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A MATHEMATICAL MODEL FOR MULTICOMPONENT SEPARATIONS 
ON THE CONTINUOUS ANNULAR CHROMATOGRAPH 

Robert L. B r a t z l e r  
John M. Begovich 

HIGHLIGHTS 

A model f o r  multicomponent separat ions on i o n  exchange 
columns has been adapted f o r  use i n  s tudy ing the  performance 
o f  t he  continuous annular chromatograph. The model accura te ly  
p red ic t s  so lu te  peak p o s i t i o n s  i n  t h e  column e f f l u e n t  and 
qua1 i t a t i  ve l y  p r e d i c t s  t rends i n  sol  u t e  e f f l  uent  r e s o l u t i o n  
as a  func t i on  o f  increas ing bandwidth o f  t h e  s o l u t e  feed 
pulse. The major v i r t u e s  o f  t he  model a re  i t s  s i m p l i c i t y  
i n  terms o f  t he  c a l c u l a t i o n s  invo lved and t h e  f a c t  t h a t  i t  
incorporates the .non l i nea r  solute-res in b.inding isotherms 
common i n  many i o n  exchange separat ions. Because d ispers ion  
e f f e c t s  a re  n o t  accounted f o r  i n  the  model, discrepancies 
e x i s t  between the  shapes o f  t he  e f f l u e n t  peaks p red ic ted  by 
the  model and those determined exper imental ly .  

1. INTRODUCTION 

Conventional chromatographic separat ions have been model ed us ing  

both numerical and a n a l y t i c a l  ca l cu la t i ons .  Only the  numerical methods 

have been successful i n  i nco rpo ra t i ng  a l l  o f  t he  e f f e c t s  which uccur i n  

chromatography. Unfor tunate ly ,  t h e  c a l c u l a t i o n s  a r e  u s u a l l y  l ong  and 

invo lved and do n o t  y i e l d  much i n s i g h t  i n t o  the  physics o f  t he  process. 

On the  o ther  hand, the  a n a l y t i c a l  methods u s u a l l y  i n v o l v e  assumptions 

which y i e l d  on ly  approximate resu l  t s  of t he  r e a l  experiment. However, 

they do prov ide a  t h e o r e t i c a l  bas is  f o r  p r e d i c t i n g  the  r e s u l t s  o f  a  

chromatographic separat ion w i t h  fewer c a l c u l a t i o n s  than w i t h  the.numer i -  

c a l  methods. 



I f  t h e  d iscuss ion i s  r e s t r i c t e d  t o  a n a l y t i c a l  models developed by 

i o n  exchange chromatographic separat ions, i t  must i nc lude  the  f o l l o w i n g  

e f f e c t s  i n  the  most general model : (1  ) s o l u t e  and so lven t  convect ion 

a x i a l l y  through t h e  bed (column); (2 )  s o l u t e  d i spe rs ion  and d i f f u s i o n ,  

bo th  p a r a l l e l  and normal t o  the  d i r e c t i o n  o f  f low;  and (3)  non l inear  

s o r p t i o n  and desorp t ion  o f  t h e  s o l u t e  by t h e  bed packing. To date  no 

a n a l y t i c a l  model has been developed which inc ludes a l l  o f  these e f f e c t s .  

A model does e x i s t  f o r  unidimensional convect ion and 'd ispers ion  w i t h  

1 i n e a r  b ind ing isotherms.' Th is  model i s  adequate fo r  those instances ... 

i n  which t h e  concent ra t ions  of so lu tes  a r e  much smal le r  than the  concen- 

t r a t i o n s  a t  which t h e  bed packing would be sa tura ted (overloaded). For 
. . > .  

those cases i n  which t h e  s o l u t e  l oad ing  i s  r e l a t i v e l y  high, an a n a l y t i c a l  

2 model has been developed by Rhee which t r e a t s  non l inear  s o l u t e  b ind ing  

isotherms, bu t  i t  does n o t  i nc lude  d i f f u s i o n  and d i spe rs ion  e f f e c t s .  

3 Others have developed models based on the  idea t h a t  t h e  column may be 

approximated as a number o f  i d e a l  mix ing  c e l l s ,  a l l  connected i n  ser ies .  

A1 though t h i s  approach i s  based on re1 a t i v e l y  crude geometr ical assump- 

t i o n s ,  t h e  r e s u l t s  p red ic ted  have been shown t o  agree f a i r l y  we1 1 w i t h  

experir1.1enta1 f I ndl ngs , provided t h e  bed i s  s u f f i c i e n t l y  1 ong . 
4 5 Both c e l l  models and numerical models have been employed i n  

desc r ib ing  the  cont inuous annu lar  chromatograph (CAC)  developed' a t  the 

Oak Ridge Nat iona l  Laboratory. A schematic diagram o f  t h e  apparatus i s  

.shown i n  F ig .  1. A regu la ted  gas overpressure.provides t h e  d r i v i n g  

f o r c e  f o r  a constant  f l o w  r a t e  o f  e luen t  through the  column. The feed 

i n l e t  i s  h e l d  s t a t i o n a r y  w h i l e  the  column i s  ro ta ted ,  sub jec t i ng  each 

p o r t i o n  o f  t he  annulus t o  feed f o r  a s h o r t  pe r iod  o f  t ime fo l l owed .by  
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Fig.  1 .  Schematic of t h e  p re s su r i zed  cont inuous annu la r  chromatograph. 



e l u t i o n  by the e luen t  stream. As e l u t i o n  proceeds, the e lu ted  sub- 

stances separate as they progress v e r t i c a l  l y  down the annul us, g i v i ng  

the appearance o f  he l i ces  as the annulus ro ta tes .  Component species 

w i t h  a h igh a f f i n i t y  f o r  t he  column packing e x i t  from the r o t a t i n g  

annulus a t  a greater  d is tance from the feed po in t  compared t o  species 

w i t h  lower d i s t r i b u t i o n  c o e f f i c i e n t s .  Thus, multicomponent separations 

can be made on a continuous basis depending on the  so rp t ion  character-  

i s t i c s  o f  the component species. 

The purpose o f  the  work reported here i s  t o  assess the app l ica-  

b i l i t y  o f  the Rhee ana l y t i ca l  model t o  the performance o f  the CAC. The 

f o l l ow ing  sect ions descr ibe the model, and the r e s u l t s  pred ic ted by the 

model are  compared w i t h  experimental r esu l t s .  

2 .  SUMMARY OF THE ANALYTICAL MODEL 

Conslder a conventional chromatographic column t o  which a l i q u i d  

so l u l e  rrlixture i s  fed f o r  Some short - t ime i n t e r v a l ,  t and i s  fo l lowed 
P ' 

by a stream conta in ing j u s t  solvent  ( t he  e luent  stream). I f  there  i s  

s u f f i c i e n t  v a r i a t i o n  i n  the a f f i n i t i e s  o f  the i nd i v i dua l  solutes f o r  

the  column packSng mater ia l ,  the solutes w i l l  appear separated i n  the 

e f f l u e n t  stream. The governing p a r t i a l  d i f f e r e n t i a l  mater ia l  balance 

on the  column i s :  

1 - -  
a t  - kfiCi(N - 1 B.) - kri Bi 9 

j =1  J 



where the  nomenclature used i s  g iven i n  Table 1 . Equation (1 ) r e s u l t s  

from a ma te r ia l  balance performed on the  mobi le (1  i q u i d )  phase, whereas 

Eq. (2)  app l ies  t o  the  immobile ( s o l i d )  phase. These equations are  

general and cannot be solved w i thou t  s i m p l i f y i n g  the  assumptions and 

spec i f y ing  t h e  i n i t i a l  and boundary cond i t ions .  For the  case considered 

here, these l a t t e r  cond i t ions  are: 

t = 0, a l l  x: Ci = Bi = 0 

l i m  C i = O  
X 

Thus, the  column i s  i n i t i a l l y  f r e e  o f  so lu te ;  up t o  time, , the  column 
t~ 

feed contains so lu te  o f  some constant  concentrat ion;  t he rea f te r ,  so lu te-  

f r e e  e luen t  i s  f ed  t o  the  column. Neglect ing column end e f f e c t s ,  i t  i s  

assumed t h a t  t he  concent ra t ion  vanishes as the  a x i a l  p o s i t i o n  approaches 

i n f i n i t y .  

The model i s  simp1 i f i e d  by neg lec t i ng  the  second-order d ispers ion  

terms i n  Eq. (1 ) .  A s e c o n d ~ s i m p l i f i c a t i o n  i s  t o  as'sume t h a t  t he  b ind ing 

r e a c t i o n  [Eq. ( 2 ) ]  i s  s u f f i c i e n t l y  f a s t  so t h a t  . l oca l  chemical e q u i l i b r i u m  

e x i s t s  t h r n ~ ~ g h o u t  the  column. This second assumption i s  v a l i d  i n  most 

cases, because the f l o w  ra tes  through i o n  exchange columns are  r e l a t i v e l y  

slow and the  b ind ing reac t ions  are  q u i t e  f a s t .  The f i r s t  assumption i s  

made, n o t  from physical  i n s i g h t ,  b u t  r a t h e r  t o  f a c i l i t a t e  an a n a l y t i c a l  

s o l u t i o n  t o  the  problem. Indeed, d ispers ion  e f f e c t s  p l a y  a l a r g e  r o l e  

i n  determining the  performance o f  chromatographic separat ions. 



Table 1. Nomenclature 

Symbol Definition and units 

Concentration of solute i  bound t o  resin,  meq/ml resin 

Concentration of solute i  in l iquid phase, meq/ml solution 

Concentration of solute i in l iquid feed, meq/ml solution 

2 Dispersion coefficient for  solute i, cm /sec 

Forward binding-rate constant for  solute i  , ( m l  solution)/  
(sec-meq) 

Reverse b i  nding-rate constant fo r  sol vte i , rec-' 

k f i / k r i  = binding constant, m l  sol ution/meq 

Overall bed 1 ength, cm 

Resin capacity , meqlml resin 

Number of solutes i n  system 

Duration of solute feed pulse, sec 

Time, h 

Eluent superficial  velocity, cm/min 

Axial coordinate, cm 

Bed void fract ion,  ml voids/ml bed 

Angular displacement, deg arc 

KiCi , dimensionless trans romed sol u Le i cunccntratlon 

Annular bed rotation ra t e ,  deg arc/h 



Even w i t h  these s i m p l i f y i n g  assumptions, Eqs. , ( l )  and (2 )  a re  d i f f i -  

c u l t  t o  solve because o f  t he  n o n l i n e a r i t y  i n  t h e  concent ra t ion  terms i n  

Eq. ( 2 ) .  For instantaneous b inding,  Eq. (2 )  may be rearranged i n t o  the  

f o l  1  owing form: 

Th is  equation i s  o f t e n  c a l l e d  the  Langmuir b ind ing  isotherm. A p l o t  o f  

t h i s  func t ion  i s  shown i n  F ig .  2. It adequately describes t h e n s a t u r a b i l i t y "  

of t he  i o n  exchange r e s i n  as t h e  concent ra t ion  o f  s o l u t e  i n  t h e  mobi le 

phase i s  increased. Th is  equat ion i s  based on the  concept t h a t  t he  r e s i n  

has on ly  a  f i n i t e  number o f  b ind ing s i t e s .  As s i t e s  become f i l l e d ,  t he  

tendency o f  any p a r t i c u l a r  so lu te  t o  b ind  decreases. Th is  i s  an important  

cons idera t ion  i n  t h e  d e s c r i p t i o n  o f  multicomponent chromatography, because 

the  presence o f  a  so lu te  w i t h  a  h igher  a f f i n i t y  f o r  t he  r e s i n  w i l l  e f f e c -  

t i v e l y  d isp lace so lu tes  w i t h  lower r e s i n  a f f i n i t i e s .  The l i n e a r  b ind ing 

model described i n  r e f .  1  does n o t  i nc lude  t h i s  e f f e c t .  

The problem as posed has been solved a n a l y t i c a l l y . 2  To apply the  

s o l u t i o n  t o  t h e  CAC, i n  which so lu te  bands a r e  d i s t r i b u t e d  both a x i a l l y  

and c i r c u m f e r e n t i a l l y ,  on l y  a  simple t rans format ion  f rom t ime t o  circum- 

f e r e n t i a l  displacement i s  needed: 

8 = w t .  (5) 

Thus, these two coordinates may be viewed as interchangeable. 

The s o l u t i o n  t o  the  problem i s  bes t  understood from p l o t s  i n  the  x - t  

( o r  x-9) plane. Consider t h e  separat ion o f  a  three-component m ix tu re  

( th ree  so lu tes  p l u s  so lvent ) .  For c l a r i t y ,  t h e  so lu tes  a re  numbered I n  





t he  order  o f  increas ing a f f i n i t y  f o r  t he  res in ,  s o l u t e  1  having the  lowest  

a f f i n i t y  and so lu te  3 having the  h ighest .  Because s o l u t e  3  w i l l  spend a  

greater  p ropor t i on  o f  t ime on the  immobile phase, i t  w i l l  advance through 

the  column a t  a  slower r a t e  than so lu tes  1  and 2. Thus i f  t h e  column i s  

i n i t i a l l y  so lu te - f ree  when the  mix ture  i s  app l i ed  ( t  = 0), a  se r ies  o f  

shock waves, one f o r  each so lu te ,  w i l l  be es tab l ished which demarcate the  

p o s i t i o n  o f  the  so lu te  f r o n t s  i n  the  column. Th is  i s  shown i n  F ig .  3. 

The so lu te  f r o n t s  a re  sharp ( i  .e., t he  shock f r o n t s )  because d ispers ion  

has been neglected. Solute 1  f r o n t  advances the  f a s t e s t .  The numbers 

of F ig.  3 i n d i c a t e  the so lu te  content  i n  the  f r o n t  and t r a i l i n g  regions 

near each o f  t h e  th ree shock waves. To the  l e f t  o f  shock 3, a l l  th ree 

so lu tes  c o e x i s t  a t  concentrat ions equal t o  the  respect ive  feed concen- 

t r a t i o n s .  To the  r i g h t  o f  shock 3, o n l y  so lu tes  1  and 2  a re  present,  

and t o  t h e  r i g h t  o f  shock 2, o n l y  s o l u t e  1  e x i s t s .  

A t  some l a t e r  t ime, t the  column feed i s  switched t o  pure solvent ,  
P ' 

and e l u t i o n  o f  t he  column begins. Because the  so l ven t  does n o t  i n t e r a c t  

w i t h  the  res in ,  i t  w i l l  advance through t h e  column f a s t e r  than any of 

t he  solutes.  Solute t h a t  res ides on the  r e s i n  w i l l  be removed progres- 

s i ve l y ,  s t a r t i n g  w i t h  so lu te  1  ( the  s o l u t e  w i t h  t h e  lowest  a f f i n i t y  f o r  

the  r e s i n ) .  Thus, t h e  mobi le phase concent ra t ion  o f  so lu te  1  w i l l  gradu- 

a l l y  decrease from i t s  maximum value (=  the  i n l e t  feed concentrat ion)  t o  

zero. Graphical ly ,  t h i s  i s  represented by a  fan  o f  i soconcent ra t ion  

l i n e s  o r i g i n a t i n g  a t  (0,t ) a s  shown i n  Fig.  4:. This  f a m i l y  o f  l i n e s  
P  

may be regarded as the  so lvent  f r o n t  permeating the  column. 

There w i l l  be as many fans as there  are  so lu tes  i n  t h e  column, i n  

t h i s  case, three. The fan  f o r  s o l u t e  1  w i l l  have smal les t  slopes (because 
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Fig. 3. Solute fronts advancing through a column in the loading 

of a three component mixture. 
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Fig. 4. Interaction of the isoconcentration lines in fan 1 with 

shock 3. 



so lu te  1  i s  removed from the r e s i n  f i r s t ) .  A l l  three solutes are present 

along each o f  the  isoconcentrat ion l i n e s  i n  fan 1. A t  time, T ,  fan 1  

s t a r t s  t o  overtake shock 3. This r esu l t s  i n  an i n te rac t i on  between the 

two waves. The ne t  e f f e c t  o f  the i n te rac t i on  i s  t h a t  shock 3 w i l l  move 

a t  a  slower r a t e  through the column (steeper slope) because there w i l l  

no longer by any so lu te  1  competing f o r  s i t e s  on the res in .  The solvent  

f an  1  w i l l  a lso  be slowed because there w i l l  be an absence o f  so lu te  3 

t o  the r i g h t  o f  shock 3. That i s .  solutes 1  and 2 w i l l  spend a greater 

propor t ion o f  t ime on the r e s i n  phase because competi t ion from so lu te  3 

i s  no longer a  f ac to r .  Fan 1 w i l l  proceed down the column u n t i l  i t  over- 

takes shock 2  and a s i m i l a r  transmissive i n te rac t i on  w i l l  ensue. I n  t h i s  

case, so lu te  2  i s  depleted, leav ing on ly  so lu te  1  i n  fan  1. Again the 

speed a t  which the isoconcentrat ion waves move through the column w i l l  

be retarded due t o  the absence o f  so lu te  2 t o  the r i g h t  o f  shock 2. This 

i s  shown i n  Fig.  5. When the l a s t  o f  fan 1  (C,  = 0) has i n te rac ted  w i t h  

shock 2, solutes 1  and 2 w i l l  have been separated. This occurs a t  po in t  

A i n  Fig.  5. A t  times and bed lengths greater than those o f  po in t  A, the 

separation distance between solutes 1  and 2 increases. Po in t  A thus 

represents the minimum t ime and distance required t o  separate solutes 1  

and 2. 

A f t e r  i n t e rac t i on  w i t h  shock 2,. fan 1  s t a r t s  t o  ' i n t e rac t  w i t h  shock 1. 

Unl ike  the previous fan-shock in teract ions,  the fan wave i s  no t  t ransmit ted 

i n  t h i s  case. Instead, i t  i s  absorbed, thereby slowing the advance o f  

shock 1. What u l t ima te l y  r e s u l t s  a t  long times and distances i s  shown 

on F ig .  6. The solvent  f r o n t  ( fan  1 )  minimum ve loc i t y  isoconcentrat ion 

l i n e  (corresponding t o  C1 = 0) moves a t  the same r a t e  as the shock wave. 
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Fig. 5. Interaction of the isoconcentration lines in fan 1 w i t h  

shock 2. 



LE:NGTH ALONG COLUMN, x 
Fig.  6. Absorption o f  the isoconcentrat ion l i n e s  i n  fan 1 w i t h  

shock 1. 



Thus, the two lines are parallel and separated by a constant distance a t  

a l l  bed lengths. This distance represents the solute 1 bandwidth. 

Similar fan-shock interactions occur with the other waves. Typical 

final results are shown i n  Fig.  7 (only one fan line i s  shown for each 

fan wave). Point B depicts the time and position a t  which solute 2 i s  

completely separated from solute 3. The effluent concentration profiles 

a t  any particular bed length may be determined by simply following along 

a vertical line through each of the shock and fan waves. Figures 8 and 9 

show typical profiles for x = 0.2 and x = 1.0 respectively. A t  x = 0.2, 

there is incomplete separation between solutes 2 and 3. A t  x = 1 .O, a1 1 

three solutes have been separated. 

To sumnarize, i f  one knows the inlet  concentrations for each solute; 

the b ind ing  constants, K i ;  the void volume of the column, E; the eluent 

superficial velocity, v; and the total capacity of the resin, N ,  the 

effluent concentration as a function of time a t  any arbitrary bed length, 

x ,  can be predicted. A computer program has been written to perform the 

calculations and i s  described i n  detail i n  Appendix A. 

3. CASES STUDIED 

The model was tested by performing calculations based on experimental 

data a1 ready generated on the CAC. The experiment separated copper, 

nickel , and cobal t (Co-1 and Co-2) ami ne complexes using Dowex 50W-X8 
+ 50- to 60-urn ion exchange resin (NH4 form) with 1 M (NH4)*C03 a t  pH 

7.88 as the e1uent.l The purpose of the experiments was to study the 

effect of variation i n  the feed bandwidth ( t  ) on product resolution. 
P 
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The b ind ing  constants f o r  each o f  t he  so lu tes  and t h e  r e s i n  capac i ty  

used i n  t he  c a l c u l a t i o n  a r e  g iven i n  Table 2. The r e s i n  capac i t y  used 

was the  nominal capaci ty  quoted by t h e  r e s i n  manufacturer.  The b ind ing  

constants were determined by a t r i a l  -and-error method. I n i t i a l  est imates 

were mod i f ied  so t h a t  t he  r e s u l t s  o f . t h e  c a l c u l a t i o n  matched those f o r  

one p a r t i c u l a r  s e t  o f  experimental  cond i t i ons .  These constants were n o t  

v a r i e d  i n  any o f  the  subsequent c a l c u l a t i o n s .  (Attempts t o  measure the  

b ind ing  constants i n  separate e q u i l i b r i u m  b ind ing  experiments y i e l d e d  

i n c o n s i s t e n t  r e s u l t s ,  presumably due t o  the  l a r g e  e r r o r s  i nvo l ved  i n  the  

experiments. ) The a1 g o r i  thm used t o  determine the  b ind ing  constants i s  

f a i r l y  s t ra igh t fo rward  and i s  descr ibed i n  Appendix A. 

Table 3 summarizes the  experimental  cond i t i ons  used i n  the  ca lcu-  ' ' 7  

l a t i o n s .  The feed bandwidth was v a r i e d  from 5 t o  3 8  mm. Because the  

bed was r o t a t i n g  a t  62.2O/h and the  diameter o f  the  annular  bed i s  28.2 

cm, these bandwidths correspond t o  pu lse  widths ranging f rom 2 t o  15 min. 

The feed bandwidth i s  va r i ed  exper imenta l l y  by changing t h e  s o l u t e  mix- 

t u r e  feed ra te .  When the  feed r a t e  exceeds t h e  e l u e n t  ra te ,  t he  feed 

band spreads. Conversely, a t  feed r a t e s  lower than the  e l u e n t  ra te ,  the  

feed pu lse  i s  conf ined t o  a narrower reg ion  and undoubtedly undergoes 

some d i l u t i o n  i n  t he  process. For t h e  cases s tud ied  here, t he  e l u e n t  

r a t e  was 2.53 cm/min. For feed r a t e s  l e s s  than t h i s  e l u e n t  r a t e ,  the  

i n l e t  s o l u t e  concentrat ions were assumed t o  be d i l u t e d  i n  d i r e c t  propor- 

t i o n  t o  t h e  r a t i o  o f  feed t o  e l u e n t  f l o w  r a t e s .  



Table 2. Binding isotherm data used in the model calculations 

Resin capacity: N = 1.78 meq/ml resin.  

Sol u t e  compl ex (ml sol u t i  on/meq) (ml sol ution/ml r e s in )  

-- 

a~ i s  the dis t r ibut ion coeff ic ient  a t  very low concentrations: 
a PP 



Table 3. Experimental cond i t i ons  used i n  t h e  a n a l y t i c a l  model 

v = 2.53 crnlrnin 

E = 0.38 

L = 50 cm 

Feed bandwidth = 5 t o  38 mm 

w = 62.Z0/h 

L L i o 2 i o 
Sol u t e  compl ex [(meqlml s o l u t i o n )  x 10 1 ( g / l  i t e r  ) 

a~ssuming t h e  feed r a t e  2 e luen t  r a t e .  For the  5- and 7-mm 
bandwidth cases, these values were assumed t o  be 1.012.53 
and 2.012.53 o f  the values shown here. 



4. RESULTS 

Bed concentrat ion p r o f i l e s  were computed f o r  the range o f  bandwidths 

l i s t e d  i n  Table 3. The r e s u l t s  pred ic ted f o r  a  7-mm feed bandwidth are 

shown i n  Fig.  10 on the x/L-9 plane. Solute .bands f o r  each so lu te  i n  the 

system are  represented by a  p a i r  o f  broken l i nes .  The lowest band i s  f o r  

t he  copper complex, f o l  lowed i n  order b.y the n icke l ,  Co-1 , and Co-2 com- 

p l e x ~ < .  This f i o ~ ~ r ~ !  cnrresponds t o  the  tra. iectory of the bands t h a t  

would be observed dur ing the  operat ion o f  the CAC. I n  the ca lcu la t ions,  

L  was assumed t o  be 50 cm, equal approximately t o  the ove ra l l  bed length  

o f  t h e  CAC. The e f f l u e n t  concentrat ion can thus be determined by a  c u t  

a t  x/L = 1. Th is  e luent  p r o f i l e  i s  shown i n  Fig.  11 where $i(= KiCi) as 

a  f unc t i on  o f  9 i s  p lo t ted .  I n  the  case shown, the copper complex e x i t s  

a t  34", the  n i cke l  complex a t  55", the Co-1 complex a t  73", and the Co-2 

complex a t  177". Note t h a t  the shape o f  the peaks i s  no t  Gaussian. This, 

o f  course, i s  because d ispers ion e f f ec t s  were neglected i n  the ca lcu la t ion .  

Resul ts f o r  each o f  the o ther  cases tes ted are  shown i n ' f i g s .  B.l-B.18 

found i n  Appendix B .  

Refer r ing t o  the f i gu res  i n  Appendix B, the model p red ic ts  complete 

separat ion o f  a l l  f ou r  solutes f o r  bandwidths up t o  19 mrn (7.7"). With 

a  feed bandwidth o f  19 mm, t he  model p red ic ts  t h a t  the  n icke l  complex 

w i l l  emerge s l i g h t l y  contaminated w i t h  Co-1. A t  even l a rge r  feed band- 

widths, the  degree o f  over lap between the two bands increases. For the 

range o f  bandwidths used, the  model p red ic ts  complete separat ion o f  the 

copper and n icke l  complexes. 

Experimental ly, the n icke l  and Co-1 bands overlapped f o r  feed band- 

widths greater  than 22 mm, i n  agreement w i t h  the model. However, cont rary  
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Fig.  11. Concentration p r o f i l e  a t  the column e x i t  f o r  a 7-mn 

feed bandwidth. 



t o  p red ic t i ons ,  t he  copper and n i c k e l  bands a l s o  overlapped f o r  feed 

bandwidths o f  19 mm and greater .  Th is  discrepancy between the  model pre- 

d i c t i o n s  and t h e  experimental r e s u l t s  may be expla ined i n  p a r t  by the  

omission o f  d ispers ion  e f f e c t s  i n  the  model. Also, t he  b ind ing constants 

used i n  the  c a l c u l a t i o n  may n o t  have been s u f f i c i e n t l y  accurate. 

A1 though t h e  model may n o t  have p red ic ted  the  band overlaps proper ly ,  

i t  d i d  a  reasonably good job  o f  es t ima t ing  the  p o s i t i o n  o f  t he  e f f l u e n t  

concentrat ion peaks. The comparison between experimental l y  measured and 

model-predicted peak pos i t i ons  i s  shown i n  Fig.  12. Most o f  t he  data 

p o i n t s  are scat te red near the  45' l i n e  o f  i d e n t i t y .  The major except ion 

t o  t h i s  observat ion i s  t h e  data f o r  t he  p o s i t i o n  o f  t he  Co-2 peaks. The 

model genera l ly  overpredicted these peak loca t ions ,  again probably due 

t o  the  choice o f  t he  b ind ing c o e f f i c i e n t  f o r  Co-2. 

The column e f f l u e n t  so lu te  bandwidths p red ic ted  by t h e  model were, 

i n  general, understandably smal ler  than those determined exper imental ly .  

The comparison o f  theory and experiment i s  shown i n  Figs.  13 and 14. I n  

the  case o f  copper, t he  model and experimental r e s u l t s  show q u a l i t a t i v e ,  

b u t  no t  q u a n t i t a t i v e ,  agreement (F ig.  13). The r e s u l t s  obta ined w i t h  

n icke l '  a re  somewhat su rp r i s ing .  Over t h e  range o f  column feed bandwidths 

tested,  the  model agrees q u i t e  w e l l  w i t h  t h e  experimental f ind ings .  

~ e s u i t s  obta ined w i t h  Co-1 and Co-2 (F ig .  14) a r e  s i m i l a r  t o  those o f  

copper i n  t h a t  t h e  model p r e d i c t s  t h e  c o r r e c t  t r e n d . b u t  n o t  t h e  c o r r e c t  

q u a n t i t a t i v e  values. 

The comparison between p red ic ted  and measured peak r e s o l u t i o n  i s  

shown i n  Fig.  15; peak r e s o l u t i o n  i s  de f ined i n  r e f .  7. A  value of u n i t y  

means t h a t  t he  adjacent  peaks a re  j u s t  touching. Vaques above u n i t y  i n f e r  
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separa t ion  o f  t h e  two so lu tes ,  and values below u n i t y  i n f e r  contaminat ion. 

The model p red ic ted  separa t ion  of t h e  copper and n i c k e l  complexes over  

t h e  e n t i r e  range o f  feed bandwidths. Experimental r e s u l t s  showed an 

ove r lap  o f  t he  two s o l u t e  bands a t  feed bandwidths i n  excess o f  19 mrn. 

The agreement between t h e  model and experimental r e s u l t s  was b e t t e r  i n  

t h e  case o f  the  n ickel - -Co- l  separat ion.  The onset o f  contaminition a t  

about 22 mm was conf irmed exper imental ly .  

5. DISCUSSION 

I f  a mathematical model ' i s  t o  p r e d i c t  t h e  performance o f  t he  CAC 

accura te ly ,  i t  must i nco rpo ra te  a l l  t h e  e f f e c t s  o f  convection, d ispers ion,  

and non l i nea r  b ind ing  isotherms. The shortcoming o f  t h e  model tes ted  here 

i s  t h e  omission o f  t h e  d i spe rs ion  e f f e c t s .  These d i spe rs ion  e f f e c t s  a r e  

p a r t i c u l a r l y  impor tant  if one wishes t o  determine so lu te  reso l  u t i o n  i n  

t h e  column e f f l u e n t .  However, i f  o n l y  a p r e d i c t i o n  o f  gross behavior a t  

d i f f e r e n t  opera t ing  cond i t i ons  i s  desi red,  t h i s  model may he s u f f i c i e n t .  

I n  models which i nc lude  d ispers ion,  i t  i s  necessary t o  est imate t h e  d i s -  

pe rs ion  c o e f f i c i e n t  f o r  each so lu te .  Since the re  i s  no r e l i a b l e  way t o  

make t h i s  est imate b e t t e r  than w i t h i n  an order  o f  magnitude, the  success 

o f  these more complete models i s  a1 so doub t fu l  . 
The v i r t u e s  o f  t h e  Rhee model are i t s  s i m p l i c i t y  in t ~ m s  o f  the  

c a l c u l a t i o n s  invo lved and the  f a c t  t h a t  i t  provides a convenient frame- 

work f o r  i n s i g h t  i n t o  t h e  physical  processes which occur i n  chromato- 

graphic separat ions. I t  a1 so a1 lows cons idera t ion  o f  t h e  i n t e r a c t i o n s  

between so lu tes  and t h e  r e s i n  i n  multicomponent separat ions. For example, 

one cou ld  expect t o  p r e d i c t  t he  e f f e c t  o f  a doubl ing o f  t h e  i n l e t  feed 



composition o f  a l l  the solutes being separated w i t h  reasonable accuracy. 

Another des i rab le  feature  o f  t h i s  approach i s  t h a t  the theory could be 

modi f ied t o  account f o r  grad ient  e l u t i o n  operat ions. This area might 

warrant f u t u re  exp lora t ion i n  1  i g h t  o f  the successful grad ient  e l u t i o n  

runs on the CAC. 6 

6. CONCLUSIONS 

The mu1 ti component chromatographic model has been compared t o  experi-  

mental r esu l t s  obtained on the CAC. The model p red ic ts  the pos i t i on  o f  

the e f f l u e n t  so lu te  peaks q u i t e  we l l  under cond i t ions o f  vary ing i npu t  

feed bandwidths. It a lso  p red ic ts  the co r rec t  trends i n  e f f l u e n t  so lu te  *i. 

reso lu t ion  as the feed bandwidth i s  increased. Given a  method f o r  super- 
. &  . . . 

imposing dispers ion e f f e c t s  on the pred ic ted output  concentrat ion p r o f i l e s ,  , 

one would be be t t e r  able t o  make a  quan t i t a t i ve  p red i c t i on  o f  band over lap 17 

and contamination. One possib le use o f  t h i s  model would be t o  p red i c t  CAC -J . 

performance as the so lu te  concentrat ions i n  the feed stream were varied. t 

More experimental data need t o  be generated w i t h  wide ranges i n  feed com- 

pos i t i on  before comparisons w i t h  the model can be made. The model may be 

adapted f o r  gradient  e l u t i o n  operations, and t h i s  may prove usefu l  i n  

assessing the grad ient  e l u t i o n  mode i n  the i n d u s t r i a l  se t t i ng .  
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APPENDIX A. COMPUTER PROGRAM 

A l l  c a l c u l a t i o n s  were performed on a  PDP-11 computer. A basic 

d e s c r i p t i o n  o f  how t o  use t h e  program fo l lows.  No at tempt w i l l  be made 

t o  descr ibe the  program a lgo r i t hm i n  d e t a i l .  

1. Running. the  program MCHAR 

I n p u t  data. I n p u t  data are. read from a data f i l e ,  MCHAR.DAT. The 

data should be i n  the  f o l l o w i n g  format: 

L ine  1  : Ki (6F8.4 format)  

L ine  2: C! (6F8.4 format)  
. J  

Lines 3  and 4 :  Cio (4E10.4 format)  

L ine  5: N, E (2F8.4 format)  

L ine  6: n, n i c ,  pw, v, (212, 3F8.4 format)  

where the  symbol s  are  def ined i n  Table A. 1  . An exampl e  * o f  i n p u t  data i s  

a l s o  shown i n  Table A.1. 

I n  t h e  example shown, K1 = 1.18, K 2 =  2.18, K3 = 2.92, and K4 = 7.73. 

Note t h a t  the  Kits must be entered i n  ascending numerical order .  Since 

the  bcd was assumed t o  be i n i t i a l l y  so111t.e free, = 0 The feed (en t ry )  
j 

so lu te  concentrat ions are: C10 = 0.0354, CZ0 = 0.1533, C30 = 0.01909, 

and C40 = 0.03818 meq/ml (CS0 = C60 = 0 ) .  The r e s i n  b ind ing  capaci ty ,  

N, = 1.78 meqlml res in ;  E = 0.38; t h e  t o t a l  number o f  solutes,  n, = 4  

( the  program may handle up t o  s i x  component systems) ; t h e  number o f  

i soconcent ra t ion  1  ines  i n  each " f a n  wave," n i c ,  = 8  (8 i s  t h e  maximum 

number poss ib le ) ;  t he  feed bandwidth, pw, = 12.0 mm; t he  s u p e r f i c i a l  

e luen t  v e l o c i t y ,  v, = 2.53 cmlmin; and, f i n a l l y ,  t h e  bed r o t a t i o n  r a t e ,  

w,  = 62.2 O/hr. 



Table A.1. Program input data . 

Sample data f i l e :  

1.18, 2.18, 2.92, 7.73, O . ,  0 .  

0 . , 0 . , 0 . , 0 . , 0 . , 0  

3.54E-02, 1 .533E-01, 1 .909E-02, 3.818E-02 

O.OE-00, O.OE-00, O.OE-00, O.OE-00 

1.78, 0.38 

4 ,  8, 12. ,  2.53, 62.2 

Notations used: 

Ki - so lu t e  binding constants,  ml solution/meq (1 ine 1 )  

C: - i n i t i a l  so lu te  concentrations i n  ion exchange bed, 
meq/ml solut ion ( l i n e  2) 

'io - feed so lu te  concentrations, rneq/rnl (1 ines 3 and 4) 

N - resin binding capacity,  meq/rnl res in  ( l i n e  5 - #1) 

E - culumn void f rac t ion  ( l i n e  5 - # 2 )  

n - number of so lu tes  ( l i n e  6 - #1) 
. . 

nic  - number of isoconcentration l i n e  i n  each "fan wave" 
( l i n e  6 - #2)  

pw - feed bandwidth, mrn ( l ine  5 - #3) 

v - super f ic ia l  e luent  v e l o c i t . ~ ,  cm/min ( l i n e  6 - #4) 

w - eslumn ro ta t ion  r a t e ,  "/hr ( 1  i r ~ e  6 - #5) 



Executing the  program. I f  MCHAR.DAT has the  proper i n p u t  data, on l y  

"RUN MCHAR" needs t o  be entered. A f t e r  r e s u l t s  a re  p r in ted ,  t he  l i n e  

terminal  w i l l  ask if a p l o t  i s  wanted ( i n  t h e  X-8 plane as shown i n  

Fig.  B. 1 ) . I f  t h e  response i s  yes, t h e  maximum values f o r  X and 9 are  

requested. I n  t h i s  case, X i s  t h e  dimensionless bed length,  x/L. A f t e r  

en te r ing  the  requested value, press " re tu rn "  and t h e  p l o t  w i l l  be made on 

the  cathode r a y  te rmina l  (CRT). A hard copy o f  t h e  p l o t  may be obtained 

us ing the  "copy" key on . the  CRT keyboard. The l i n e  te rmina l  w i l l  ask i f  

another p l o t  w i t h  d i f f e r e n t  sca l i ng  i s  wanted; i f  so, i t  w i l l  ask f o r  

maximum values f o r  X and 8. 

Once a l l  t h e  des i red  X-8 p l o t s  have been obtained, concent ra t ion  

p r o f i l e s  may be drawn ( s i m i l a r  t o  those shown on F ig .  B.2) a t  any des i red  

dimensionless bed length.  Enter  o n l y  t h e  appropr ia te  responses t o  the  

quest ions posed by t h e  l i n e  te rmina l .  The coordinates o f  t h e  curves t o  

be p l o t t e d  are  shown ahead o f  t ime on the  l i n e  p r i n t e r .  Th is  should a i d  

i n  determining the  best  s c a l i n g  parameters t o  enter .  

2. Est imat ion o f  b ind ing  constants, Ki 

Suppose one wishes t o  model a p a r t i c u l a r  experimental run  i n  which 

t h e  €Iio ( p o s i t i o n  o f  the  peak maxima) a r e  known. To a f i r s t  approxi -  

mation, t he  b ind ing  constants, Ki, may be est imated from: 

where 8, i s  t h e  angular p o s i t i o n  ( i n  degrees) a t  which the  pure e luen t  

would e x i t  (analogous t o  the  v o i d  volume t ime i n  gel permeation chroma- 

tography). 



EWX 0 , = - -  v 

These re l a t i onsh ips  a re  exact i f  the compet i t ive b inding e f f e c t s  among 

the  so lu tes  are minimal. The program-predicted Bi0 w i l l  d i f f e r  from the 

experimental values t o  the ex tent  t h a t  compet i t ive b inding i s  important. 

A second guess o f  the Ki may be made based on the fo l l ow ing : .  

The Ki-new which i s  ca lcu la ted  w i l l  usua l l y  r e s u l t  i n  8i-program, which 

matches the  experimental values q u i t e  c lose ly .  

3. Program components 

The program FORTRAN code cons is ts  o f  a  M A I N  sect ion ( ca l l ed  MCHAR 

f o r  method o f  cha rac te r i s t i c s )  and subroutines. MCHAR c a l l s  a1 1  the 

necessary subroutines and func t ion  subprograms. A 1 i s t i  ng o f  the various 

subroutines and program organ izat ion i s  shown i n  Fig.  A.1. 

4. P.rogram l i s t i n g  

The de ta i l ed  FORTRAN code i s  l i s t e d  on the fo l l ow ing  pages. 



. ORNL DWG 8 0 - 9 0 4  

Funct ions  o f  subprograms 

MCHAR 

1. MCHAR - main d r i v i n g  program; c a l c u l a t e s  i n i t i a l  s lopes o f  shock waves 
and fan waves; c a l c u l a t e s  i n i t i a l  i soconcen t ra t i ons  assoc ia ted  w i t h  
a1 1  waves. 

4 

2. OMRT,F - f i n d s  wils as d e f i n e d  i n  r e f .  2. 

n  
3 .  DFUN - c a l c u l a t e s  1 + Z KiCi. 

i = l  

r 4  

4. SUBR - determines i n t e r s e c t i o n  coo rd ina tes  and new i soconcen t ra t i ons  
assoc ia ted  w i t h  shock and f a n  waves. 

5. PLOTDT - p l o t s  X-8 f i g u r e s  on CRT. 

PLOTDT 

r w m 

w 

6. GRID - supp l i es  g r i d  f o r  p l o t s .  

OMRT 

7 .  INSECT - determines t h e  coo rd ina tes  o f  a l l  shock and f a n  waves a t  a  
p a r t i c u l a r  bed leng th .  

DFUN 

8. PLOTPR - p l o t s  c o n c e n t r a t i o n  p r o f i  1  es . 

PLOTPR 
* 

Fig .  A.1. O r g a n i z a t i o n  o f  program. 

u u 
F 

INSECT 
SUBR 



REAL%4 K ( ~ ) ~ N Y N H ( ~ ~ ~ ) ~ L A ( ~ ) ~ N E ( ~ ) , N I ( ~ )  
LOGICALS1 XDATE(9)rXTIHE(8) 
DIHENSION CI(6)rCE(6)rPHII(6)rPHIE(6)rD(6)rPHIC(6r6)rSSH(6)r 
lDD(6r8)rXJ(6r6)rPHI(6r6r6r8)rXS(6,618)rTAU(6r6r8)rWI(6)r 
1 WE(6)r S C W ( ~ P ~ ) ~ D G ( ~ ) ~ P H I C S ( ~ ~ ~ ) ~ N ~ ~ S ( ~ ~ ~ ) ~ E T A ( ~ ) ~ T A U A ( ~ ) ~  
2 DEG(6r6r8)r DEGA(6)rTI(72)rPHICON(72r6)rDEE(72) 
COHHON T Y T S S H ~ S C W ~ T A U ~ D D ~ D ~ W E ~ W I ~ E P S I F H I Y N ~ K ~ D I ~ D E ~ T A U A  

1 rVrROT 
COMMON /BLK2/ XDATErXTIME 
COHHON /BLK3/ XISOrPHICSrDEErPHICONlICNT 
COHMON /BLK4/ D E G ~ X S ~ M ~ N I C ~ T Y D P D E G A  
CALL ASSIGN(2r'HCHARtDAT1r9) 
CALL ASSIGN(lr'TT7:') 
READ(2r1000) K 
READ(2r1000) CI 
READ(2r1050) CE 
READ(2r1000) NvEPS 
READ(2r1100) MvNICrPWrUrROT 
CALL BATE(XDATE) 
CALL TIHE(XT1ME) 
WRITE(6r1110) XDATErXTIMEiKrCIrCE 
URITE(6r1120) N I P W I V ~ R O T  
TY=t470763tPUtV/ROT 
DO 100 J=lrH 
PHII(J)=K(J)%CI(J) 
PHIE(J)=K(J)SCE(J) 

100 CONTINUE 
DE=DFUN(PHIE) 
DI=DFUN(PHII) 
DO 200 J = I t H  
NE(J)=W4PHIE(J)/DE 
NI(J)mNYPHIIIJ!/DI 

200 CONTINUE 
CALL Oh#T(NrKrNI~MrWIrIER, 
GO TO (210r2000)r IER 

210 YRITE(br1130) W I  
CALL O H R T ( N ~ K ~ N E P # ~ W E ~ ~ E H )  
GO TO (220r2100)r IER 

220 URITE(6r1140) WE 
DO 500 IH=l rH 
DO 400 KR=lrH 
PROF-PllIC( Ill) 
DK=DE 
DO 300 J=l rKK 
FROD=PRODS(1t-NtK(In)/UI(J))/(1t-N#K(IH)/WE(J)) 
IF (IH ,GT, 1) GO TO 300 
DK=DKfW€(J)/WI(J) 

300 CONTINUE 
IF (IM tGTt 1) GO TO 320 
D ( KK =DK 

320 PHIC(IflrKK)=PROD 
NH(IHrKK)=NbPHIC(IMrKK)/D(KK) 

400 CONTINUE 
500 CONTINUE 



WRITE(6rll50) 
DO 600 KK=l?H 
URITE(6r1200) KK?(PHIC(IHvKK)rIH=lvfl) 
CONTINUE 
DO 645 IH=lrfl 
DO 640 KK=lrM 
PROD=PHIE(IM) 
DK=DE 
DO 630 JnKKtlrH 
IF (J * G T *  H) GO TO 638 
PROD=PROD%(1*-NtK(IH)/WI(J))/(1*-N*K(Ifl)/WE~J~~ 
DK=DKSWE(J)/bJI(Jj 
CONTINUE 
IF (IH + G T +  1) GO TO 635 
DS(KK+l)=DK 
PHICS(IHrKK)=PROD 
NHS(IMrKK)=NSPHICS(IHrKK)/DS(W)  
GO TO 6 4 0  
DS(l)=DI 
PHICS(IHrKK)=PHIE(Ifl) 
NHS(IHrKK)=NE(Ifl) 
CONTINUE 
CONTINUE 
DO 650 IH=lrM 
SSH(IH)=EPS+(l,-EFS)tYE(IH)/DS(Ifl) 
CONTINUE 
DELDzD(1)-DE 
DO 700 KK=lrH 
LA(KK)=WI(KK)*D(KK) 
DO 670 L=l?NIC 
XL=NIC-L 
DD(KK~L)=D(KK)-XL%DELII/(NIC-~) 
SCW(KKrL)=EPSt(l+-EPS)tLA(KK)/DD(KKrL)St2 
DO 660 IH=lrH 
IF (IH *NE* KK) GO TO 655 
IF ( KK eEQ* 1) GO TO 652 
DOLD=D(KK-1) 
PHIOLD=PHIC(IHrKK-1) 
XJ(IMrKK)=PHIOLD/(DOLD-D(KK)) 
GO TO 657 
DOLD=DE 
PHIOLD=PHIE(Ifl) 
GO TO 651 
XJ(IflrKK)=K(IH)fNH(InrKK)/(NSK(Ifl)-WI(KK)) 
P H I ( M r I H ~ K K ~ L ~ = P H I C ( I H r K K ~ t X J ( I M r K K ~ ~ ( D D ~ K K r L ~ - D ~ K K ~ ~  
CONTINUE 
CONTINUE 
DELD=D(KKtl)-D(KK) 
CONTINUE 
URITE(br1240) 
I4RITE(6rlZSO) SSH 
WRITE(br1290) 
DO 710 KK=lrM 
WRITE(br1300) K K P ( S C U ( K K P L L ) * L L = ~ ~ N I C )  



710 CONTINUE 
URITE(br1340) 
DO 720 KK=lrH 
URITE(br1300) KKr(DD(KKrL)rL=lrNIC) 

720 CONTINUE 
WRITE(6?1390) 
DO 750 KK=l r M  
DO 740 L=IrNIC 
ldRITE(6~i400) KKrL?(PHI(HrIH?KKrL),In=ltn) 

740 CONTINUE 
750 CONTINUE 

UR1TE(6~1430) 
DO 770 KK=l?H 
WRITE(br1440) K K ~ ( P H I C S ( I ~ I ? K K ) ~ I M = ~ P M )  

770 CONTINIJF 
CALL SUBR 
TYD=ROTtTYSSO*/(VS60*) 
CALL PLOTDT 

780 TYPE 2400 
ACCEPT 2500rIA 
IF (IA * E O *  0) CALL FINITT(0?700) 

C 
C FIND INTERSECTIONS WITH SHOCK WAVES 
C 

CALL INSECT 
CALL PLOTPR ( # )  
TYPE 2600 
ACCEPT 2700rIA 
IF (14 *NE* 0) 00 TO 780 
CALL FINITT(Or700) 

loo0 FORHAT(6Fa.4) 
1050 FORhAT(4E16+4) 
1100 FORHAT(212r3F8*4) 
1110 F O R M A ~ ( ' ~ ' ~ / / ~ ~ ~ P ~ A ~ I ~ X P ~ A ~ I / / T ~ O ~ ' I N P U T  DATA'r/TlOrlO('t')r/// 

1T20r'K"S:'r/T20r3~'~'~r//T2Or6F1O~4i//T2O~'CI"S~'r/T2Or 
24('X')r//T~O~6F10~4r///T20r'CE"S~'r/T20~4~'%'~r//T20r6F10~4~ 

1120 FORMAT(///T20r'N='rF5~2r1 HEQU1V/ML'r/T20r1PULSE #IDTH='r 
1 F4tlr1 iIM1r/T20r'SUPERFICIAL VELOCITY='rF5*?r1 CM/MIN'~/TZOP 
2 'HUTATION RAPE='rF4rO?' DEGREES/HR1) 

1130 F O R H A T ( / / / T ~ ~ ~ ' O M E G A - E N T R Y " S ~ ' I / T ~ ~ ~ ~ ~ ~ ' $ ' ~ ~ / / T ~ O ~ ~ F ~ O ~ ~ ~  
1140 F O R H A T ( / / T ~ O ~ ' O H E G A - I N I T I A L " S ~ ' I / T ~ O ~ ~ ~ ~ ' % ' ~ ~ / / T ~ O ~ ~ F ~ ~ + ~ ~  
1150 F O R f l A T ( ' l ' ? / / T l Q ~ ' C O N S T A N T  CONCENTRATIONS'r/TIOr23('~'~~//T20r 

1 'WAVE NO*'rT40r'PHI'r/T30r8O('t'),/) 
1200 FORHAT(T23rI2?T30r6E13*3) 
1240 FORMAT(////rTlOr'SLOPES OF SHOCK WAVES='r/) 
1250 FORMAT(T20rbE13r3) 
1290 FORHAT(////rTlOv'INITIAL SLOPES OF C-UAVES='r//T20r'WAVE NO.'? 

1 T30r'L=l'rT43r'L=2'rT56r'L=3'?T69r'L=4'rT82r1L=5'r/) 
1300 FOR#AT(T23rI2?T28,f lE11,3)  
1340 FORMAT(////,TIOrlVALUES FOR D='r/) 
1390 FORMAT(////T~OP'ISO-CONCENTRATIONS (IN1TIAL)='?//T20r1WAVE NO*'? 

1 T30r'L1rT40r'M'r//) 
1400 FORtlAT(T23rI2rT30rIlrT38r6E13~3) 
1430 FORHAT(////T~OP'ISOCONCENTRATIONS ASSOCIATED WITH SHOCK WAVES'r 



1 /T20rtWAVE NO*'vT33r1H'r/) 
1440 FORRAT(T23rI2rT29~6E13r3) 
2000 MRITE(6r2200) 

STOP 
2100 WRITE(6v2300) 

STOP 
2200 FORHAT('~'P//TIOI'S$~ERRORX~$-NO ROOT COULD BE FOUND FOR " M I " *  

1 CHECK INPUT DATA*') 
2300 FORHAT('l'~/TlO~'tXtERRORX~tNO ROOT-COULD BE FOUND FOR "WE"* 

2 CHECK INPUT DATA,') 
2400 FORHAT(' 00 YOU WANT ANY FLOTS OF CONCENTRATION PROFILES? 

l(O=NOi ~=YES):'P%) 
2500 FORHAT(I2) 
2600 FORHAT(' DO ,YOU YANT ANOTHER PLOT OF CONCENTRATION PROFILES. 

1 AT A LARGER BED LENGTH? (O=NOi l=YES):'vS) 
2700 FORHAT(12) 

END 



SUBROUTINE OHRT(NVKINIPMPUIPIER) 
REALS4 N v K ( 6 ) r N I ( 6 )  
DIHENSION U I ( 6 )  
DO 7 0 0  J=1 P M 
I F  ( N I ( J )  *NE+ 0 )  GO TO 5 0  
W I ( J ) = N t K ( J )  
GO TO 7 0 0  

5 0 I F  ( J  +EQ+ 1) X L = * 0 0 0 1  
I F  ( J  eNE+ 1) X L = N % K ( J - l ) + t 0 0 0 1  
XR=N%K(J)-*0001 
F L = F ( X L V K V N I ~ N V M )  
F R = F I X R P K P N I P N ~ H )  
I F ( F L / F K  +GT*  0 , )  GO TO 8 0 0  
I F  ( F L  t L T * ' O , )  GO Tn l o t  
XFOS=XL 
XNEG=:XR 
GO TO 3 0 0  

1 0 0  XNEG=XL 
XPOS=XR 

3 0 0  X=*5S(XPOS+XNEG! 
DO 4 0 0  1 a 1 ~ 5 0  
FX=FIXIKPNIPNPM) 
I F  ( A B S ( F X )  eLT* ,001)  GO TO 6 0 0  
I F  (FX * L T +  0,) GO TO 3 2 0  
XPOS=X 
GO T O  340 

3 2 0  XNEG=X 
3 4 0  X=+3S(XPOS+XNEG) 
4 0 0  CONTINUE 

WRITE(br1000)  J 
I E R = 2  
RETURN 

6 0 0  UI(Jj : : :X 
7 8 0  CONTINUE 

IF:R=l 
RETURN 

U00 M R I T E ( 6 r l l B O )  
I E R = 2  
RETURN 

1 0 0 0  F O R H A T ( ' ~ ' ~ / T ~ O P ' S Y S E R R O R $ ~ ~ - N O  ROOT COULD RE FOUND FOR J = ' r I ? r  
1' I N  Ot iRT* ' )  

1100 F U K H R T ( ' ~ ' P / T ~ ~ ~ ' L ~ ~ E R R O R $ ~ ~ - I N I T I A L  CSl' lHATES D I D  NOT BRACKET 
1 THE SOLUTION I N  OHRT* ' )  

END 





SUBROUTINE SUBR 
REALS4 K(6)vNvNM(bvb)vLA(6)vNE(6)vNI(6) 
LOGICALtl XDATE(9)rXTIME(8) 
DIMENSION CI(6)vCE(6)vPHII(6)vPHIE(6)vD(6)rPHIC(6v6)v.SSH(6)v 
lDB(6v8)vXJ(6r6)vPHI(6v6v6v8)vXS(6v6v8)1TAU(6v6v8)~UI(6)v 
1 WE(6)v S C U ( ~ ~ ~ ) ~ D S ( ~ ) ~ P H I C S ( ~ ~ ~ ) ~ N H X ( ~ ~ ~ ) ~ E T A ( ~ ) P T A U A ( ~ ) ~  
2 DEG(6v6~8)v DEGA(6) 
COMHON TYvSSHvSCUvTAUvDDvDvWE~IdIvEPSvPHI~N~KvDIvDEvTAUA 

1 rVvROT 
COMHON /BLK2/ XDATEvXTIME 
COMHON /BLK4/ DEGvXSvHvNICvTYDvDEGA 
TI=O* 
XI=O* 
DO 950 KK=lrH 
ZF (KK 8NE. 1) TI-TAU(#rKK-lsNIC) 
IF ( K K  * N E +  1) X I = X S ( H P K K - ~ ~ N I C )  
XS(HvKKvl)=(TY-TI+SSH(M)*XI)/(SSH(M)-SCW(KKv1)) 
T A U ( H ~ K K ~ L ) = S C U ( K K ~ ~ ) ~ X S ~ M ~ K K ~ ~ ) ~ T Y  
DIN=DD(KKv1) 
DO 900 IH=Hvlv-1 
OMNEU=UI(Ifi) 
OMOLD=WE ( Ill) 
IF(KK rLT9 In) bJRITE(6~1450) IH 
DO 8 5 0  L=lvNIC 
IF (IM *NE* If) GO TO 833 
IF (KK * E Q *  H I  GO TO 833 
IF (L tEQ* NIC) GO TO 820 
X S ( I H ~ K K ~ L ~ ~ ~ = X S ( I H ~ K K ~ ~ ~ , . ~ ~ D D ~ K K ~ L ~ ~ ~ X ~ I ! I N - ~ ~ ~ K K ~ N I C ~ X U I ~ K K ~ ~  

lOMNEW)/(DIN$(DD(KKIC+t)-~(KKvNIC)#WI(KK)/OMNEW)))$~2 
T A U ( I H ~ K K v L + l ) = S C W , ( K K v L ~ I ~ 1 ) $ X S ( I H v K I ( t L t i ) + T Y  

820 IF (IM .GT( KK) 3CW(t (#rL)=EFS9( t~ -EPS)~(OHNEW/O~CSLir~9wr~KK)#  
1 DD~K#rHI€!l/ (DD(KK,L))t42 
SSH(IM)CEPS+(~*-EPS)#OHNEW/DD(KKPNIC) 
SUM~JIO * 
DO 8 3 0  I=lvM 
IF (IM + E Q +  i )  60 TO 850 
IF (I *EQ* It!) GO TO 822 
P H I ( I H - 1 ~ I v K K v L ) = P H I ( I M v I v K K v L ) ~ ~ l ~ ~ - N $ K ( I ~ / O M N E ~ ~ /  

1 (~,-NIK(II/OHOLD) 
GO TO 824 

822 PHI(1H-liIiKKvL)=O* 
824 S U ~ = S U H + B H T ( T & - ~ ~ I P K K ~ L ~  
830 CONTINUE 

IF (KK rLTe IM) WkITE(br1500) KKvLv(PHI(I#-lvI~KKvL)v1=lvM) 
DD(KKvL)=SUMtl* 
GO TO 850 

833 IF (IH *NE* KK) GO TO 846 
IF ( I n  4NEe H I  GO TO 834 
IF (L eGT* 1) GO TO 8331 
XS(dMvKKv1)=(TY-TAU(IM~KK-1vNIC)+SSH(IH)$XS~IHvKK-1vNIC~~/ 

1 (SSH(1M)-SCU(KKv1)) 
TAU(IMvKK~I)=SCW(KKvl)~XS(IHvKKv1)tTY 
GO TO 820 

8331 DOLD=DD(KK-lrNIC) 



DNEU=D(KK-1) 
XS(IM~KK,L)=XS(IM,KK~I):((I~-DOLD/DNEW)/(I t - ~ o ~ ~ / ~ ~ ( ~ ~ r ~ ) )  ~ t 2  
TAU(IM~KK~L)=SCU(KKIL)SXS(IH~KK~L)~TY 
GO TO 820 

834 IF ((KK tEQr 1) *AND* (L tEQt 1)) GO TO 836 
IF ( L tNEt 1) GO TO 840 
XS(IM,KK,1)=(TAU(IMIKK-11NIC)-TAU(In+lrKKr1~-XS~IMrKK-1vNIC~* 
1 SSH(1H)t XS(IH+lrKKrl)tSCW(KK,1))/(SCW(KK~l)-SSH(IH)) 
TAU(IH~KKrI)=SSH(IH)S(XS(In,KKII)-XS(IMrKK-1~NIc~~t 

1 TAU(1HrKK-lrNIC) 
GO TO 820 

836 X S ( I H ~ K K ~ ~ ) = ( - T A U ( I ~ + ~ , K K ~ ~ ) ~ X S ( I M ~ ~ ~ K K I ~ ) * S C W ( K K ~ ~ ) ) / ( S C W ( K K Y ~ )  
1 -SSH(IM)) 
TAU(IHrKKrl)=SSH(IH)SXS(IhKKtl) 
GO TO 820 

840 IF (L tGTt 2) GO TO 843 
DELD=DD(KKr3)-DD(KKv2) 
IF(KK *EQt 1) GO TO 041 
DOLD=DD(KK-lrNIC) 
GO TO 8411 

841 DOLD=DI 
8411 DSTARzDD(KKr1) 

DO 842 LL=lrNIC 
E T A ( L L ) = F E T A ( T A U ( I H ~ ~ , K K ~ L L ) ~ T A ~ ( I H ~ K K , ~ ) ~ S C U ( K K , L L ~ ,  

1 X S ( I H t l r K K ~ L L ) , X S ( I t l ? K K ? 1 ) )  
842 CONTINUE 
843 sun=o, 

DO 845 LL=lrL 
SUH=SUHtETA(LL) 

845 CONTINUE 
XIETA=(SUH-*5S(ETA(L)tETh(l)))tDELD 
IF (L 4EQt NIC) GO TO 820 
XS(I~~~KK~L)=((DOLDSDD(KK~L)XS~)/((~~-EPS)%(DI~(KKTL)-DOLD) 

1 %UI(KK)SDD(KKrl)))t(ETA(L)-(It/(DD(KKrL)-DOLD))%XIETA) 
2 tXS(IM,KKrl) 
T A U ( I H P K K ~ L ~ = S C U ( K K ~ L ) * ( X ~ ( ' I ~ ~ K K , L ) ; X S ( I ~ ~ ~ ~ K U ~ L )  )t 

I TAU(1HtlrKKvL) 
GO TO 820 

846 IF (IM tLTt KK) GO TO 900 
IF (L +NEt 1) GO TO 847 
IF (KK tEQt 1) GO TO 8461 
X S ( I H ~ K K ~ ~ ) = ( T A U ( I M ~ K K - ~ I N I C ) - T A U ( I H ~ ~ ~ K K ~ ~ ~ - X S ~ I H ~ K K - ~ ~ N I C ~ ~  

1 SSH(1M) ~XS(IH+~FKK~~)~SCU(KKI~))/(SCW(KK~~)-SSH(IH)) 
TAU(IHrKKrI)=SSH(IH)S(XS(IM,KKr1)-XS(IMIKti-1vNIC))t 

1 TAUtIHrKti-lrNIC) 
GO TO 820 

8461 X S ( I H ~ K K ~ ~ ) = ( - T A U ( I M ~ ~ ~ K K ~ ~ ) ~ X S ( I H ~ ~ ~ K K P ~ ) $ S C W ( K K ~ ~ ) ) /  
1 (SCU(KKr1)-SSH(1M)) , 

T A U ( I M I K K ~ ~ ) = S S H ( I M ) S X S ( I M P K K ~ ~ )  
00 TO 820 

047 IF (L tGTt 2) GO TO 8481 
DELDzDD(KKr3)-DD(Ktiv2) 
DO 848 LLZlrNIC 
ETA(LL)=FETh(TAU(IMtl?KK?LL)rTAU(IHrKK,1)rsc~(KK9LL)? 



1 X S ( I H + ~ ~ K K ~ L L ) T X S ( I H P K K P ~ ) )  
848 CONTINUE 
8481 sun=o, 

DO 849 LL=lrL 
SUM=SUWtETA(LL) 

849 CONTINUE 
XIETA=(SUM-.Sb(ETA(L)tETA(l)))SDELD 
DNEU=DD(KK,L)-DD(KK,NIC)~WI(KK)/OHNEU 
XS(IH~KK~L)=XS(IHPKK,~)+(DD(KK~L)~~~/((~~-EPS)~OHNEU~DNEW))# 

1 (ETA(L)-(l*/DNEW)SXIETA) 
TAU(IHrKKrL)=SCU(KKrL)$(XS(IH,KKrL)-XS(IHtlvKKrL))t 

1 TAU(IHt1rKKvL) 
GO TO 820 

850 CONTINUE 
X H A X = X S ( ~ P ~ ~ N I C - ~ )  
DO 860 L=l pH-1 
IF (XS(LtlrLt1rNIC-1) tGTt XMAX) XMAX=XS(L+lrLtlrNIC-1) 

860 CONTINUE 
XHAX=XMAXtl* 
DO 890 L=l rH 
TAU(LrLrNIC)=TAU(LvLrNIC-l)tSSH(L)%(XHAX-XS(LrLrNIC-l)) 
TAUA(L)=TAU(L-lrLrNIC)tSCW(LrNIC)$(XMAX-XS(L-lrLrNIC)) 
DEGA(L)=ROTSTAUA(L)S50 , / (V tbOI )  
XS(LrL?NIC)=XNAX 

890 CONTINUE 
IF (IM .Fa+ K t 0  GO TO 895 
URITE(6rlSSO) IHvKK . .  . 

WRITE(6r 1600) ~ : D D ( K K ~ L ) ~ L = ~ ~ N I c )  
MRITE(6r1620) KKvIM 
URITE(br1625) (SCW(KKrL)rL=lrNXC) 

895 WRITE(6rI630) SSH(1M) 
900 CONTINUE 
950 CONTINUE : 

D URITE(6?1650) XDATErXTIHE 
WRJTE(6rl660) 
DO 980 I=Hrlv-l 
DO 970 K K n l  rH 
IF (KK tGTt I) GO TO 980 
DO 960 L=lrNIC 
DEG(IrKKrL)=ROT%TAU(IrKKrL)150,/(V$bOI) . 
URITE(br1708) IrKKrLrXS(IrKKrL)rTAU(I?KKrL)rDEG(IrKKrL) 

960 CONTINUE 
970 CONTINUE 
980 CONTINUE 
1450 FORflAT(////T1Or'ISOCONCEWTRATIONS AFTER INTERACTION WITH SHOCK 

1 UAUE NO*'rI2?//T20~'UAVE N0+'rT30r1L'vT35r1H:'r/) 
,1500 FORHAT(T23rI2rT30~IirP33r6E13t3) 
1550 FORMAT(////T1Or1NEW D"S AFTER SHOCK NO+'?I2r' WAVE NO*'? 

1 12r/) 
1600 FOHHAT(T30~5El3~3~/T30~5E~3t3) 
1620 FORMAT(////TlO?'NEU C-UAVE SLOPES:'rI?r' WAVE AFTER'rI2r 

1 ' SHOCK1r/)- 
1625 F O R M A T ( T 3 0 r 5 E l , 3 t 3 r / T 3 0 r 5 E i 3 ~ 3 )  
1630 FORHAT(////T~OI'.NEW SHOCK NAVE SLOPE8*/T30rE13r3) 



1650 FORHAT('l'v/TlOv9Alv3X~8Al) 
1660 FORHAT(///TlOv'COORDINATES OF INTERSECTIONS 

1 OF C-HAVES AND SHOCK UAVES'v/T10v57('t')r/T20v'SHOCK NO+'vT30v 
2 'NAVE NO+'vT40v'LfvT55v'X'vT65v'TAU'vT75~'DEGREES ROT+',/) 

1700 FORHAT(T23v11vT33v11vT4OtIlvT5OvF1O~4vT6OvFlO+4vT7OvF1O~2~ 
RETURN 
END 

FUNCTION F E T A ( U P V ~ U ~ X ~ Y )  
FETA=U-V-Wt(X-Y) 
RETURN 
END 



SUBROUTINE PLOTDT 
LOGICAL81 XTIHE(~)IXDATE(~) 
DIHENSION Y ( ~ I ~ P ~ ) I X ( ~ I ~ ~ ~ ) ~ D E G A ( ~ )  
COHHON / B L K ~ / H I N X ~ H A X X ~ H I N Y I H A X Y  
COHHON /BLK~/XDATEIXTIHE 
COHHON' /BL#4/ Y V X  INSOL INIC, Y I r DEGA' 
ICNT=O 
TYPE 100 
FORHAT(' DO YOU UANT A PLOT? (O=NOi 1=YES)'r$) 
HINX=150 , 
HAXX=900 
HINY=150 
HAXY =700 
ACCEPT 1SOrIA 
FORHAT(I2) 
IF (IA + E Q *  0) RETURN 
CALL INITT(480) 
ICNT=ICNT+l 
TYPE 6 0  
FORHAT(' ENTER X M A X  AND YMAX IN F 8 * 4  FORHAT*') 
ACCEPT 70, XHAXtYHAX 
FORHAT(2F8e4) 
CALL TWINDO(HINXIHAXXIHINY~MAXY) 
CALL D U I N D O ( O ~ I X H A X P O ~ ~ Y H A X )  

DRAY SHOCK WAVES 

CALL HOVEA(OerO*) 
DO 300 l=NSoLr11-1 
DO 200 J=lrNSOL 
IF (J *GT* I) GO TO 260 
DO 180 K=l,NIC 
CALL D A S H A ( X ( I I J ~ K ) ~ Y ( ~ ~ J I K ) ~ I )  
CONTINUE 
CONTINUE 
CALL HOUEA(Oa,O.) 
CONT I NUL 

DRAW C-WAVES 

CALL HOVEA(0,rYI) 
DO 800 J=IvNSOL 
K=NIC 
DO 600 1=NS0L~l,-l 
IF ( J  *GT* I )  GO TO 600 
IF ((I *Eat J) *AND* (K NIC)) GO TO 550 
CALL D ~ S H A ( X ( I I J ~ K ) ~ Y ( I , J , K ) P J )  
GO TO 600 
CALL DASHA(X(NSOLPNSOLVNIC)~DEGA(J)~J) 
CONTINUE 
CALL HOVEA(O~PYI) 
CONTINUE 
CALL G R I D ( O * ~ X H A X I O ~ I Y H A X )  
IXO=tlINX 





SUBROUTINE GRID(XH1NrXHAXrYMINrYMAX) 
COMMON /BLKl/HINXrHAXXrHINYrHAXY 
IDELY=(HAXY-HINY)/S 
IDELX=(MAXX-HINX)/S 
CALL HOVABS(HINXrM1NY) 
IX=MINX 
DO 100 I=ltb 
CALL DRUABS(1XrflAXY) 
IX=IX+IDELX 
CALL HOVABS(IXrH1NY) 

100 CONTINUE 
IY=HINY 
CALL HOVABS(HINXtH1NY) 
DO 200 I=1r6 
CALL DRMABS(HAXXr1Y) 
I Y = ~ Y + I D E L Y  
CALL HOVABS(#IMXrIY) 

200 CONTINUE 
CALL CSIZE(IHORZr1VERT) 
IXEXP=ALOGlO(XHAX) 
IYEXP=ALOGlO(YHAX) 
XHAXN=XHAX/(lO$SIXEXP) 
XHINN=XHIN/(lOttIXEXP) 
YHINN=Y#IN/(lOSIIYEXP) 
YHAXN=YHAX/(lO4tIYEXP) 
DELX=(XMAXN-X#INN)/5+ 
DELY=IYHAXN-lHlNN)/5+ 
IXO=HINX-2SIHUKL 
IYO=HINY-b*SSIVERT 
CALL HOVABS(IXO?IYO) 
X=XMIHN 
DO 300 I=lr6 
CALL ANMODE 
WRITE(lr1000) X 
X=X+DELX 
IXO~IXOtIDELX 
CALL iIOVARStIXOrIY0~ 

iOOO FORt!AT(lH+rSrF4+2) 
308 CONTINUE 

IXO=HAXX-7SIHORZ 
IYO=IYO-2tIVERT 
IXEXP=-IXEXP 
IYEXP=-IYEXP 
CALL HOVABS(IXOrIY0) 
CALL ANHODE 
URITE(lr1100) IXEXP 

1100 FORHAT(lH+rSr'X1QSS'rI2~ 
IXO=HINX-4$IHORZ 
IYO=HINY-*JtIVERT 
CALL MOVABS(IXOrIY0) 
Y=YMINN 
DO 400 I=lrb 
CALL ANHODE 
URITE(lr1200) Y 



1200 FORMAT(lHtvSrF4r2) 
Y=Y tDELY 
IYO=IYOtIDELY 
CALL MOVABS(IXOrIY0) 

400 CONTINUE 
IYO=MAXY-2YIVERT 
IXO=HINX-7SIHORZ 
CALL MOVABS(IXOrIY0) 
CALL ANMODE 
URITE(lr1300) IYEXP 

1300 FORMAT(lHtvSr'XlOtt'r12) 
RETURN 
END 



SUBROUTINE INSECT 
REALS4 K(6)vN 
LOGIChLSl X D ~ T E ( ~ )  9 XTIHE(8) 
DIHENSION D(6)vSSH(6)vDD(6v8),PHI(6vbv618)vXS(bv618)v 

1 TAU(bv6,8)~UI(b)rWE(6)v SCW(6v8)rPHICS(bv6)vTAUA(b)r 
I DEG(bv6~0)v DEGA(6)fTI(72)rPHICON(72v6)fiEE(72)tPHICSN(6v6) 
connoN T Y ~ S S H ~ S C M ~ T A U ~ D D ~ D ~ M E I W I ~ E P S ~ F H I ~ N ' ~ K ~ ~ I ~ D E ~ T A U A  

1 PVIROT 
COHHON /BLK2/ XDATEvXTIHE 
COHHON /BLK3/ XISO~FHICS~DEE~PHICONIICNT 
COHHON /BLK4/ D E G T X S ~ H ~ N I C ~ T Y D ~ D E G A  

C 
FIND INTERSECTIONS WITH SHOCK WAVES 

TYPE 2600 
ACCEPT 2700r X l S O  
ICNT=O 
DU 200 KK=19H 
DO 100 z = i v n  
PHICSN(IvKK)=PHICS(IIKK) 
CONTINUE 
CONTINUE 
DO 900 I-lvti 
DO 850 KK=lrti 
IF (KK tGTt I) GO TO 850 
DO 800 L=lvNIC 
IF (XISO .GT, XS(IpKK?!..)) A n  Tn 800 
ICNT-ICNTtL 
XRT=XS(I,KKvL) 
TRT=TAU(IvKKvL) 
IF ((KK tEOt 1) *AND* ( L  tEUt 1 ) )  GO TO 798 
IF ( L .EQ,'1) GO TO 785 
XLT=XS(IvKK,L-1) 
TI. T=TAII( 1 9KKvL-1) 
GO TO 795 
XLT=XS(IvKK-1vNIC) 
TLT=TAU(IvKK-1vNIC) 
GO TO 795 
XLT=O 1 

TLT=O, 
TI(ICNT)=(XISO-XLT)S(TLT-TRT)/(XLT-XRTItTLT 
IF ( I  tEQ* 1) -GO TO 7958 
DO 7YSb Kti=lvI-l 
IF (XISO tLTt XS(I~KKTNIC)) GO TO 7956 
PHICSN(KKTI-I)=O~ 
PHICSN(KKvI)=Ot . 
GO TO 7955 
IF (XISO .it, XS(I,KK,I)) GU r0 7958 

XIS0 INTERSECTS BETWEEN L==l AND L=NIC 



PHICSN(KKKvI)=(XISO-XLT)t(PHI(IvKKKvKKKvL~-PHI~IvKKKvKKKrL-1~~/ 
1 (XRT-XLT) + PHI(1vKKKvKKKvL-1) 
CONTINUE 
CONTINUE 
DO 796 nn=ivn 
IF (I *EQ* 1) GO TO 7995 
P H I C O N ( I C N T v H M ) = F H I C S N ( ~ I - 1 )  
GO TO 796 
PHICON(ICNTvHH)=O* 
CONTINUE 
ICNT=ICNT+1 
TI(ICNT)=TI(ICNT-1) . 
DO 799 nh=rvn 
PHICON(ICMTvMH)=FHICSN(MMvI) 
CONTINUE 
GO TO 900 ' 

CONTINUE 
CONTINUE, 
CONTINUE 

DO 990 KK=lvH 
DO 980 L=lvNIC 
DO 970 I=Mvlr-1 
IF (I .LT* KK) GO TO 970 
IF (XISO rGT* XS(IIKKPL)) GO TO 970 
ICNT=ICNTtl 
XRT=XS(IvKKvL) 
TRT=TAU(IvKKvL) 
IF (I *EQ* H) GO TO 950 
XLT=XS(I+lrKKvL) 
TLT=TAU(X+~?KKIL) 
GO TO 960 

XLT=O * 
TLT=TY 
TI(ICNT)=(XISO-XLT)S(TLT-TRT)/(XLT-XRTItTLT 
DO 966 HH=lvtl 
PHICON(ICNTvMH)=FHI(IvHMvKKvL) 
CONTINUE 
GO TO 980 
CONTINUE 
CON I'IMUE 
CONTINUE 

FUT TI'S IN ASCENDING ORDER 



TI(II+l)=TSAV 
DO 995 Mh=lrH 
PHISAV=PHICON(IIPMM) 
PHICON(IIrHM)~PHICON(IIt1rMH) 
PHICON(II+lrMH)=PHISAU 

995 CONTINUE 
997 CONTINUE 
999 CONTINUE 

YRITE(br2750) XDATEtXTIHEvXISO 
DO 998 I=ltICNT 
DEE(I)=ROT)TI(I)S5O~/(Vf60~) 
URITE(br2800) T ~ ( ~ ) ~ D E E ( I ) ~ ( P H I C O N ( I I H H ) I H M = ~ ~ H ~  

998 CONTINUE 
RETURN 

2600 FORMAT(' ENTER THE DIHFNSIONLESS BED LENOTII DESIRED IN F8*4 
IFORMAT*') 

2700 FORMAT(F8e4) 
2750 F O R H A T ( ' ~ ' ~ / T ~ ~ P ~ A ~ ~ ~ X ~ ~ A ~ ? / / T ~ O ~ ' P R O F I L E  DATA't/T1Ot11('S')s//T20r 

1 'TAU'iT30r'DEGREES8?T4O~'PH1"S:'tT8O~ 
2 'X='tF5*2~//) 

2800 F Q R H A T ( T L S ~ B F ~ O I ~ )  
END 



SUBROUTINE PLOTPR(NS0L) 
LOGICALS1 XTIHE(8)vXDATE(9) 
DIMENSION X(72)vY(72r6)sDUH(6?6) 
COHHON /BLKZ/XDATErXTIHE 
COHHON / B L K ~ / H I N X ~ H A X X P H I N Y ~ H A X Y  
COHHON /BLK3/ XISOIDUM?XTYVNPTS 
ICNT=O 

50 CALL INITT(480) 
ICNT=ICNT+I 
TYPE 6 0  

60 FORMAT(' ENTER RANGE tnINrnun AND nAxInun) VALUES FOR ANGULAR RO 
lTATION IN 2F8e4 FORHAT*') 
ACCEPT 70, XHINrXHAX 

70 FORHAT(2F8.4) 
TYPE 80 

80 FORMAT(' ENTER RANGE cnINInun A N D  HAXIHUH) VALUES OF 
ICONCENTRATIONS IN 2F8.4 FORHAT.') 
ACCEPT 70v YMINrYHAX 
HINX=l50 
HAXX=900 
HINY=150 , 

HAXY=700 
CALL TWINDO(HINXPHAXX~HINYIHAXY) 
CALL DWINDO(XHINIXHAX~Y#IN~YHAX) 

C 
C DRAW CURVES FOREACH SOLUTE 
C 

DO 200 I=lrNSOL 
CALL HOVEA(X(l)vO*) 
DO 100 J=lvNPTS 
CALL DASHA(X(J)?Y(JrI)rI) 

100 CONTINUE 
200 CONTINUE 

CALL G R I D ( X H I N ~ X H A X I Y ~ I N ~ Y ~ ~ A X )  
IXO=HINX 
IY0=730 
CALL HOVABS(IXO?IYO) 
CALL ANHODE 
WRITE(lr300) XDATEvXTIHEiXISOvICNT 

300 F O R H A T ( ~ H + ~ S ~ ~ A ~ I ~ X ~ ~ A ~ ~ ~ X ~ ' X = ' ~ F ~ ~ ~ T ~ X I G R A P H  NO*'?I2) 
TYPE 1000 

1000 FORHAT(' DO YOU WANT ANOTHER PLOT WITH DIFFERENT SCALING? 
1 (O=NOi l=YES):'rS) 
ACCEPT 1100r IA 

1100 FORtlAT(12) 
IF (IA +NEe 0) GO TO 50 
RETURN 
END 
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Fig. B.1 .  Solute bands along the column length f o r  a 5-mm 

feed bandwidth. 
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Fig,  8.2. Concentration prof i le  a t  the column e x i t  for a 5-m 

feed bandwidth. 
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f i g .  6.4. Concentration pro f i l e  a t  the column e x i t  fo r  a 10-mn 

feed bandwidth. 
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F f g .  B.5. S o l u t e  bands a l o n g  t h e  column l e n g t h  for a 13-mm 

f e e d  bandwidth. 
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Fig. 8.6. Concentration prof i le  a t  the column e x i t  f o r  a 13-mm 

feed bandwidth. 



Fig. B.7. Solute bands along the column length for a 14-mm 

feed bandwidth. 



ORNL DWG 80-884 

"' 
co-1 

PP,f r. , '84 Co-2 F&*&l 

- 

- 

8- 
0 

8 
d 

I I I I 1 I 1 

0 
I 

20 40 60 80 100 120 140 160 180 #)O 

ANGULAR DISPLACEMENT, 8 (degrees) 

Fig. B.8. Concentration pro f i l e  at the column e x i t  for a 14-mn 

feed bandwidth. 
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Fig.  B.9. S o l u t e  bands a l o n g  t h e  column l e n g t h  f o r  a 19-mm 

feed bandwidth. 
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ANGULAR DISPLACEMENT, 8 (degrees) 
Fig.  B.lO. Concentration p r o f i l e  a t  the column e x i t  f o r  a 19-mm 

feed bandwidth. 
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Fig.  0.11. Solute bands along the column length f o r  a 22-mn 

feed bandwidth. 
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k ig .  6.12, Concentratfoh profile at the column exit for a 22-mn 

feed bandwidth. 
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Fig. B.14. ConcentratSon profile at the column exit fo r  a 30-mn 

feed bandwidth. 
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Fig. 0.16. Concentration profile a t  the column exit  for a 32-mn 
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Fig.  0.18. Concentration profile at the column exit for a 38-m 

feed bandwidth. 
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