ ~ 0 K ~  
CALL ORIGIN(l5~Ov-l.Ov11 



G O T 3  10 
4 5  C O N T I N U F  

W R I T E ( 6 r l 5 1 )  
W R I T E ( 6 9  1 5 0 )  G T A Q T ~ ~ R G T I C T T K ~ ~ K ~  
W R I T E ( 6 r l 4 0 1  ( C O ( I ' T ) ~ I P T = L T I D ~ )  
W R I T E ( 6 r l 4 1 1  ( C ( I P T 1  T T P T = ~ T I D ~ )  

99 W R I T E ( 6 r  1 0 2 1  
S T O P  

101 F 0 R M A T ( 1 2 ~ 3 E 2 1 . 1 4 )  
1 0 2  F O R M A T ( '  E X E C U T I N * 3  C 4 R P  99 OF P R O G R A Y ' )  
120 FORMAT ( 3 1 3 9 1 X 9 6 E 1 3 . 5 )  
1 2 1  F O R M A T ( ~ X T ~ I ~ T ~ X T ~ E ~ ~ ~ ~ )  
130 F O R Y A T  ( 2 0 A 4 )  
140 F O R H A T ( ' 0 ' 1 2 1 F 5 . 2 )  
141 F O P M A T ( '  ' ~ 2 1 F 5 . 2 )  
150 F O R M A T (  '0  G=' T E ~ ~ . S ~ S X ~ ' A Q = ' T E I . ~ ~  5 9  5 x 9  ' ~ R G = ' T E I ~ ~ ~ ~ ~ X T '  I C T = '  9 1 3 9  

- 1 5 X ~ ' K 1 = '  9 E l 3 . 5 ~ 5 X ~ ' K Z = ' l E 1 3 o 5 )  
I 5 1  F O R M A T (  ' CONVERGANCE F A I L E D  I C T = 1 6 0 9  1 
1 5 2  F O P M A T ( '  DG S T O P P E D  I T E P A T I O N S  D G = ' , D 2 5 . 1 5 )  

4 
tu 

1 5 3  F O R M A T (  ' K l = '  ~ F 1 0 . 7 1 ' K 2 = ' ~ F 4 o l )  
154  F O R M A T (  5 A 4 )  

END 
/ / G O * S Y S I N  DO * 3 3  
S T A G E  NUMBER R A R E  E A R T H  M O L A R I T Y  S T A G E W I  S E  C 3 N C E Y T R 4 T  9 0 U E O U S  P Y A S E  

O R G A N I C  P H A S E  
4 10 7 1 8 6 . 0  9 2 . 0  5 .80  2 . 6 4 3  0 . 0 9 5 0  0 . 0 3 2 4  

E Q U I L I  R R I U M  C O N S T A N T  R A T E  C O N S T A N T  RUN 4 B Y  C 4 S T 3  
0 0 0  0.0 0.0 0.0 0.0 0.0 0.0 

/ / G O , F T 0 8 F 0 0 1  D D  U N I T = S P O U L T S P A C E = ( T R K T ( ~ ~ ~ ) ~  
/ / G O . F T l 4 F 0 0 1  00 D S N A Y E = & S M ~ U N I T = S P O O L ~ D I  SP=(NEWv P d S S )  T S Y P L T L / 3  
/ /  S P A C E = ( 8 0 0 1  ( 1 2 0 1  1 5 )  ) v D C B = (  R E C F M = V S T L R E C L = ~ ~ ~ T B L K S I Z E = ~ O O )  S M P L T 2 / 3  
/ / S M P t T T R  E X E C  P L O T l P L O T T E P = I N C R M N T L ~ P A R M . P C O T = r f Y P E  03 P 4 3 E 3 '  S Y P L T 3 / 3  



APPENDIX D :  
PROGRAPI TO SIMULATE 

PIIXEA-SETTLER EXTRACTOR 



/ / D 2 1 5 S M  J O B  ' A 0 3 6 6 9  T I M E = 7 t R E G I O N = 1 4 4 K t L l  N E S = 5 K v C  A R D S = 3 0 O 1  9 B E E T N E R  
/ / S T E P 1  E X E C  F O R T G ~ L I N E S = 5 T C A R D S = 3 0 0 ~ R E G I O N ~ G O ~ 1 2 8 K t T I M E ~ G O ~ 3  
/ / F O R T . S Y S I N  D D  * 
C 
C T H I S  PROGRAM S I M U L A T E S  T H E  S T A R T  U P  OF A T E N  STAGE M I X E R - S E T T L E R  
C E X T R A C T O R  
C  
C T H E  PROGRAM C O N S I S T S  OF A M A S T E R  C O N T R O L I N G  PROGRAM A N D  T H E  N E C E S S A R Y  
C S U B R O U T I N E S  T O  S I M U L A T E  T H E  V A R I O U S  P A R T S  O F  T H E  A P P A R A T U S  
C 

R E A L  K 1 9 K 2 t K 3  
COMMON N9FC9FFRIKl,K2,K39AFR9OFRtOVP,AVP9FVPpASRtDAFR~DASRtDSFR 
COMMON P R P ( ~ ~ ) ~ X P R P ( ~ ~ ~ ~ ~ ) ( A S E T ( ~ ~ ) , O S E T ( ~ ~ ) ~ X O S E T ( ~ O ~ ~ ~ ) ~ D O F R  
COMMON X A S E T ( 6 t 2 1 ) , C 0 ( 2 1 ) , C ( 2 1 )  
COMMON X O M P ( 4 t 2 1 )  r X A M P ( 4 t 2 1 )  
D I M E N S I O N  XL(5)tYL(51tGL(5)9DL(5),X(40),Y(4OlrZ(40) 
D I M E N S I O N  D L O ( 5 )  
O I M E N S I O N  X K ( S I g Y K ( S I , G K ( 5 ) ~ D K ( 5 )  
D I M E N S I O N  E X T ( 3 5 )  , E X C ( 3 5 )  t E X C O ( 3 5 1  
D I M E N S I O N  E Z T ( 3 5 )  
I N T E G E R  R N v F S N  
D I M E N S I O N  L A B L ( 7 )  
R E A D ( S 9 1 1 0 )  X L t Y L 9 G L f D L  
R E A D ( 5 t  110) X L t Y L , G L , D L O  
R E A D (  5 9  110) X K t Y K t G K t D K  

6 C O N T I N U E  
R E A D ( 5 g 1 2 0 )  R N t N S , F S N t O F R 9 A F R 9 F F R , F C t F A C 9 F O C  
W R I T E ( 6 t 1 2 1 )  RN,NStFSN9OFR,AFR,FFR,FCtFAC,FOC 
I F ( N S * L E . S )  G O T 0  99 
R E A D ( 5 9 1 1 1 )  G L  
AFRS= A F R  
FFR=(OFR*FOC+AFRS*FACl / (FC-FAC)  
W R I T E ( 6 r 3 0 0 )  F F R  
AFRE= A F R + F F R  
A S R = 1 0 *  0 
O O F R = O F R / l O *  0 
R E A D ( 5 t l O l l  R N t K l v K 2  



I N I T I A L I Z I N G  ARRAYS T O  Z E R O  

MASTER PROGRAM 

E X T R A C T I N G  S E C T I O N  



D S F ? = ( A S R + A F R ) / l O . O  
A V P = D A F R  
R V = ( O F R + A F R I / 1 0 . 0  
K 3 = K 2 * R V / O F R  
DO 1 0  N = 2 f F S N  
C A L L  PRPMP 
C A L L  PUMP 
C A L L  O S E T L  
C A L L  A S E T L  

10 C O N T I N U E  
C  
C F E E D  S T A G E  
C  

N = F S N + l  
C A L L  PRPMP 
C A L L  F E E D  
C A L L  O S E T L  
C A L L  A S E T L  

C  
c S T R I P P I N G  S E C T I O N  C A L C U L A T I O N S  
C  

A F R = A F R l  
D A F R = A F R / l O .  0 
D A S R = A S R / l O .  0 
DSFR= ( A S R + A F R ) /  10.0 
AVP=DAFR 
R V = ( O F R + A F R I / l O . O  
K 3 = K 2 * R V / O F R  
I D l = F S N + 2  
I D 2 = N S + 1  
DO 20 N = I D l f I D 2  
C A L L  PRPMP 
C A 1 . L  PUMP 
CAL.L  O S E T L  
C A L L  A S E T L  

2 0  C O N T I N U E  
X I C T = X I C T + O .  1 



3 0  C O N T I N U E  
X ( I C T ) = X I C T  
Y ( I C T ) = A S E T ( Z )  
Z ( I C T ) = O S E T ( l l )  
W R I T E ( 6 9 1 0 0 1  X I C T 9 b S E T ( 2 1  9 0 S E T ( l l )  

40 C O N T I N U E  
W R I T E ( 1 0 , 2 7 5 )  K l v K 2  
R E W I N D  10 
R E A D (  10, 276) L A B L  
R E H I N D  10 
R E A O ( 5 9 1 2 2 )  N P T S  
DO 50 I N P T S = l , N P T S  

5 0  R E A D ( 5 r l 2 3 I  E X T ( I N P T S ) T E X C ( I N P T S )  
R E A D (  5 , 1 2 2 )  N P T Z  
DO 5 1  I N P T S = l , N P T Z  

5 1  R E A D ( 5 9 1 2 3 )  E Z T ( I N P T S I , E X C O ( I N P T S )  
C A L L  O R I G I N ( 0 - O t l - C r l )  
C A L L  G R A P H ( ~ ~ ~ X ~ Y ~ L ~ ~ ~ ~ ~ ~ O ~ ~ ~ ~ ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ X L ~ Y L T G L T D L ~  
C A L L  G R A P H ( ~ ~ ~ X ~ Z ~ ~ ~ ~ ~ ~ ~ ~ ~ O ~ O ~ O ~ O ~ O ~ O T O ~ O ~ O ~ O ~ X L ~ Y L ~ G L ~ D L O ~  
C A L L  G R A P H ( N P T S ~ E X T ~ E X C ~ ~ ~ ~ O ~ ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ O T X L T Y L ~ G L ~ D L ~  
C A L L  G R A P H ( N P T Z 9  E Z T ,  E X C O T ~ T  1 0 7 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 e 0 ~  

~ X L , Y L I G L T D L O )  
C A L L  L E T T E R ( ~ . ~ T ~ . C T O . ~ , L A B L T O ~ O ~ ~ ~ T O T O T O T O T O ~ O T O T O T O T O ~  
C A L L  0 R I G I N ( 1 5 ~ 0 ~ 2 ~ 0 , 1 )  
C A L L  G R A P H ( ~ ~ ~ X ~ Y ~ ~ , ~ ~ ~ ~ ~ O ~ ~ ~ ~ ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ X L ~ Y L T G L ~ D L I  
C A L L  G R A P H ( 4 0 ~ X , Z ~ 2 ~ 4 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~  0 9 0 - O T X L T Y L ~ G L T D L O )  
C A L L  G R A P H ( N P T S ~ E X T ~ E X C ~ ~ ~ ~ O ~ ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ O T X L T Y L T G L T D L ~  
C A L L  G R A P H ( N P T Z 9 E Z T 9 E X C O 9 2 9  10790- O ~ O ~ O , O ~ O T O - O ~ O - O T O ~ O T  

~ X L , Y L T G L , D L O )  
C P L L  L E T T E R ( ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ L A B L ~ O ~ O ~ ~ ~ ~ O ~ O ~ O T O T O T O T O T O ~ O ~ ~ ~  
DO 90 I = 1 9 1 0  
X (  I )=I 
Y (  I ) = C (  I+1) 

90 Z ( I  I = C O (  I+1) 
C A L L  O R I G I N (  1 5 . 0 , - 2 - 0 1  1) 
C A L L  G R A P H ( 1 0 ~ X ~ Y ~ 1 ~ 1 0 3 ~ 1 0 ~ 0 ~ 7 ~ 5 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ X K ~ Y K ~ G K ~ D K ~  
C A L L  G R A P H (  1 0 9 X ~ Z 9  2 , 1 0 3 9 0 0 ~ 0 9 0 ~ 0 9 0 ~ 0 9 0 ~ 0 ~ 0 ~ 0 9 0 ~ 0 ~ X K 9 Y K ~ G K 9 D L 0 ~  



C A L L  L E T T E R ( ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ L A B L ~ O ~ O ~ ~ ~ ~ O ~ O ~ O ~ O T O ~ O T O ~ O ~ O ~ ~ ~  
C A L L  O R I G I N ( 1 5 ~ 0 i 2 ~ 0 ~ 1 ~  
C A L L  G R A P H ( 1 O ~ X ~ Y ~ l , l 0 3 , 0 5 ~ O ~ 4 . 5 ~ O . O ~ O . O ~ O . O t O . O ~ X K ~ Y K ~ G K ~ D K ~  
C A L L  G R A P H ( ~ ~ ~ X ~ Z ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ O T O ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ O ~ X K ~ Y K ~ G K ~ D L O ~ ,  
C A L L  L E T T E R ( 0 ~ 2 i 4 ~ 2 ~ 0 ~ 1 i L A 8 L ~ 0 ~ 0 ~ 2 8 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~  
C A L L  O R I G I N (  15.0,-3.0,1) 

. G O T 0  6 
99 C O N T I N U E  

W R I T E ( 6 , 1 5 5 )  
1 5 5  F O R M A T ( '  PROGRAM T E R M I N A T E D  N S < 5 ' 1  

S T O P  
100 F O R M A T (  1 x 1  3 E 2 0 . 8 )  
101 F O R M A T ( I 2 i 3 E 2 1 . 1 4 )  
110 F O R M A T  ( 2 0 A 4 1  
111 F O R H A T ( 4 0 X i 5 4 4 )  
120 F O R M A T  ( 3 1 3 , l X , 6 € 1 0 . 5 I  
121 F O R H A T - ( l X , 3 1 3 , l X , 6 E 1 5 , 5 )  
122 FOR.9AT ( I 3  1 
1 2 3  F O R M A T ( F 3 . 0 i 2 F 5 . 5 )  
275 F O R M A T ( ' K 1  = ' r F 1 0 - 8 , ' .  K 2  = ' , F 4 . 1 1 1 X )  
276 FORbqAT ( ? A 4 1  
300 F O R M A T ( '  FEED FLOW R A T E  CALCULATED FROM R A R E  E A R T H  'BALANCE = I ,  

1 E 2 O - l O , ' M L / M I N '  1  
E N D  



C  
C C A L C U L A T I O N  O F  M I X E R  PUMP 
C . . 

SUBROUT'INE PUMP 
R E A L  K l ~ K 2 9 K 3  
COMMON N , F C T F F R T K ~ ~ K ~ , K ~ , A F R , O F R , O V P , A V P , F V P ,  A S R , D A F R T D A S R , D S F R  
COMMON P R P ( ~ ~ ) ~ X P R P ( ~ ~ ~ ~ ~ ) ~ ~ E T ( ~ ~ ) T O S E T ( ~ ~ ) ~ S E T ( ~ O ~ ~ ~ ) T @ O F R  
COMMON X A S E T ( 6 , 2 1 )  r C O ( Z l . I r C ( 2 1 )  
COMMON X O M P ( 4 r 2 1 ) r X A M P ( 4 , 2 1 ) .  
C O ( N ) = X O M P ( ~ T N I  
C ( N l = X A M P ( 4 , N )  

. DO 10 I = l r 3  
XOMP(  5 - 1  , N ) = X O M P ( 4 - I  , N )  

10 X A H P (  5 - 1  , N ) = X A M P ( 4 - 1  VN) 
X O M P ( l ~ N ~ = ( O S E T ( N - l ) + K l * K 3 * ~ P R P ( N ) + ~ T ( N - l ~ * O F R / A F R ~ ~ /  

l ( K 3 + 1 . 0 + K l * K 3 * O F R / A F R )  
X A M P ( 1 , N ) = P R P ( N I + ( O S E T ( N - l ) - X O M P ( l , N )  l * O F R / A F R  
R E T U R N  
E N D  



C 
C C A L C U L A T I O N  O F  P L U G  FLOW P R E  PUMP CHAMBER 
C  

S U B R O U T I N E  P R P M P  
R E A L  K I v K Z v K 3  
COMMON N v F C ~ F F R T K l v K 2 v K 3 v A F R v ~ F R ~ O V P v A V P v F V P ~ A S R v D A F R v D A S R v D S F R  
COMMON P R P ( ~ ~ ~ ~ X P R P ( ~ ~ ~ ~ ~ ) ~ A S E T ( ~ ~ ~ ~ O S E T ~ ~ ~ ~ ~ X O S E T ~ ~ O ~ ~ ~ ~ T D O F R  
COMMON X A S E T t 6 ~ 2 1 1 v C 0 ( 2 1 ) , C ( 2 1 )  
COMMON X 0 M P ( 4 ~ 2 l l r X A M P ( 4 ~ 2 1 ~  
P R P ( N ) = X P R P ( l v N )  
DO 10 I = 1 ~ 6 1  

10 X P R P ( I v N I = X P R P ( I + l , N )  
X P R P ( 6 2 r N ) = A S E T ( N + l )  
R E T U R N  
E N D  



C  
C C A L C U L A T I O N  F O R  O R G A N I C  P H A S E  I N  S E T T L I N G  CHAMBER 
C 

S U B R O U T I N E  O S E T L  
R E A L  K l v K 2 ~ K 3  
COMMON N ~ F C ~ F F R l K l l K 2 ~ K 3 ~ A F R ~ O F R ~ O V P ~ A V P ~ F ~ ~ ~ A S R ~ D A F R ~ D A S R ~ O S F R .  
COM.YON P R P ( ~ ~ ) ~ X P R P ( ~ ~ ~ ~ ~ ~ , A S E T ( ~ ~ ~ ~ O S E T ( ~ ~ ) ~ X O S E T ( ~ O , ~ ~ ~ T D O F R  
COMtMON X A S E T ( 6 9 2 1 ) , C 0 ( 2 1 ) ~ C ( 2 1 l  
COMMON X O M P ( 4 , Z l )  ~ X A M P ( 4 r 2 1 1  
O S E T ( N ) = X O S E T ( Z O t N )  
X O S E T ( ~ ~ ~ N ~ = ( X O S E T ( ~ ~ ~ N ~ + X O S E T ( ~ ~ ~ N ~ + X O S E T ~ ~ ~ ~ N ~ + X O S E T ~ ~ ~ ~ N ~ ~ / ~ ~ ~  
X O S E T (  1 9 , N ) = ( 3 - 0 * X O S E T (  1 9 T N ) + X O S E T ( 1 8 , N )  l/4*0 
X O S E T ( ~ ~ , N ) = ( X O S E T ( ~ ~ ~ N ) + X O S E T ( ~ ~ T N ) ~ / ~ * O  
x O S E T ( ~ ~ ~ N ) = ( X O S E T ( ~ ~ , N ~ + ~ ~ O * X O S E T ( ~ ~ T N ) ~ / ~ ~ O  
DO 10 I = l r 1 5  

10 X O S E T ( 1 7 - I 1 N ) = X O S E T (  1 6 - I t N )  
XOSET(l~N)=(XOSET(l,N)+CO(N))/2-0 
RETiJRN 
E N D  



C 
C  C A L C U L A T I O N  F O R  A Q U E O U S  P H A S E  I N  S E T T L I N G  C H A M B E R  
C 

SUBROUTINE A S E T L  
R E A L  K l q K 2 v K 3  
COMMON N , F C , F F R ~ K l 9 K 2 ~ K 3 r A F R ~ O F R , O V P , A V P ~ F V P ~ A S R ~ D A F R , D A S R , D S F R  
COMMON P R P ( . 2 1 ) ~ X P R P ~ 6 2 ~ 2 1 ) ~ A S E T ( 2 2 ~ ~ O S E T t 2 1 ~ ~ X O S E T ( 2 3 ~ 2 1 ) ~ D O F R  
C O M M O N  X A S E T ( 6 r 2 l )  r C O ( 2 1 1  , C ( 2 1 )  
C O M M O N  X O M P ( 4 , 2 l ) r X A M P ( 4 , 2 1 )  
A S E T (  N ) = X A S E T ( 4 , N )  
S X P L = X A S E T ( 6 , N l  

, X A S E T ( 6 , N I = ( ( 7 0 . O - D A S R ' ) * X A S E T ( 6 , N ) + D A S R * X A S E T ( 5 , N ) ) / 7 0 . 0  
X A S E T ( 5 , N l = ( ( 7 5 . 0 - D A S R ) * X A S E T ( 5 , N l + D A S R * X A S E T ( 4 , N ) l / 7 5 ~ 0  
X A S E T  ( 4 9 N ) = (  ( 7 5 . 0 - D S F R )  * X A S E T (  4 , N ) + D S F R * X A S E T (  3 . N )  ) I 7 5 0 0  
X A S E T ( 3 ~ N ) = ( ( 1 2 0 ~ 0 - D S F R l * X A S E T ( 3 ~ N ~ + D S F R * X A S E T ~ 2 ~ N ~ ~ / l 2 0 ~ 0  
X A S E T ( ~ ~ N ~ = ( ( ~ ~ ~ ~ ~ - D S F R ~ * X A S E T ( ~ ~ N ~ + D S F R * X A S E T ~ ~ T N ~ ~ / ~ ~ O ~ O  
x A S E T ( l , N ) = (  ( 5 0 . 0 - D S F R ) * X A S E T (  1 1 N ) + D A F R * C ( N ) + D A S R * S X P L ) / 5 0 - 0  
R E T U R N  
E N D  



C  
C  FEED S T A G E  M I X E R  PUMP C A L C U L A T I O N  
C  

S U B R O U T I N E  F E E D  
RENAL K l i K 2 9 K 3  
COMMON N i F C q F F R  i K l q K 2 i  K 3 i  A F R ~ O F R q O V P ~  A V P i  F V P q  A S R i  D A F 3 i  D A S R q D S F R  
COMMON P R P ( 2 1 ) q X P R P ( 6 2 q 2 1 ) ~ A S E T ( 2 2 I ~ O S E T ( 2 1 ) , X O S E T ~ 2 O ~ 2 l ~ ~ D O F R  
COMMON X A S E T ( 6 9 2 1 )  i C 0 ( 2 1 I i C ( 2 1 I  
COMMON X O M P ( 4 i 2 1 ) q X A M P ( 4 q 2 1 )  
C O d N ) = X O M P ( 4 i N I  
C ( V I = X A M P ( 4 , N I  
D O  10 1 ~ 1 1 3  
X O Y P ( ~ - I ~ N I = X O M P ( ~ - I T N I  

10 X A q P ( 5 - I , N ) = X A M P ( 4 - I i N )  
X A F S = (  F F R * F C + ( A F R - F F R I * P R P (  N I  ) / A F R  
XO~P(lqNI=(OSET(N-l)+Kl*K3*(XAFS+OSET(N-lI*UFR/AFR))/ 

l ( K 3 + 1 . 0 + K l * K 3 * 0 F R / A F R I  . 

X A k l P ( l q N ) = X A F S + ( O S E T ( N - 1 1 - X O M P ( l i N ) ) * O F R / A F R  
R E T U R N  
E N D  



/ / G O . S Y S I N  DD * 
T I M E  R A R E  E A R T H  CONC. T E N  S T A G E  S I M U L A T I O N  A Q U E O U S  P H A S E  
T I M E  R A R E  E A R T H  CONC. T E N  S T A G E  S I M U L A T I O N D R G A N I C  P H A S E  

S T A G E  N U M B E R  R A R E  E A R T H  CONC S T A G E W I S E  C O N C E N T R A T  A Q U E O U S  P H A S E  , 

4 10 7 186.0 92.0 5.8 2.643 0.095 .0.0324 
E Q U I L I B R I U M  C O N S T A N T  R A T E  C O N S T A N T  RU.N 4 B Y  C A S T 0  

4 0~87287400000000D 00 0~40000000000000D 00 
29 
1000015 
5000010 
6000015 
6500116 
7000548 
7501407 
8002497 
8503663 
9004652 
9505486 

10006240 
10506757 
11007285 
12007938 
13008440 
14008817 
15009043 
16009219 
17009345' 
18009395 
19009470 
20009470 
2 1009.445 
22009470 
23009470 
25009520 
27009495 
29009546 
31009546 



1 9  
1000126 
2000111  
3000261  
4000824 
5001367 
60017 33 
7002020 
9002300 

11002540 
12002620 
13002790 
1400279 
15002910 
16002830 
18002990 
20003090 
22003220 
25003240 
30303240 

o o c  0.0 0.0 0.0 0.0 0.0 0.0 
//GO.FTlOFOOl DD U N I T = S P O O L V S P A C E = ( T R K , ( ~ , ~ ) ~  
//GO.FT14F001 DD D S N A M E = & S M ~ U N I T = S Y S D A , D I S P = ( N E W v P A S S l ,  SMPLT1/3 
/ /  S P A C E = ( 8 0 0 ~ ( 1 2 0 ~ 1 5 ) ~ , D C B = ( R E C F M ~ V S ~ L R E C L ~ 7 9 6 ~ B L K S I Z E ~ 8 0 0 ~  SMPLT2/ 3 
/ / S M P L T T R  E X E C  PLOT,  PLOTTER=I NCRMNTL, PARM. PLOT='  T Y P E  00 P A P E R '  SMPLT3/3 



A P P E N D I X  E: 
L I S T  OF SYMBOLS 

A N D  A B B R E V I A T I O N S  



LIST OF SYHBOLS A N D  ABBREVIATIONS 

C O ( N ) = C o n c e n t r ' a t i o n  of Rare E a r t h s  i n  t h e  O r g a n i c  P h a s e  o f  
S t a g e  N 

C ( N ) = C o n c e n t r a t i o n  o f  Rare E a r t h s  i n  t h e  A q u e o u s  P h a s e  o f  
S t a g e  N 

K l = P s e u d o  D i s t r i b u t i o n  C o n s t a n t  s u c h  t h a t  a t  e q u i l i b r i u m  
CC (N) = K  1 *C (N) 

' K 2 = P s e u d o  F i r s t  O r d e r  Rate C o n s t a n t  w i t h  t h e  u n i t s  
m i n u t e s * * -  1 

RV=Reactor Volume 

O F R = O r g a n i c  P low Rate  

AFR=Aqueous F l o w  Rate 

AFRE=Aqueous F l o w  Rate i n  t h e  e x t r a c t i n g  s e c t i o n  o f  t h e  
mixer-settler 

APRS-Aqueous F low Rate i n  t h e  s t r i p p i n g  s e c t i o n  ' o f  t h e  mixer- 
se t t l e r  

F F R = F e e d  F l o w  Rate 

PC=Feed  C o m p o s i t i o n  ( r a r e  e a r t h  m o l a r i t y )  

d T = T i m e  I n c r e m e n t  

C V P = O r g a n i c  Volume i n  t h e  Pump i n v o l v e d  i n  mass t r a n s f e r  

AVP=Aqueous V o l u m e  i n  t h e  Pump i n v o l v e d  i n  mass t r a n s f e r  

KJ=K2*RV/OFR 

N - S t a g e  Number 

DAPR=Tlme I n c r e m e n t  c f  AFR 

DOFR=Time I n c r e m e n t  of OFR 

ASR=Rate  o f  R e c i r c u l a t i o n  w i t h i n  t h e  A q u e o u s  S e t t l i n g  C h a m b e r  

CASR=Time I n c r e m e n t  of ASR 

DSFR=DASRtDAPR 



F r p ( N ) = T h e  O u t p u t  of t h e  P r e p u m p  C h a m b e r  o f  S t a g e  N 

X P R P ( I , N ) = T h e  I t h  Volume of F l u i d  i n  t h e  S t a g e  N P r e p u m p  
C h a m b e r  

ASET(N)=The  O u t p u t  o f  t h e  S t a g e  N ~ q u e o u s  P h a s e  S e t t l i n g  
C h a m b e r  

XASET(I ,N)=Tha  I t h  v o l u m e  of F l u i d  i n  t h e  S t a g e  N A q u e o u s  
P h a s e  S e t t l i n g  C h a m b e r  

OSET(N)=The  O u t p u t  o f  t h e  S t a g e  N O r g a n i c  P h a s e  S e t t l i n g  
C h a m b e r  

X O S E T ( I , N ) = T h e  I t h  V o l u m e  o f  F l u i d  i n  t h e  S t a g e  N O r g a n i c  
P h a s e  S e t t l i n g  C h a m b e r  

X C # P ( I , N ) = T h e  I t h  V o l u m e  o f  L i q u i d  i n  t h e  O r g a n i c  P h a s e  P o r -  
t i o n  o f  t h e  S t a g e  N Pump I i x e r  

XAMP(I ,N)=The  I t h  V o l u m e  o f  L i q u i d  i n  t h e  A q u e o u s  P o r t i o n  o f  
t h e  S t a g e  N Pump Mixer 

X'AFS=The c o n c e n t r a t i o n  of Rare E a r t h s  i n  t h e  I n p u t  A q u e o u s  
S t r e a m  t o  t h e  F e e d  S t a g e  Pump Mixer ,  a f t e r  t h e  Rare E a r t h  
P e e d  S t r e a m  h a s  b e e n  a d d e d .  




