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SEPARATION SCIENCE AND TECHNOLOGY, 22(2&3l, PP. 535556,1987 

Use of Electronic Worksheets for Calculation of Stagewise Solvent 
Extraction Processes 

R. A. LEONARD 

CHF.MICAL TECHNOLOGY DIVISION 
ARGONNE NATIONAL LABORATORY 
ARGONNE, ILLINOIS 60439-4837 

ABSTRACT 

The electronic worksheet, a powerful new tool for 
engineering analysis, is used to calculate flowsheets 
f o r  stagewise solvent extraction processes. 
algorithms presented give the component concentration 
of each stage at steady-state conditions and an esti- 
mate of the time to reach steady state. Any number 
of inlet and exit streams can be included and a dif- 
ferent distribution ratio can be specified for each 
stage. The procedure I s  illustrated using a nuclear 
waste flowsheet. Although this paper deals with 
stagewise solvent extraction, it shows the utility 
of the electronic worksheet €or many types of scien- 
tific and engineering calculations. 

The 

INTRODUCTION 

Equations for solvent extraction calculations have been summarized 
by Alders (1) and Lawrowski et al. ( 2 ) .  Alders, in particular, focuses 
on stagewise solvent extraction calculations, giving equations for 
every occasion including continuous countercurrent operation, batch 
countercurrent operation, and the approach of these operations to 
steady-state conditions. The equations are especially useful when 
there is no more than one intermediate feed point and the distribution 
ratio of the component being analyzed is constant. More recently, 
following the work of Lowe ( 3 ) ,  Groenier ( 4 )  developed a FORTRAN 
program called SEPHIS for solvent extraction processes. 
uses a solvent consisting of an extractant, tributyl phosphate (TBP), 

This model 

535 

Copyright 0 1987 by Marcel Dekker, Inc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



536 LEONARD 

i n  a d i l u e n t ,  normal p a r a f f i n i c  hydrocarbon (NPH), and an aqueous 
phase c o n t a i n i n g  n i t r i c  a c i d ,  uranium, and plutonium. For t h e s e  
components, SEPHIS can handle  a range of e x t r a c t a n t  c o n c e n t r a t i o n s  
and process  tempera tures ,  a v a r i e t y  of s i d e  streams i n  t h e  process  
f lowshee t ,  and can  c a l c u l a t e  t h e  d i s t r i b u t i o n  r a t i o s  of t h e  components 
a s  they v a r y  from s t a g e  t o  s t a g e .  The SEPHIS model has  proven t o  be 
q u i t e  u s e f u l  and h a s  been expanded ( e . g . ,  t o  i n c l u d e  a f o u r t h  com- 
ponent ,  thorium) and modif ied i n  v a r i o u s  ways i n  t h e  p a s t  13 y e a r s  t o  
make it even more u s e f u l .  I n  t h i s  paper ,  procedures  and a lgor i thms 
f o r  doing t h e s e  types  of c a l c u l a t i o n s ,  a l b e i t  of a more g e n e r a l  
n a t u r e ,  on a n  e l e c t r o n i c  worksheet are explored.  The ease w i t h  which 
e l e c t r o n i c  worksheets  can be s e t  up f o r  t h e s e  c a l c u l a t i o n s  makes 
t h e i r  u s e  v e r y  a t t r a c t i v e .  

E l e c t r o n i c  worksheets ,  o r  "spreadshee ts"  as they are more o f t e n  
c a l l e d  i n  t h e  popular  l i t e r a t u r e ,  have been around f o r  seven y e a r s  
now ( 5 ) .  Because of t h e  more popular  name and because of what they 
were f i r s t  used f o r ,  b u s i n e s s  a p p l i c a t i o n s ,  t h e  spreadshee t  d i d  n o t  
seem t o  have any u t i l i t y  f o r  e n g i n e e r s  and s c i e n t i s t s .  However, t h i s  
i s  not  t r u e .  The e l e c t r o n i c  worksheet program can  do complex 
engineer ing  c a l c u l a t i o n s  involv ing  m a t e r i a l  ba lances  (6,7), h e a t  
t r a n s f e r  ( 8 ) ,  and chemical  r e a c t o r s  ( 9 ) .  I n  t h i s  paper ,  t h e  elec- 
t r o n i c  worksheet i s  a p p l i e d  t o  f lowshee t  c a l c u l a t i o n s  i n  s tagewise  
s o l v e n t  e x t r a c t i o n  processes .  

For t h o s e  not  f a m i l i a r  wi th  e l e c t r o n i c  worksheets ,  a quick 
overview i s  i n  o r d e r .  Each worksheet i s  a t a b l e  o r  m a t r i x  of  ce l l s ,  
each c e l l  des igna ted  by t h e  row and t h e  column i n  which i t  i s  l o c a t e d .  
The i n d i v i d u a l  ce l l s  can  c o n t a i n  t ex t ,  numbers, e q u a t i o n s ,  or l o g i c a l  
express ions .  The e q u a t i o n s  and l o g i c a l  express ions  can  use  numbers 
o r ,  for t h e  l o g i c a l  e x p r e s s i o n ,  text l o c a t e d  i n  o t h e r  cells .  The 
s t r u c t u r e  of t h e  e q u a t i o n s  is similar t o  t h o s e  found i n  t h e  FORTRAN 
and BASIC languages.  Some worksheets  can do i t e r a t i v e  c a l c u l a t i o n s .  
For example, i f  t h e r e  are e q u a t i o n s  i n  both  cells A and B ,  and t h e  
e q u a t i o n  i n  c e l l  A uses  t h e  v a l u e  of c e l l  B and t h e  e q u a t i o n  i n  c e l l  
B u s e s  t h e  v a l u e  of ce l l  A,  t h e  worksheet w i l l  r e c a l c u l a t e  t h e  v a l u e s  
of t h e s e  ce l l s  u n t i l  t h e  d i f f e r e n c e  between t h e  l a s t  two v a l u e s  i n  a 
ce l l  i s  less than  a n  amount s p e c i f i e d  by t h e  u s e r .  

Qui te  a v a r i e t y  of  worksheets  e x i s t  to  choose from; t h e s e  
i n c l u d e  MULTIPLAN, EXCEL, CRUNCH, J A Z Z ,  DIGICALC, C-CALC, VISICALC, 
SUPERCALC, and LOTUS 1-2-3. The work r e p o r t e d  h e r e  was f i r s t  done 
u s i n g  a DIGICALC worksheet on a VAX computer. It was later checked 
us ing  MULTIPLAN and EXCEL on a 512K Macintosh computer. I f  i t  i s  
l a r g e  enough, any e l e c t r o n i c  worksheet should be a b l e  to  perform t h e  
c a l c u l a t i o n s  d e s c r i b e d  h e r e .  The t i m e  t o  r e c a l c u l a t e  a worksheet 
depends both on t h e  number of ce l l s  to  be c a l c u l a t e d  and t h e  worksheet 
program. With t h e  5000-cel l  worksheets  eva lua ted  f o r  t h i s  r e p o r t ,  
t h e  r e c a l c u l a t i o n  t i m e  f o r  t h e  DIGICALC worksheet w a s  7 minutes;  
f o r  t h e  MULTIPLAN worksheet ,  30 seconds; and f o r  t h e  EXCEL worksheet ,  
10 seconds.  
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USE OF ELECTRONIC WORKSHEETS 537 

The e l e c t r o n i c  worksheet h a s  been c a l l e d  a f o u r t h - l e v e l  pro- 
gramming language because of i t s  power and e a s e  of use  compared w i t h  
t h i r d - l e v e l  languages such as FORTRAN, BASIC, PASCAL, C ,  etc. (The 
f i r s t -  and second-level  languages are machine language and assembly 
language,  r e s p e c t i v e l y . )  One of t h e  cri t icisms l e v e l e d  a t  worksheets  
i s  t h a t  they  are not  as s t r u c t u r e d  as t h i r d - l e v e l  programming lan-  
guages. Thus, one can  g e t  i n t o  t r o u b l e  w i t h  complex worksheet 
programs. One must always be c a r e f u l  t h a t  a program i s  writ ten 
c o r r e c t l y .  Also, of c o u r s e ,  t h e  end r e s u l t  i s  only as good as t h e  
model a v a i l a b l e  f o r  use  i n  the program. 

ALGORITHMS FOR STAGEWISE SOLVENT EXTRACTION PROCESSES 

An e l e c t r o n i c  worksheet t h a t  has  been set up f o r  c a l c u l a t i n g  
s tagewise  s o l v e n t  e x t r a c t i o n  processes  i s  descr ibed .  Besides  out-  
l i n i n g  t h e  a p p r o p r i a t e  a l g o r i t h m s ,  a g e n e r a l  phi losophy of worksheet 
o r g a n i z a t i o n  i s  p r e s e n t e d ,  and f e a t u r e s  unique t o  t h e  use of elec- 
t r o n i c  worksheets  are noted.  

Worksheet Organiza t ion  

The f i r s t  s t e p  i n  worksheet o r g a n i z a t i o n  i s  t o  determine t h e  
r e q u i r e d  s ize  of t h e  worksheet. To prepare  a worksheet t h a t  could 
accommodate up t o  25 c o n t a c t o r  s t a g e s ,  a 50-column worksheet was 
s p e c i f i e d .  The 50 columns have l e t t e r  d e s i g n a t i o n s ,  from A t o  Z and 
AA t o  AX. To a l low c a l c u l a t i o n s  t o  reach  s t e a d y - s t a t e  c o n d i t i o n s ,  a 
128-row worksheet w a s  s p e c i f i e d .  The rows have number d e s i g n a t i o n s ,  
from 1 t o  128. The ce l l  i n  t h e  upper lef t -hand corner  of t h e  work- 
s h e e t  i s  r e f e r r e d  t o  as A l ;  t h e  c e l l  i n  t h e  lower right-hand c o r n e r  
i s  r e f e r r e d  to  as AX128. 
t h a t  i n c l u d e s  t h e  e n t i r e  worksheet ,  t h e  convent ion Al . .AX128  i s  used .  
These convent ions are used throughout  t h i s  paper. 

For example, t o  s p e c i f y  a range of cells 

The second and f i n a l  s t e p  i n  worksheet o r g a n i z a t i o n  i s  t o  a s s i g n  
v a r i o u s  work areas w i t h i n  t h e  worksheet. For t h e  s o l v e n t  e x t r a c t i o n  
p r o c e s s ,  t h r e e  a r e a s  a r e  used: t h e  summary, aqueous-phase, and 
organic-phase s e c t i o n s .  The summary s e c t i o n  i s  placed i n  t h e  upper 
l e f t  c o r n e r  of t h e  worksheet so t h a t ,  i f  t h e  number of rows o r  
columns needs t o  be i n c r e a s e d ,  t h e  worksheet can be en larged  w i t h o u t  
over running  t h e  summary s e c t i o n .  The summary s e c t i o n  is designed s o  
t h a t  i t  f i t s  e n t i r e l y  on t h e  d i s p l a y  screen  of seven columns by 
20 rows (Al..G20). The space  a l l o c a t e d  f o r  t h e  aqueous-phase s e c t i o n  
i s  below t h e  summary s e c t i o n  on t h e  worksheet ,  us ing  25 columns and 
t h e  rest of t h e  rows (A21..Y128). The space f o r  t h e  organic-phase 
s e c t i o n  i s  t o  t h e  r i g h t  of t h e  aqueous-phase s e c t i o n ,  occupying t h e  
o t h e r  25 columns and us ing  t h e  rows from 2 1  down t o  t h e  bottom 
(Z!l..AX128). The remaining range of cells (Hl..AX20) i s  not  used. 
The o v e r a l l  worksheet o r g a n i z a t i o n  i s  d e p i c t e d  i n  F i g .  1. 

The l o c a t i o n  of t h e  aqueous- and organic-phase s e c t i o n s  was 
chosen c a r e f u l l y ,  based on t h e  way t h a t  t h e  worksheet does i t s  
c a l c u l a t i o n s .  I n  t h e  worksheet used,  DIGICALC, t h e  cells  are calcu-  
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I 

(Unused) Summary ' i 
Section 1 ~ I . . A X Z O  

_____A!:!?!! ____.___ A-- _ _  -~ -____ __...___________--_--- 

LEONARD 

i Organic- 
Phase 

Section 

Aqueous- 
Phase 

221. .AX128 
' Section 

A21 ..v 121) ! 

A 1 ..AX 128 

Fig .  1. O v e r a l l  Worksheet Organiza t ion  

l a t e d  row by row s t a r t i n g  a t  t h e  top  of t h e  worksheet. Within 
each  row, t h e  ce l l s  are c a l c u l a t e d  l e f t  t o  r i g h t .  Thus, because t h e  
aqueous-phase c o n c e n t r a t i o n s  are needed f o r  the organic-phase cal- 
c u l a t i o n s ,  t h e  organic-phase c o n c e n t r a t i o n s  w i t h i n  each row a r e  placed 
t o  t h e  r i g h t  of t h e  aqueous-phase c o n c e n t r a t i o n s  i n  t h a t  row. Because 
of t h i s  c a l c u l a t i o n  o r d e r ,  t h e  worksheet must be r e c a l c u l a t e d  t w i c e  
s o  t h a t  t h e  c a l c u l a t e d  v a l u e s  i n  t h e  summary s e c t i o n  are c o r r e c t .  

Some e l e c t r o n i c  worksheets ,  e .g . ,  MULTIPLAN, 1-2-3, and EXCEL, 
can  e v a l u a t e  t h e  c e l l s  w i t h  e q u a t i o n s  and s e e  t h a t  they  are c a l c u l a t e d  
i n  t h e i r  proper  o r d e r .  I f  t h e r e  are c i r c u l a r  r e f e r e n c e s  between 
cells, t h e s e  programs i n d i c a t e  t h i s  and provide  i t e r a t i v e  c a l c u l a -  
t i o n a l  r o u t i n e s .  For  such worksheet programs, t h e  s t r i c t  a t t e n t i o n  
t o  worksheet o r g a n i z a t i o n  and o r d e r  of c a l c u l a t i o n  g iven  h e r e  i s  
unnecessary.  

Summary Sec t ion  

The summary s e c t i o n  c o n t a i n s  informat ion  about  t h e  process  being 
e v a l u a t e d ,  t h e  i n p u t  d a t a ,  and t h e  c a l c u l a t e d  r e s u l t s .  A t y p i c a l  
summary s e c t i o n  f o r  a worksheet i s  shown i n  Table  1. The f i r s t  t h r e e  
rows c o n t a i n  g e n e r a l  p rocess  informat ion  t h a t  i s  n o t  used i n  t h e  
c a l c u l a t i o n s .  I n  t h e s e  rows, t h e  component being e x t r a c t e d ,  t h e  
tempera ture  a t  which t h e  d i s t r i b u t i o n  r a t i o s  were measured, and t h e  
number of c o n t a c t o r  s t a g e s  i n  each s e c t i o n  are i n d i c a t e d .  

The middle  s e c t i o n  of t h i s  t a b l e ,  rows 6 through 8 ,  c o n t a i n s  
i n p u t  d a t a  from t h e  process  f lowshee ts .  The codes f o r  t h e  v a r i o u s  
i n p u t  streams are as shown i n  F ig .  2 ,  which d e s c r i b e s  stream f lows  
i n  a 14-stage c o n t a c t o r  used i n  s t u d i e s  of a c t i n i d e  e x t r a c t i o n  and 
recovery  from waste s o l u t i o n s  (10) .  Note t h a t  DX and FP a r e  shown i n  
a s i n g l e  column i n  Table  1. This  i s  because t h e  organic  e f f l u e n t  
(FP) i s  recyc led  and,  so, becomes the o r g a n i c  f e e d  (DX). Although 
t h e  c o n c e n t r a t i o n  f o r  DX-FP i s  a c a l c u l a t e d  v a l u e ,  i t  i s  shown h e r e  
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540 LEONARD 

Scrub (0s) Strip # 2  (FF) 

HNO, 0.05M 
HF 0.05M 

Strip # 1  (EF) 
100% 

NonTRU 100% HNO, 0.05M 

1 HNO, 1.33t.j 
; Am, Pu 3 nCi/g : NonTRU 100% 

F i g .  2 .  Flowsheet f o r  A c t i n i d e  Recovery 
Waste E f f l u e n t .  ( P a r e n t h e t i c a l  
s t ream f low r a t e s  i n  mL/min.) 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 

w 

T R U E X  Solvent (DX.  FP) 

from a Nuclear 
e n t r i e s  i n d i c a t e  

f o r  completeness .  Because of t h e  l i m i t a t i o n s  of the worksheet charac-  
ter s e t ,  t h e  americium c o n c e n t r a t i o n  i n  @ i s  typed o u t  as "mM". 

Addi t iona l  i n p u t  d a t a ,  t h e  component d i s t r i b u t i o n  r a t i o s  ( D )  
f o r  each  s t a g e ,  are g iven  i n  the lower l e f t  s e c t i o n  of  Table  1, i n  
rows 11 through 15. The d i s t r i b u t i o n  r a t i o s  for s t a g e s  1 through 5 
appear  i n  ce l l s  A l l . . E l l ,  t h o s e  f o r  s t a g e s  6 through 1 0  i n  cells  
A12..E12, etc. As t h e r e  are only  14 s t a g e s  ( s e e  Fig. 2 ) ,  t h e  r a t i o s  
end i n  c e l l  D13. 

Calcula ted  r e s u l t s  i n  Table  1 are t o  t h e  r i g h t  and below t h e  
d i s t r i b u t i o n  r a t i o s .  In ce l l s  Fll..G15 a r e  t h e  flow r a t i o s  ( R )  f o r  
each  process  s e c t i o n  and t h e  f low rate f o r  the aqueous r a f f i n a t e ,  
q(DW). In cel ls  D16..G18 are t h e  c a l c u l a t e d  americium c o n c e n t r a t i o n s  
( i n  t h e  same u n i t s  as t h o s e  of t h e  i n p u t  v a l u e s ,  us) i n  each of t h e  
o r g a n i c  and aqueous e f f l u e n t s  from each s e c t i o n  of t h e  f lowsheet  
shown i n  F ig .  2 .  These e f f l u e n t s  i n c l u d e  two n o t  shown i n  Fig.  2 :  
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USE OF ELECTRONIC WORKSHEETS 541 

t h e  o r g a n i c  e f f l u e n t  (DP) from t h e  e x t r a c t i o n / s c r u b  s e c t i o n ,  which 
goes d i r e c t l y  from s t a g e  7 t o  s t a g e  8 ,  and t h e  o r g a n i c  e f f l u e n t  (EP) 
from t h e  f i r s t  s t r i p  s e c t i o n ,  which goes d i r e c t l y  from s t a g e  11 t o  
s t a g e  12. Each of t h e s e  c o n c e n t r a t i o n s  i s  taken from t h e  a p p r o p r i a t e  
column i n  row 128 of t h e  worksheet. 

Aqueous-Phase S e c t i o n  

I n  t h e  aqueous-phase s e c t i o n  of t h e  worksheet ,  t h e  component 
c o n c e n t r a t i o n  i n  t h e  aqueous e f f l u e n t  of each s t a g e  is c a l c u l a t e d  f o r  
s u c c e s s i v e  i n t e r v a l s  of t i m e  where each time i n t e r v a l  i s  t h e  r e s i d e n c e  
t ime of one phase i n  a s t a g e .  For t h e s e  c a l c u l a t i o n s ,  t h e  r e s i d e n c e  
t i m e  ( t R , k )  f o r  one phase ( k )  i n  a s t a g e  i s  assumed t o  be t h e  same 
as t h a t  f o r  t h e  o t h e r  phase i n  t h e  same s t a g e .  I n  a d d i t i o n ,  i t  i s  
assumed t h a t  t h e  r e s i d e n c e  time f o r  a phase i n  a s t a g e  i s  t h e  same 
f o r  a l l  s t a g e s .  Because t h e  r e s i d e n c e  t i m e  f o r  a phase i n  a s t a g e  i s  
g i v e n  by 

where vk i s  t h e  volume of  phase k i n  t h e  s t a g e  and qk i s  t h e  volu- 
m e t r i c  f low rate  of phase k, t h e s e  assumptions are e q u i v a l e n t  t o  
assuming t h a t ,  f o r  a g i v e n  r e s i d e n c e  t i m e ,  t h e  volume of each phase 
i n  each s t a g e  i s  g iven  by Eq. 1. I n  a d d i t i o n ,  one f u r t h e r  assumption 
i s  made; namely, t h a t  t h i s  movement of phase l i q u i d  from s t a g e  t o  
s t a g e  i n  d i s c r e t e  volumes i s  a reasonable  approximation t o  cont inuous  
c o u n t e r c u r r e n t  l i q u i d  f low.  With t h e s e  assumptions,  each row of t h e  
aqueous-phase s e c t i o n  w i l l  r e p r e s e n t  a time i n t e r v a l  corresponding 
t o  t h e  r e s i d e n c e  t i m e  of one phase i n  a s t a g e .  Time w i l l  t h e n  be 
i n c r e a s i n g  w i t h  each row by t h e  amount c a l c u l a t e d  us ing  Eq. 1. 

T h i s  nons teady-s ta te  model is s t r i c t l y  v a l i d  only  f o r  ba tch  
c o u n t e r c u r r e n t  o p e r a t i o n .  For a l l  o t h e r  cases, i t  i s  only an approxi-  
mat ion.  However, even i f  t h e  above assumptions a r e  not  r e a l i z e d ,  
t h i s  model w i l l  g i v e  t h e  a p p r o p r i a t e  c o n c e n t r a t i o n s  f o r  bo th  phases  
i n  a l l  s t a g e s  a t  s t e a d y  state. 

A p a r t  of t h e  aqueous-phase s e c t i o n  of t h e  worksheet (A21..N42) 
i s  shown i n  Table  2 .  I n  row 2 1 ,  t h e  columns are l a b e l e d  x i  t o  
i n d i c a t e  x i ,  t h e  aqueous-phase c o n c e n t r a t i o n  of t h e  component 
( i n  thi .s  case, Am) i n  t h e  e f f l u e n t  from s t a g e  i. 
are t h e  same as t h o s e  used i n  t h e  summary s e c t i o n  of t h e  worksheet. 
I n  row 22 ,  t h e  i n i t i a l  c o n c e n t r a t i o n  of t h e  e f f l u e n t  from each s t a g e  
a t  t i m e  zero  i s  given;  f o r  t h e  c a s e  shown i n  F i g .  2 ,  t h e  americium 
c o n c e n t r a t i o n  i s  taken  t o  be z e r o  a t  a l l  14 s t a g e s ,  t h e  l i q u i d  f lows 
are assumed t o  be a t  s t e a d y - s t a t e  c o n d i t i o n s ,  and americium i s  
in t roduced  i n t o  s t a g e  5 of t h e  c o n t a c t o r .  

The u n i t s  f o r  x i  

To account  f o r  component movement through t h e  c o n t a c t o r ,  a 
m a t e r i a l  ba lance  about  each c o n t a c t o r  s t a g e  i s  made. I n  t h e  c a l c u l a -  
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t i o n ,  t h e  e x t r a c t i o n  e f f i c i e n c y a  of a s t a g e  ( s t a g e  e f f i c i e n c y )  i s  
assumed t o  be 100%. 
a n n u l a r  c e n t r i f u g a l  c o n t a c t o r s ,  which a l lows  t h e  c o n c e n t r a t i o n  ( y i )  
of t h e  o r g a n i c  e f f l u e n t  from s t a g e  i t o  be r e l a t e d  t o  t h e  concentra-  
t i o n  ( x i )  of t h e  aqueous e f f l u e n t  from s t a g e  i by t h e  d i s t r i b u t i o n  
r a t i o  (Di)  f o r  s t a g e  i a s  

T h i s  i s  a reasonable  assumption f o r  well-designed 

D i  = Yi/x i  (2) 

Then, f o r  s t a g e  i, w i t h  f lows i n t o  and o u t  of t h e  s t a g e  as shown i n  
P ig .  3 ,  a mater ia l -ba lance  e q u a t i o n  can  be w r i t t e n  f o r  t h e  s t a g e  
t h a t ,  when combined w i t h  Eq. 2 ,  g i v e s  

where Rj, t h e  organic/aqueous ( O / A )  f low r a t i o  f o r  process  s e c t i o n  j ,  
i s  g iven  by 

I n  Eq. 4 ,  q a , j  i s  t h e  aqueous f low rate i n  process  s e c t i o n  j and q o , j  
i s  t h e  o r g a n i c  f low r a t e  i n  process  s e c t i o n  j .  

Equat ion 3 i s  used i n  each c e l l  i n  row 23 of t h e  aqueous-phase 

The x i + l  and yi-1 v a l u e s  are 
s e c t i o n  of t h e  worksheet. The v a l u e s  of Rj and D i  are o b t a i n e d  from 
t h e  summary s e c t i o n  of  t h e  worksheet. 
o b t a i n e d  from t h e i r  a p p r o p r i a t e  columns, b u t  one row up from t h e  row 
being c a l c u l a t e d ;  i n  t h i s  case, row 22. (The l o c a t i o n  of t h e  y i  
v a l u e s  i s  d iscussed  l a t e r . )  A t  t h e  end s t a g e  of a process  s e c t i o n ,  
t h e  x i + l  o r  y i -1  v a l u e  i s  rep laced  by t h e  v a l u e  of a feed  s t ream. 
example, f o r  s t a g e  1 i n  F i g .  2 ,  yo i s  rep laced  by YDX, t h e  americium 
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  feed  (DX). For once-through s o l v e n t  
o p e r a t i o n ,  t h i s  v a l u e  w i l l  be l i s t e d  i n  t h e  summary s e c t i o n .  For 
complete  s o l v e n t  r e c y c l e  as shown i n  F ig .  2 ,  yo i s  y14, t h e  americium 
c o n c e n t r a t i o n  i n  t h e  organic  product  e f f l u e n t  (FP) from s t a g e  1 4 .  I n  
a second example, f o r  s t a g e  7 i n  F ig .  2 ,  x8 is rep laced  by XDS, 
t h e  americium c o n c e n t r a t i o n  i n  t h e  aqueous scrub  (DS) t o  s t a g e  7 .  

For 

S p e c i a l  a t t e n t i o n  i s  necessary  where t h e r e  are two l i q u i d  f e e d s  
of t h e  same phase i n t o  a p r o c e s s  s e c t i o n ,  as a t  s t a g e  5 i n  F ig .  2 .  
For t h i s  s t a g e ,  x i + l  (where i = 5) must be rep laced  by a n  average  
v a l u e ,  x i + l ,  of t h e  two streams being f e d  t o  s t a g e  i; i . e . ,  t h e  
e f f l u e n t  from s t a g e  i+l, which has  a n  americium c o n c e n t r a t i o n  of 

- 

- 
a E x t r a c t i o n  e f f i c i e n c y  i s  t h e  r a t i o  of t h e  amount of a component 

e x t r a c t e d  from one phase i n t o  t h e  o t h e r  t o  t h e  amount t h a t  would 
be e x t r a c t e d  i f  t h e  two phases  were a t  equi l ibr ium.  The ex t rac-  
t i o n  e f f i c i e n c y  i s  expressed e i t h e r  as a f r a c t i o n  o r  as a 
percentage.  
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544 LEONARD 

Fig .  3 .  L iquid  Flows t o  and from Contactor  
S tage  i i n  S e c t i o n  j 

x i + l  and an aqueous f low rate of q a , j + l ,  and t h e  aqueous f e e d ,  which 
h a s  a n  americium c o n c e n t r a t i o n  Of-XDF and a n  aqueous f low rate of  
qa,DF. A material ba lance  g i v e s  x i + l  t o  be 

When Eq. 5 i s  s u b s t i t u t e d  i n t o  Eq. 3 f o r  x i + l  and n o t i n g  t h a t  when 
q a , j + l  and qa,DF merge they form q a , j ,  Eq. 3 becomes 

f o r  t h e  feed s t a g e  where Re, i s  t h e  O/A f low r a t i o  i n  t h e  e x t r a c t i o n  
s e c t i o n  and Rsc i s  t h e  O I A  f low r a t i o  i n  t h e  scrub  s e c t i o n .  

Thus, Eq. 6 i s  used f o r  s t a g e  5 i n  ce l l  E23, and Eq. 3 i s  used f o r  
a l l  o t h e r  s t a g e s  ( c e l l s )  i n  row 23 of t h e  aqueous-phase s e c t i o n  shown 
i n  Table  2 .  Once t h e  cells of row 23 are f i l l e d  i n ,  " f i l l  down" work- 
s h e e t  commands a r e  used t o  copy t h e  equat ion  i n  each c e l l  of row 23 t o  
t h o s e  i n  t h e  corresponding cells  i n  rows 24 t o  128. Thus, a l l  cel ls  
i n  A23..D128 and F23..N128 c o n t a i n  Eq. 3 .  Those i n  E23..E128 c o n t a i n  
E q .  6 .  

Organic-Phase Sec t ion  

I n  t h e  organic-phase s e c t i o n  of t h e  worksheet ,  t h e  component con- 
c e n t r a t i o n  i n  t h e  o r g a n i c  e f f l u e n t  of each s t a g e ,  y i ,  is  c a l c u l a t e d  
us ing  Eq. 2 where x i  i s  t h e  corresponding aqueous-phase v a l u e  f o r  t h e  
same s t a g e  dur ing  t h e  same t i m e  i n t e r v a l ;  i . e . ,  i n  t h e  same row as 
t h e  y i  va lue .  A p a r t  of t h e  organic-phase s e c t i o n  of t h e  worksheet 
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(Z21..AM42) i s  l i s t e d  i n  Table  3 .  I n  row 2 1 ,  t h e  columns a r e  l a b e l e d  
y i  t o  i n d i c a t e  y i ,  t h e  organic-phase c o n c e n t r a t i o n  of t h e  component 
i n  t h e  e f f l u e n t  from s t a g e  i. The a c t u a l  y i  v a l u e s ,  c a l c u l a t e d  us ing  
Eq. 2 ,  s ta r t  i n  row 2 2 .  This  e q u a t i o n  i s  used f o r  t h e  e n t i r e  organic-  
phase s e c t i o n .  The u s e  of Eq. 2 assumes t h a t  t h e  s t a g e  e f f i c i e n c y  i s  
loo%, as mentioned above. Also ,  w i t h i n  t h e  assumptions d i s c u s s e d  
above i n  t h e  aqueous-phase s e c t i o n ,  i n c r e a s i n g  row numbers denote  
i n c r e a s i n g  t i m e .  As b e f o r e ,  even i f  t h e  assumptions a r e  not  r e a l i z e d ,  
t h e  s t e a d y - s t a t e  c o n c e n t r a t i o n s  f o r  t h e  y i  v a l u e s  w i l l  be c o r r e c t .  

DISCUSSION 

With t h e  a l g o r i t h m  f o r  s tagewise  s o l v e n t  e x t r a c t i o n  o p e r a t i o n s  
developed above, a wide v a r i e t y  of processes  can be e v a l u a t e d ,  bo th  
f o r  s t e a d y - s t a t e  o p e r a t i o n  and dur ing  s t a r t u p .  I n  t h e  fo l lowing  
d i s c u s s i o n ,  a f lowshee t  proposed f o r  process ing  n u c l e a r  waste i s  so 
eva lua ted .  Then t h e  e l e c t r o n i c  worksheet i s  compared w i t h  similar 
FORTRAN programs, p o s s i b l e  worksheet m o d i f i c a t i o n s  a r e  o u t l i n e d ,  and 
t h e  double-diamond n a t u r e  of t h e  worksheet a lgor i thm i s  expla ined .  
F i n a l l y ,  t h e  a p p l i c a t i o n  of t h e  e l e c t r o n i c  worksheet t o  c a l c u l a t i o n s  
f o r  o t h e r  s tagewise  s e p a r a t i o n  processes  i s  d iscussed .  

S- 

Whether o r  n o t  t h e  r e s i d e n c e  times of t h e  two phases i n  a l l  
s t a g e s  a r e  e q u a l ,  a s  assumed i n  t h e  a l g o r i t h m ,  t h e  s t e a d y - s t a t e  
c o n c e n t r a t i o n s  p r e d i c t e d  by t h e  a lgor i thm w i l l  be unaf fec ted .  These 
s t e a d y - s t a t e  c o n c e n t r a t i o n s  can be seen  i n  t h e  lower rows of Tables  2 
and 3 ,  where t h e  c o n c e n t r a t i o n  v a l u e s  in most s t a g e s  have reached 
c o n s t a n t  va lues .  

For t h e  n u c l e a r  waste  process ing  f lowsheet  d i scussed  i n  Ref. 10 ,  
t h e  r e f e r e n c e  f lowshee t  ( F i g .  2) was modeled us ing  an e l e c t r o n i c  
worksheet as d i s c u s s e d  above; t h e  r e s u l t s  are p a r t i a l l y  l i s t e d  i n  
Tables  1, 2 ,  and 3 .  Based on t h e s e  r e s u l t s ,  t h e  process  was t e s t e d  
i n  t h e  l a b o r a t o r y .  After t h e  t e s t ,  t h e  americium d i s t r i b u t i o n  r a t i o s  
( D )  were found t o  be h i g h e r  than  expected because of e v a p o r a t i v e  
l o s s e s  of t h e  CCl4 d i l u e n t  i n  t h e  s o l v e n t .  The new, h igher  D 
v a l u e s  were used i n  p l a c e  of t h o s e  shown i n  Table  1, and t h e  americium 
p r o f i l e  was r e c a l c u l a t e d .  The measured and c a l c u l a t e d  americium 
c o n c e n t r a t i o n s  i n  t h e  aqueous phase e x i t i n g  each s t a g e  are l i s t e d  i n  
Table  4 and p l o t t e d  i n  F i g .  4 .  The c a l c u l a t e d  v a l u e  of americium 
c o n c e n t r a t i o n  and t h e  americium c o n c e n t r a t i o n  i n  each e f f l u e n t  sample 
taken  dur ing  t h e  test  run  a g r e e  q u i t e  w e l l .  Agreement is n o t  as 
good, a t  least  n o t  i n  t h e  e x t r a c t i o n / s c r u b  s e c t i o n ,  f o r  t h e  samples 
taken  from each s t a g e  a f t e r  t h e  test run .  
because t h e  l i q u i d  feed  pumps t o  t h e  c o n t r a c t o r  were stopped f i v e  
seconds b e f o r e  t h e  r o t o r s  were turned  o f f .  In  a d d i t i o n ,  t h e  r o t o r s  
cont inued  t o  s p i n  f o r  10 t o  15 seconds a f t e r  they were turned o f f .  
T h i s  a l lowed i n t e r n a l  l i q u i d  f low t o  cont inue  a f t e r  e x t e r n a l  l i q u i d  
f low t o  t h e  c o n t a c t o r  had s topped.  The r e s u l t s  of t h i s  are seen  most 
c l e a r l y  i n  t h e  measured s t a g e  c o n c e n t r a t i o n s  near  t h e  feed  s t a g e ,  

This  d e v i a t i o n  occurred 
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Fig.  4. Americium P r o f i l e  through 
t h e  Contactor  S tages  

s t a g e  5. These americium c o n c e n t r a t i o n s  are lower than  t h e  p r e d i c t e d  
v a l u e s  because of t h e  l o s s  of americium e n t e r i n g  t h e  c o n t a c t o r  when 
t h e  f e e d  pump for DF was tu rned  o f f .  
up i n  s t a g e  1, where t h e  organic  feed  i s  no longer  e n t e r i n g  and t h e  
c o n c e n t r a t i o n  of americium i s  3.6 times h igher  than  both i t s  measured 
and c a l c u l a t e d  va lues  i n  t h e  e f f l u e n t .  

The shutdown e f f e c t  also shows 

I n  c a l c u l a t i n g  the americium c o n c e n t r a t i o n s  f o r  t h e  l a b o r a t o r y  
t es t  shown i n  F i g .  4 ,  one o t h e r  change had t o  be made. Recycle of 
t h e  s o l v e n t  w a s  expected;  t h i s  w a s  inc luded  i n  t h e  worksheet ca lcu la-  
t i o n s  f o r  t h e  r e f e r e n c e  f lowshee t .  However, because of t h e  l a r g e  
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volume i n  t h e  r e c y c l e  system, none of t h e  s o l v e n t  f e d  t o  t h e  c o n t a c t o r  
conta ined  americium. Thus, when t h e  f lowsheet  w a s  c a l c u l a t e d  f o r  
t h e  a c t u a l  tes t ,  t h e  o r g a n i c  s o l v e n t  feed  (DX) w a s  s p e c i f i e d  t o  
c o n t a i n  no americium. 

Once t h e  worksheet i s  set up, each of t h e  components i n  t h e  
f l o w s h e e t ,  i n d i c a t e d  i n  F i g .  2 ,  can  be c a l c u l a t e d .  The only changes 
t h a t  need t o  be made a r e  i n  t h e  summary s e c t i o n  of t h e  worksheet: 
t h e  component name, the component c o n c e n t r a t i o n  i n  each  incoming 
l i q u i d  f e e d ,  and t h e  d i s t r i b u t i o n  r a t i o  f o r  t h e  component i n  each  
s t a g e .  Worksheet c a l c u l a t i o n s  f o r  components, such as n i t r i c  a c i d ,  
t h a t  can  a f f e c t  t h e  D v a l u e s  of o t h e r  components are made f i r s t .  I f  
t h e r e  i s  s u f f i c i e n t  s t o r a g e  c a p a c i t y  a v a i l a b l e ,  a worksheet can be  
saved f o r  each  component. Otherwise,  one worksheet can  be used over  
and over  u n t i l  a l l  t h e  component c o n c e n t r a t i o n s  have been CalCUldted. 

Process  S t a r t u p  

During process  s t a r t u p ,  t h e  americium c o n c e n t r a t i o n  i n  each 
s t a g e  g r a d u a l l y  b u i l d s  up and approaches a s t e a d y - s t a t e  v a l u e .  
This  can  be seen  by looking  down each column of Tables  2 and 3 .  
T h i s  approach t o  s t e a d y  state should be f a i r l y  a c c u r a t e  i f  t h e  
r e s i d e n c e  t i m e  of each phase i n  each s t a g e  i s  t h e  same. There w i l l  
be some l o s s  i n  accuracy  because,  i n  t h e  model, l i q u i d  movement from 
s t a g e  t o  s t a g e  occurs  as d i s c r e t e  volumes. I n  t h e  c o n t a c t o r s ,  t h e  
a c t u a l  l i q u i d  movement from s t a g e  t o  s t a g e  i s  cont inuous.  

A f u r t h e r  l o s s  i n  t h e  a b i l i t y  of t h e  worksheet t o  p r e d i c t  t h e  
component c o n c e n t r a t i o n  dur ing  process  s t a r t u p  w i l l  occur  i f ,  a s  i s  
u s u a l l y  t h e  case, t h e  res idence  t imes of t h e  two phases i n  a s t a g e  
and from s t a g e  t o  s t a g e  are d i f f e r e n t .  For t h e  test  r e p o r t e d  i n  
Ref. 1 0 ,  t h e  s t a g e  r e s i d e n c e  t i m e s  f o r  t h e  two phases  v a r i e d  from 
7 t o  34 seconds.  The r e s i d e n c e  t i m e  f o r  each phase i n  each s t a g e  i s  
shown i n  Table  5 .  Assuming t h a t  t h e  phase w i t h  t h e  longer  r e s i d e n c e  
t i m e  w i l l  l i m i t  c o n c e n t r a t i o n  changes and assuming t h e  r e s i d e n c e  
times between t h e  f e e d  p o i n t  and t h e  e f f l u e n t  p o i n t  are most impor- 
t a n t ,  a t i m e  of 30 seconds w a s  ass igned  to each row of t h e  worksheet 
f o r  t h e  a n a l y s i s  of t h e  americium 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  
e f f l u e n t  (FP) .  The r e s u l t s ,  p l o t t e d  on F i g .  5 ,  show t h a t  agreement 
between exper imenta l  and c a l c u l a t e d  v a l u e s  i s  q u i t e  good, even 
though ( 1 )  t h e  organic-phase r e s i d e n c e  t i m e s  i n  t h e  e x t r a c t i o n  
s e c t i o n  were q u i t e  a b i t  less t h a n  30 seconds and ( 2 )  t h e  r e s i d e n c e  
t imes  of t h e  aqueous phase were less than  30 seconds i n  a l l  bu t  one 
s t a g e .  Thus, as a f i r s t  approximation,  t h e  worksheet can  be used t o  
p r e d i c t  t h e  ra te  a t  which s t e a d y - s t a t e  c o n d i t i o n s  w i l l  be approached. 
The r e s u l t s  w i l l  o f t e n  be q u i t e  good, as i n  t h i s  case. 

Based on t h e  e l e c t r o n i c  worksheet c a l c u l a t i o n s  i n  Tables  2 and 3 
and 30 seconds p e r  t i m e  i n t e r v a l  (row) f o r  t h e  organic  e f f l u e n t  ( t h e  
l a s t  e f f l u e n t  t o  reach  s t e a d y - s t a t e  c o n d i t i o n s ) ,  t h e  americium 
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  e f f l u e n t  had been expected t o  reach  99% 
of i t s  s t e a d y - s t a t e  v a l u e  w i t h i n  1 2  t o  14 minutes ,  not  25 t o  30 
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F i g .  5.  Approach of t h e  Americium Concent ra t ion  i n  t h e  
Organic E f f l u e n t  t o  i t s  Steady-State  Value 

minutes  as seen  i n  F i g .  5 .  The slower approach t o  s teady  s ta te  was 
t h e  r e s u l t  of americium d i s t r i b u t i o n  r a t i o s  t h a t  were h igher  t h a n  
expected dur ing  t h e  exper imenta l  run.  New worksheet c a l c u l a t i o n s  
u s i n g  t h e  h igher  r a t i o s  showed i t  would indeed t a k e  2 5  t o  30 minutes  
f o r  t h e  americium c o n c e n t r a t i o n  in t h e  organic  e f f l u e n t  t o  reach  
i t s  s t e a d y - s t a t e  v a l u e ,  i n  good agreement wi th  t h e  exper imenta l  
r e s u l t s .  The cause  of t h e  s lower approach w a s  determined by reviewing 
t h e  s tage- to-s tage  americium c o n c e n t r a t i o n s .  A s  t h e  D v a l u e s  
i n c r e a s e ,  t h e  a l r e a d y  h igh  americium c o n c e n t r a t i o n s  i n  t h e  s c r u b  and 
f i r s t  s t r i p  s t a g e s  become even h igher .  Thus, t h e  americium in t h e  
aqueous f e e d  (DF) must accumulate i n  t h e s e  s t a g e s  b e f o r e  s t e a d y - s t a t e  
o p e r a t i o n  i s  e s t a b l i s h e d .  This  b u i l d u p  i s  l i m i t e d  by t h e  r a t e  a t  
which americium i s  being brought  i n t o  t h e  c o n t a c t o r .  A s  o t h e r  
components have d i f f e r e n t  D v a l u e s ,  so each component w i l l  approach 
i t s  s t e a d y - s t a t e  c o n c e n t r a t i o n  a t  a d i f f e r e n t  t i m e .  
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5 5 2  LEONARD 

Comparison w i t h  FORTRAN Programs 

When t h e  e l e c t r o n i c  worksheet  i s  compared w i t h  FORTKAN programs 
such  a s  SEPHIS ( h ) ,  b o t h  t e c h n i q u e s  a r e  found t o  have t h e i r  s t r o n g  
p o i n t s .  The SEPHIS program h a s  a t  least  t h r e e  advan tages .  F i r s t ,  
t h e  program i s  w e l l  developed and documented s o  t h a t ,  once i t  i s  up 
and runn ing ,  i t  i s  r eady  t o  u s e .  Second, i f  t h e  system used c o n s i s t s  
of uranium, plutonium, t r i b u t y l  phospha te ,  normal p a r a f f i n i c  hydro- 
ca rbon ,  n i t r i c  a c i d ,  and w a t e r ,  t h e  program w i l l  c a l c u l a t e  t h e i r  D 
v a l u e s .  T h i r d ,  i f  t h e  number of s t a g e s  needs t o  be v a r i e d ,  i t  c a n  be 
more e a s i l y  done u s i n g  t h e  SEPHIS program. 

The e l e c t r o n i c  worksheet  a l s o  h a s  s e v e r a l  advan tages .  F i r s t ,  
e ach  of t h e  components i n  a p r o c e s s  c a n  be e v a l u a t e d  as long  a s  i t s  D 
v a l u e  is known. I n  a d d i t i o n ,  v a r i a t i o n  of D v a l u e s  from s t a g e  t o  
s t a g e  can  be accommodated e a s i l y .  Second, once e l e c t r o n i c  worksheet  
o p e r a t i o n  i s  l e a r n e d ,  workshee t s  such  as t h e  one d e s c r i b e d  h e r e  can  
be  set  up from s c r a t c h  i n  a few h o u r s .  T h i r d ,  i n p u t  and o u t p u t  d a t a  
are d i s p l a y e d  s i m u l t a n e o u s l y ;  t h u s ,  r e s u l t s  are o b t a i n e d  q u i c k l y  and 
c a n  be  reviewed w i t h  r e s p e c t  t o  t h e  i n p u t  d a t a .  In  a d d i t i o n ,  p r o c e s s  
s e n s i t i v i t y  t o  v a r i a t i o n s  i n  t h e  i n p u t  d a t a  can  be e v a l u a t e d  e a s i l y .  
F i n a l l y ,  worksheets  c a n  be mod i f i ed  t o  i n c l u d e  many s p e c i a l  problems. 
Some of t h e s e  m o d i f i c a t i o n s  are d i s c u s s e d  below. Advanced worksheet  
programs,  such  as Lo tus  1-2-3 and M i c r o s o f t  EXCEL, a r e  e s p e c i a l l y  
u s e f u l  when workshee t s  need t o  be mod i f i ed .  

Worksheet M o d i f i c a t i o n s  

S p e c i a l  problems always seem t o  a r i s e ,  r e q u i r i n g  t h e  worksheet  
t o  be mod i f i ed .  The number of  s t a g e s  i n  a p r o c e s s  s e c t i o n  and 
t h e  l o c a t i o n  of  t h e  f eed  s t a g e  are normal p r o c e s s  v a r i a t i o n s  t h a t  
r e q u i r e  worksheet m o d i f i c a t i o n s .  A s  mentioned above, t h e  worksheet  
must be modif ied depending on whether  o r  n o t  t h e  o r g a n i c  s o l v e n t  is 
r e c y c l e d .  These m o d i f i c a t i o n s  are a normal occur rence  i n  u s i n g  t h e  
d e s c r i b e d  a l g o r i t h m .  Other  p r o c e s s  s e c t i o n s  and a d d i t i o n a l  f e e d  
p o i n t s  c a n  a l s o  be handled i n  a s t r a i g h t f o r w a r d  manner u s i n g  t h i s  
a l g o r i t h m  f o r  s t a g e w i s e  s o l v e n t  e x t r a c t i o n  c a l c u l a t i o n s .  

I n t e r a c t i v e  d i s t r i b u t i o n  r a t i o s  between components. For systems 
w i t h  two components,  i n  which t h e  D v a l u e s  of each depend on t h e  
c o n c e n t r a t i o n  of  t h e  o t h e r  component, two workshee t s  of t h e  form 
o u t l i n e d  i n  F i g .  1 cou ld  be s e t  up on a s i n g l e  l a r g e r  e l e c t r o n i c  
worksheet .  C u r r e n t l y  unused a r e a s ,  e . g . ,  Hl..AX20 i n  F ig .  1, cou ld  
b e  used t o  c a l c u l a t e  D v a l u e s  f o r  each  s t a g e  based on t h e  concen- 
t r a t i o n  of t h e  o t h e r  component. A number of  r e c a l c u l a t i o n s  o r  
i t e r a t i o n s  would be  needed so t h a t  t h e  v a l u e s  f o r  D and f o r  concen- 
t r a t i o n  c a n  converge t o  t h e i r  s t e a d y - s t a t e  v a l u e s .  A more s o p h i s t i -  
c a t e d  approach would be t o  have t h e  e q u a t i o n  f o r  D i n c o r p o r a t e d  i n  
each  c e l l  of t h e  component worksheet  that  u s e s  a D v a l u e  and have 
t h i s  e q u a t i o n  g e t  t h e  r e q u i r e d  c o n c e n t r a t i o n  of t h e  o t h e r  component 
from t h e  a p p r o p r i a t e  c e l l  (same s t a g e  and t i m e )  of t h e  worksheet  
f o r  t h e  o t h e r  component. 
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E x t r a c t i o n  e f f i c i e n c y .  For a s tagewise  s o l v e n t  e x t r a c t i o n  
p r o c e s s  where t h e  e x t r a c t i o n  e f f i c i e n c y ,  E ,  i s  s i g n i f i c a n t l y  less  
t h a n  loo%,  t h e  d i s t r i b u t i o n  r a t i o  f o r  s t a g e  i ,  D i ,  should be rep laced  
by t h e  e f f e c t i v e  d i s t r i b u t i o n  r a t i o  f o r  s t a g e  i ,  D e f f , i .  
r e p l a c e s  D i  i n  Eq. 2 :  

Thus, D e f f , i  

Def f , i = Y i l x i  ( 7 )  

When e x t r a c t i o n  e f f i c i e n c y  f o r  s t a g e  i, E i ,  becomes 1.0 ( loo%) ,  
t h e  c o n c e n t r a t i o n s  of t h e  e x i t i n g  aqueous and organic  phases a r e  
denoted as x i*  and yi*,  r e s p e c t i v e l y .  Therefore ,  D i  now becomes 

An express ion  f o r  E i  can be w r i t t e n  as 

us ing  t h e  nomenclature developed h e r e  and shown i n  Fig.  3.  F i n a l l y ,  
t h e  c o u n t e r c u r r e n t  c o n c e n t r a t i o n  r a t i o  f o r  s t a g e  i ,  S i ,  i s  g iven  by 

s i  = y i - l / x i  (10) 

Equat ions 7-10, when combined w i t h  a material  balance about  s t a g e  i, 
g i v e  t h e  fo l lowing  express ion  f o r  D e f f , i :  

Th is  express ion  r e p l a c e s  D i  i n  Eqs. 2 ,  3 ,  and 6 when they are used i n  
t h e  aqueous- and organic-phase s e c t i o n s  of t h e  e l e c t r o n i c  worksheet. 

Batch c o u n t e r c u r r e n t  o p e r a t i o n .  I n  ba tch  c o u n t e r c u r r e n t  opera- 
t i o n  of a s o l v e n t  e x t r a c t i o n  p r o c e s s ,  e .g . ,  a n  o p e r a t i o n  c a r r i e d  o u t  
u s i n g  s e p a r a t o r y  f u n n e l s ,  t h e  i n i t i a l  rows of t h e  aqueous-phase 
s e c t i o n  of t h e  worksheet a r e  more t e d i o u s  t o  set up. However, e i t h e r  
E q .  3 o r  E q .  6 i s  s t i l l  used f o r  each s t a g e ,  a s  a p p r o p r i a t e ,  and t h e  
O f A  flow r a t i o  f o r  s e c t i o n  j ,  R j ,  i s  t h e  same a s  t h e  O/A volume 
r a t i o .  These two r a t i o s  w i l l  be i d e n t i c a l  f o r  b a t c h  c o u n t e r c u r r e n t  
o p e r a t i o n  a s  long a s  a l l  of both phases a r e  s e p a r a t e d  and t r a n s f e r r e d  
a t  one t ime.  The f i r s t  c a l c u l a t i o n a l  row of t h e  aqueous- and organic-  
phase s e c t i o n s  of t h e  worksheet has  equat ions  only f o r  t h o s e  s t a g e s  
where t h e  component i s  being in t roduced  i n t o  t h e  system, i . e . ,  a t  t h e  
f e e d  s t a g e .  The second row has e q u a t i o n s  i n  t h e  ce l l s  on e i t h e r  s i d e  
of t h e  feed s t a g e ,  as w e l l .  The t h i r d  row has  equat ions  i n  t h e  two 
a d j a c e n t  ce l l s  on e i t h e r  s i d e  of t h e  feed  s t a g e .  I n  each s u c c e s s i v e  
row, two more s t a g e s  a r e  inc luded  u n t i l  t h e  f u l l  number of s t a g e s  
a v a i l a b l e  i s  used. Each of t h e  f e e d s  a t  t h e  end of a process  s e c t i o n  
f o r  any g i v e n  c a l c u l a t i o n a l  row i s  in t roduced  i n t o  t h e  corresponding 
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554 LEONARD 

c e l l  f a r t h e s t  from t h e  feed  s t a g e  t h a t  has  an equat ion  i n  i t .  Thus, 
t h e  c e l l s  wi th  equat ions  expand i n  a t r i a n g u l a r  shape from t h e  feed  
s t a g e  u n t i l  t h e  f u l l  complement of process  s t a g e s  i s  reached.  

T r a n s i e n t  o p e r a t i o n .  Any type  of t r a n s i e n t  o p e r a t i o n  can be 
accommodated us ing  t h e  e l e c t r o n i c  worksheet .  A worksheet column ( o r  
columns) can  be set  up f o r  t h e  v a r i a b l e  ( o r  v a r i a b l e s )  i n  a f e e d  
s t a g e  ( o r  s t a g e s ) .  E i t h e r  t h e  f low rate  o r  t h e  component concen- 
t r a t i o n  can vary .  I n  e i t h e r  case, t h e  equat ions  would be r e v i s e d  s o  
t h a t ,  when t h e  vary ing  f low o r  c o n c e n t r a t i o n  i s  c a l l e d  f o r ,  t h e  va lue  
of a c e l l  i n  t h e  proper  row i n  t h e  new column i s  used r a t h e r  than t h e  
c o n s t a n t  va lue  i n  t h e  summary s e c t i o n .  In  t h i s  way, a l l  types  of 
process  v a r i a t i o n s  can be incorpora ted  i n t o  t h e  worksheet. 

Unequal r e s i d e n c e  t i m e s  of t h e  phases  i n  a s t a g e .  Although t h e  
p r e s e n t  worksheet a lgor i thm seems t o  work f a i r l y  wel l  i n  p r e d i c t i n g  
process  s t a r t u p ,  t h e r e  may be cases where s t a r t u p  c o n d i t i o n s  a r e  
impor tan t  and,  perhaps,  somewhat unusua l .  To provide a b e t t e r  model 
f o r  t h i s  case, as wel l  a s  t o  model process  v a r i a t i o n s ,  t h e  worksheet 
m u s t  be expanded t o  twice a s  many columns. Between each worksheet 
column f o r  a s t a g e  e q u i l i b r a t i n g  zone would be a column f o r  a s t a g e  
hold ing  zone. A material ba lance  would be w r i t t e n  f o r  t h e  hold ing  
zone, and t h e  volume of t h e  holding zone would be chosen to  g ive  t h e  
proper  s t a g e  res idence  t i m e  f o r  each phase i n  a s t a g e .  Data on t h e  
l i q u i d  going t o  t h e  next  s t a g e  e q u i l i b r a t i n g  zone would come from 
t h e  hold ing  zone of t h e  prev ious  s t a g e .  

In most cases, t h i s  more complex procedure w i l l  n o t  be needed, 
f o r  two reasons .  F i r s t ,  t h e  s imple procedure u s u a l l y  g i v e s  a good 
i n d i c a t i o n  of how t h e  process  w i l l  approach s t e a d y - s t a t e  c o n d i t i o n s .  
Second, i n  many c a s e s ,  only t h e  s t e a d y - s t a t e  c o n c e n t r a t i o n  p r o f i l e  
w i l l  be needed; t h i s  p r o f i l e  w i l l  be t h e  same r e g a r d l e s s  of which 
model i s  used.  

Double-Diamond S t r u c t u r e  

One of t h e  f e a t u r e s  of t h e  worksheet a lgor i thm g i v e r  h e r e  i s  
t h a t  t h e  ce l l s  i n  t h e  aqueous-phase s e c t i o n  have a double-diamond 
s t r u c t u r e ;  i . e . ,  a c e l l  never  r e f e r s  t o  t h e  ce l l  immediately above 
i t .  Rather  a c e l l  i n  column i r e f e r s  t o  t h e  c e l l s  above i t  bu: i n  
t h e  columns t o  t h e  l e f t  ( i -1)  and to  t h e  r i g h t  ( i + l ) .  Imagine t h e  
ce l l s  co lored  red  and b lack  i n  a checkerboard p a t t e r n .  The calcu-  
l a t i o n s  i n  t h e  red c e l l s  and i n  t h e  b lack  ce l l s  are completely 
independent .  Thus, t h e  equat ions  could be removed from one s e t  of 
c e l l s  and t h e  o t h e r  cel ls  would do t h e  job.  In p r a c t i c e ,  t h i s  i s  n o t  
worth t h e  e f f o r t .  However, one must remain aware of t h e  p r o p e r t i e s  
of t h e  worksheet a lgor i thm presented  here ;  o therwise ,  mis takes  could 
be made when modifying t h e  worksheet f o r  t h e  ba tch  countercur ren t  o r  
t r a n s i e n t  o p e r a t i o n .  
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Appl ica t ion  t o  Other Stagewise Separa t ion  Processes  

The a lgor i thm f o r  a p p l i c a t i o n  of e l e c t r o n i c  worksheets  t o  s tage-  
wise s o l v e n t  e x t r a c t i o n  processes  can be extended t o  o t h e r  s tagewise  
s e p a r a t i o n  processes  where two phases  a r e  p r e s e n t  and where component 
c o n c e n t r a t i o n s  i n  t h e  two phases are r e l a t e d  i n  some f a s h i o n .  This  
r e l a t i o n s h i p ,  p l u s  a m a t e r i a l  balance around each s t a g e ,  can  be used 
t o  set up a worksheet where t h e  two s e c t i o n s  f o r  t h e  phases  of t h e  
new process  r e p l a c e  t h e  aqueous-and organic-phase s e c t i o n s  shown i n  
F i g .  1. 

CONCLUSIONS - 

The a lgor i thm developed h e r e  a l lows  e l e c t r o n i c  worksheets  t o  be 
used f o r  t h e  c a l c u l a t i o n  of component c o n c e n t r a t i o n s  i n  s tagewise  
s o l v e n t  e x t r a c t i o n  processes .  The model was t e s t e d  w i t h  a s o l v e n t  
e x t r a c t i o n  process  t h a t  c l e a n s  up n u c l e a r  waste  l i q u i d s  and was found 
t o  work w e l l ,  no t  only f o r  p r e d i c t i n g  s t e a d y - s t a t e  c o n c e n t r a t i o n s ,  
b u t  a l s o  f o r  p r e d i c t i n g  c o n c e n t r a t i o n s  dur ing  process  s t a r t u p .  The 
a lgor i thm i s  easy t o  set up and t o  use .  It  has  a f l e x i b i l i t y  t h a t  
a l l o w s  i t  t o  be adapted f o r  a wide v a r i e t y  of process  c o n d i t i o n s ,  and 
i t  can be modif ied t o  model o t h e r  s tagewise  s e p a r a t i o n  processes .  
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