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ABSTRACT  

Title of Thesis: PH Parametric Pumping: An Examination 

of Different Feed Locations for a Two 

and Three Column Process with the Same 

Flow Patterns and Ph Distribution 

Roberta Rosty, Master of Science, 1981 

Thesis directed by: Dr. H. T. Chen 

Assistant Chairman, Chemical 

Engineering Department 

PH parametric pumping is used to separate protein 

mixtures of hemoglobin and Albumin. 

In this thesis, modifications to a two-column pro-

cess, where the fluid stage flow pattern and the pH 

distributions were constant, were explored. These 

modifications consisted of: changes in the feed stream in-

let and outlet locations, changes in the amount of feed 

itself, and an addition of another column and reservoir 

to the original two-column process. The results were 

obtained through computer simulation. 

Results indicate that the batch or no-feed two and 

three column processes yield better separations of the 

two proteins than the same processes with feed streams. 

The different feed location cases were ranked and this 

listing can be found in the results section for the two 

and three column processes. Also, the conclusion section 



contains an overall ranking list of both processes. 

Results also indicate that the separations obtained 

for the three-column process were better overall than for 

the two-column process, and that smaller feed amounts for 

both processes yielded better separations. 
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INTRODUCTION 

Dr. Chen and his colleagues have been working on pH 

parametric pumping for several years. Both experimental 

and computer simulation work are now in progress. This 

thesis deals solely with the computer simulation aspect of 

these studies and examines some modifications of two speci-

fic systems in order to find the more effective conditions 

for separat!on. 

1 



CHAPTER I - Background 

A) Theoretical Background 

Parametric pumping is a separation process which can 

be used to separate different protein components in a 

mixture.(2:320) This separation requires an energy source 

such as: 

1. Electrical 

2. Magnetic 

3. Thermal 

or 4. Chemical. 

Chemical energy, in the form of an alternating pH 

gradient, drives the parametric pumping separation process 

discussed in this thesis.(5:171) 

Proteins carry both positive and negative charged 

groups, but the net charge is dependent on the pH. Refer 

to Figure 1. At low pH (P2), protein A has a net positive 

charge and therefore, will be taken up by a cationic ion 

exchanger but released by an anionic ion exchanger. At 

high pH (F1), the process is reversed. The pH at which 

there is zero net charge on the protein is called the 

isoelectric point, I. 

Therefore, by alternating the pH of the protein mix-

ture with the proper type of ion exchanger and flow pat-

tern, a good separation can be effected. 



The ion exchanger (cationic or anionic) is in the 

form of a solid gel which is placed inside a fixed bed or 

column. The gel has a void volume which allows the pas-

sage of fluid through it and requires the usage of a 

pump.(3:4) 

Refer to Figure 2. This figure gives an example of 

a one-column separation scheme with a reservoir on either 

end of it. Each reservoir is equipped with a dialyzer 

and an automatic titrator to keep the pH of the reservoir 

at a certain level. The top and bottom reservoirs are 

maintained at pH levels of P2 and P1, respectively. The 

initial pH in the column is Pi. Q is the reservoir dis-

placement rate (cc/sec) and tI is the time elapsed after 

the first stage has ended. Therefore, Qt, is the void 

volume of the column, V. V, is the top reservoir's dead 

volume or what is left in the top reservoir after the 

downflow process has taken place. VB, likewise, is the 

dead volume of the bottom reservoir. Let x and y be the 

concentrations of A in the solid and fluid phases, respec-

tively. The four stages or phases shown in Figure 2 com-

prise one cycle. Many cycles are needed to affect a good 

separation of the proteins. The four stages of the first 

cycle are outlined below: 

1) Transfer down: The fluid in the top reservoir is 

transferred to the column, and the fluid in the column 

is transferred to the bottom reservoir. 

2) Circulation and Equilibration at P2: The new fluid in 



the column is circulated through it for a time, 

tII' 
which is long enough for a phase equilibrium to 

be established at P2. A new concentration of x and y 

is then established in the column, whose values can be 

found by performing a mass balance. 

(VT+V)yTRI + VxCI = (VT+V)yTRII + 17xCII 

Where: 

= The volume of ion exchanger in the column. 

YTRI = The concentration of A in the top reservoir 

(Stage I). 

YTRII=  The concentration of A in the top reservoir 

(Stage II). 

xCI = The concentration crf A in the column (Stage I). 

xCII = The concentration of A in the column (Stage 

II). 

VT and V were already defined. X refers to solid 

phase concentration and y refers to liquid stage con-

centration. 

In other words equation 1 states that, the con-

centration of A in the top reservoir plus it's concen-

tration in the solid gel in the column of Stage I 

times the appropriate volumes is equal to a new con-

centration for the same reservoir and column in Stage 

II after equilibration, times the appropriate volumes. 

3) Transfer up: The solution in the bottom reservoir of 

Stage II is transferred up to the column, whereas the 

(1) 
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solution in the column is transferred up to the top 

reservoir. 

4) Circulation and Equilibration at P1: The column pH 

changes back to P1 after the equilibration process, 

where solution is circulated through the column for a 

time, try.. Time, try is assumed to be enough time to 

reach equilibration. 

The following mass balance relationship applies: 

(VB+V)YBRIII4xCIII =(VB+17)YBRIV4xCIV 

Where: 

yBRIII=The concentration of A in the bottom reservoir 

(Stage III). 

YBRIV =The concentration of A in the bottom reservoir 

(Stage IV). 

xCIII =The concentration of A in the column (Stage III).  

CIV =The concentration of A in the column (Stage IV). 

V was already defined.(3:4-12) 

"There are 4 basic requirements for a parametric 

pumping process and they are: 

1. A two-phase system is required. 

2. There must be an equilibrium distribution of a 

separation component between the phases. 

3. There must be an alternating relative velocity 

between the phases. 

4. Also, there must be an alternating interphase 

mass flux obtained by periodically changing one 

(2) 



or more of the intensive thermodynamic variables that 

affect equilibrium." (5:171-181) 

How these 4 basic requirements were satisfied is des-

cribed as follows: 

1. A two-phase system is present since the gel in the 

column is a solid phase and the mixture to be 

separated is a liquid. 

2. The solute will have an equilibrium distribution 

between the solid and liquid phases. The concentra-

tion of solute in the solid phase, x, is related to 

the concentration of solute in the liquid phase, Yt 

by the following equation: 

x=ky  (3) 

where k is a function of pH and ionic strength. 

3. The solid phase or the ion exchanger is stationary 

in the fixed column. However, the fluid phase 

alternates direction of flow and therefore its rela-

tive velocity is shown in stages I and III in Figure 

2. 

4. The mass flux of a separation component (Protein A) 

between the solid and liquid phases alternates as 

shown in Figure 2, stages II and IV. The thermo-

dynamic variable that affects the equilibrium would 

be the pH and as shown in Figure 2, it changes 

periodically. (1:3) 
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The four stages or phases shown in Figure 2 comprise 

1 cycle. Many cycles are needed to affect a good separa-

tion of the proteins. "The change of pH displaces the 

interphase equilibrium and, in combination with the 

reciprocating flow, causes preferential movement of the 

sorbable components of the mixture towards one end of the 

bed, leading to a building of the separation from cycle to 

cycle."(2:320) After a certain number of cycles, a limit-

ing condition on the reservoir concentrations is reached 

where they will remain constant as the cycle numbers keep 

increasing. 

The parametric pumping process is beneficial because 

continuously it has: 

1. High separation factors, 

2. Large feed throughput in small equip-

ment, 

and 3. No solid phase regeneration.(2:320) 



CHAPTER I  

B) A Physical Description of the Parametric Pumping Pro- 

cess- Experimental Equipment and Material Used 

The experimental apparatus includes a column (0.016 

meters in Inside Diameter and 0.4 meters in length). It 

is packed with an ion exchanger which is the solid phase. 

The type used experimentally is CM Sepharose (Registered 

Trademark) ion exchange media manufactured by Pharmacia 

Fine Chemicals. It is a macroporous, bead formed ion 

exchanger derived from the cross linked agarose gel Sepha-

rose CL-6B. 

The protein mixture is made up of Worthington human 

haemoglobin and human serum albumin. The isoelectric 

points for haemoglobin and albumin are 6.7 and 4.7, re-

spectively. For all runs, P1=8.0 and P2=6.0. Therefore, 

IA < P2 < IH < P1 

Where: 

IA = The isoelectric point of Albumin, and 

II = The isoelectric point of Hemoglobin. 

Reciprocating flow within the column is maintained by 

a peristaltic pump manufactured by Pharmacia Fine Chemi-

cals. 

The pH levels in the reservoirs are maintained con-

stant by titration with an acid and base. Namely, hydro-

chloric acid and sodium hydroxide solutions are used.(2:323) 

8 

(4) 
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Chapter I  

C) The Graphical Method for Determining Separation  

The graphical method for determining the extent of 

separation obtained for a one-column batch process will be 

explained in this section. 

The computer simulation method was used as opposed 

to the graphical method to obtain the results for this 

thesis because: 

1) It is more accurate than the graphical method. The 

answers obtained with the graphical method are limited 

by the mechanical methods used - the size of the graph 

paper and its grid, the width of the pencil point,etc. 

These errors accumulate from cycle to cycle since each 

graphical calculation depends on the last one made. 

2) It is time-saving and labor-saving especially for 

multi-cycle calculations. 

Figure 2 is a flow diagram of a simple one-column, 

four stage separation case. The graphical method will 

be explained for this case as an example. 

The basic assumptions made for the graphical method 

are: 

1) The solute (protein) will reach equilibrium between 

the two phases according to a linear form: 

x=ky (5) 

where k is a function of pH and ionic strength. 



2) The time allotted for a circulation stage is 

sufficient for a phase equilibrium to be established. 

An x-y diagram and a flow diagram of a one-column, 

four stage batch separation case is shown in Figure III. 

Some of the nomenclature in this figure has already been 

used and their definitions can be found in the nomen-

clature appendix. The new symbols in Figure III repre-

sent the following: 

BR- The bottom reservoir. 

IS- The x-y point on the k-  equilibrium line which marks 
p1 

the steady stage concentration of the bottom reservoir 

after many cycles have elapsed. 

B1- The x-y point on the k-  equilibrium line which repre- 
B2 p1 
B3 sents the concentration of the bottom reservoir during 

ea ch cycle. (31 to ) 

31- Stages 1-4, respectively. 
32 

T1- The x-y point on the k-  equilibrium line which 
T2 P2 
T3 represents the concentration of the top reservoir 

during each cycle. 31 to 33) 

TR- The top reservoir. 

TS- The x-y point on the k-  equilibrium line which marks 
2 

the steady stage concentration of the top reservoir 

after many cycles have elapsed. 

10 
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xB2- The concentration of a given protein in the solid 

xB3 phase for the one-column process (Figure III)- Stage 

4, Cycles 1 and 2, respectively. Also, xB2-S1,Cycle2. 

xo  - The concentration of a given protein in the solid 

phase initially. 

xT1- The concentration of a given protein in the solid 
x12 phase for the one-column case (Figure III) 

Stages 2 and 3, Cycle 1,xT2- Stages 2 and 3,Cycle 2 

The concentration of a given protein in the solid 

phase if the process were continued an infinite 

number of cycles. 

The concentration of a given protein in the fluid 

phase for the one-column case (Figure III)-First 

cycle-(Fottom reservoir-stage 1 and. 2,Column-Stage 3). 

The concentration of a given protein in the fluid 

phase for the one-column case (Figure III)-First 

Cycle-(Column- tage 4), Second cycle- (Bottom 

reservoir-Stage 1 and 2, column-stage 3). 

The concentration of a given protein in the fluid 

phase for the one-column case Figure III)- Second 

cycle-(Column-stage 4), Third cycle-(9ottom reservoir 

-stage 1 and 2, column stage 3). 

Yo - The concentration of a given protein in the fluid 

phase initially. 

yll- The concentration of a given protein in the fluid 

phase for the one-column case ( Figure III)-Cycle I-

(Column-stage 2, top reservoir-stages 3 and 4), 
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second cycle-(Column-stage 1). 

YT2 The concentration of a given protein in the fluid 

phase for the one -column case (Figure III)-Second 

Cycle-(Column-Stage 2, Top reservoir-stages 3 and 4), 

Third Cycle-(Column-stage 1). 

Note: The bracketed number after the y's represent the 

pH of the particular column or reservoir being referred to. 

The graphical determination of TS and BS will now 

follow. 

Refer to Figure III. The slope at a pH level of P1 

is k (k=x/y from equation 5) and the slope at a pH level 
P1 

of 12'is kP2 . The two lines with slopes equal to kp1 and 

k are drawn originating at zero. They represent 
P2 
equilibrium values of x and y at the two pH levels. 

The initial concentration in the column is marked 

the point 0. The first and second cycles are graphed 

stage: as follow: 

ST= 1- After the transfer of the liquid in the top 

reservoir to the column, and the liquid in the 

column to the bottom reservoir- the yEl variable 

is equal to yo(8), and B1 is equal to point 0. 
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STAGE 2- The top reservoir and the column's liquid phases 

are circulated and an equilibrium between the 

solid phase in the column and the liquid phase 

is reached, Point Ti on the graph. Ti is located 

on the k-  equilibrium line since the pH of the 
P2 

column has now changed. An equilibrium balance 

and material balance between stages 1 and 2 is 

given below. 

V+VDRAT))*y o*VB=(V+VDEAD) *YT1+VB*xT1* . . (6) 

Or, 

xT1-xo = -(V+VDEICO) .(7) 
-y 

-T1 o V3 

* 
=k1), YT1 - 2 

 

(8) 

 

Note: VDEAD= VT or VB  from Chapter 1, Section A and 

VB = V from the same. section of this thesis. 
Equation 7 gives the slope of the line between 

the two points xo,y0  and v -T1'xT1 . Equation 8 

shows that these two points are located on the 

k and k-  equilibrium lines. With this 
p1 Po 

information the point Ti can be located on the 
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k-  equilibrium line, which is the intersection 
P2 
of xvi and yvi. 

STAGE 3- The liquid in the column in stage 2 is transferred 

to the top reservoir and the liquid phase in the 

bottom reservoir is transferred to the column. 

STAGE 4- After circulation and equilibration the following 

material and equilibrium equations result: 

(V+VDEAD) *YB11-VB*xT1=( V+VDEAD-)44--vB24-VB*xB2* . (9) 

Or, 

( xT1 V+VDEAD) xB2 (10) 

YB1-YB2 VB  

And, 

=k * y, xB2 = k * x T1 p2 11 P1 YB2 • . . . .(11) 

Equation 10 shows the slope between the two points 

xT1'; -%231 and xB2' yB2 is equal to -(V+VDEAD)/VB. With 

this information and the knowledge that the xB2,yB2 point 

(or B2) is located on the k-  equilibrium line(Equation 
p1 

11), point B2 is graphically determined. 

Cycle 2- 

STAGE 1- The liquid in the column of stage 4, cycle 1 is 

transferred to the bottom reservoir and the 

liquid in the top reservoir of stage 4, cycle 1 

is transferred to the column. 

STAGE 2- The top reservoir and the column's liquid phases 

are circulated and an equilibrium between the 

solid phase in the column and the liquid phase 
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is reached, Point T2 on the graph. T2 is 

located on the k-  equilibrium line since the 
P2 

pH of the column has now changed. An equilibrium 

and material balance between stages 1 and 2 is 

given below: 

(V+VDEAD) +VB*x v *-T2 -*-B2=(V+VDEAD) +VE x *YT1 T2' (12) 

Or, 

xT2. "xE2 =  -(V+VDEAD) (13) 

YT2 -YT1 VB 

And, 

xT2=kp2*  YT2  (14) 

Equation 13 shows the slope between the two 

points xB2 ,y1,1 an xT2 ,yT2 is equal to 

-(V+VDEAD)/VB. With this information and the 

knowledge that the x„
TZ 
,„
,
vT2 point (or T2) is - 

located on the k equilibrium line (Equation 14), 
P2 

point T2 is graphically determined. 

STAGE 3- The liquid in the column in stage 2 is trans-

ferred to the top reservoir and the liquid phase 

in the bottom reservoir is transferred to the 

column. 

STAGE 4- After circulation and equilibration the following 

material and equilibrium equations result: 

(TOIDEAD) *YB2+VB*xT2=(  V+VDEAD)*yB3+VB*xB3. . (15) 
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Or, 

xB3-xT2 = -(V+VDEAD)  (16) 

YB3-YB2 VB 

 

And, 

xB3=kp1 * yB3 

  

(17) 

  

Equation 16 shows the slope between the two points 

xT2'YB2 and xB3l yB3 is equal to -(V+VDEAD)/VB. With 

this information and the knowledge that the xB3,yB3 

point (or B3) is located on the k;1 equilibrium line 

(Equation 17), point B3 is located graphically. 

The cycles continue in this manner until equilibrium 

between the solid and liquid phases is established at a 

steady-state condition. At steady state, the concentra-

tions of the reservoirs and column don't change. These 

steady-state concentrations are located on the k and k 
P2 p1 

as points TS and BS.(3:4-14) 

This graphical case is a simple type since only two 

equilibrium lines and one column is involved. With more 

columns and equilibrium lines the graphical procedure 

becomes more complex. Examples of the more complex nature 

can be located in the following references: 

Chen, H.T., et al. "Separation of Proteins Via pH Para-
metric Pumping," August, 1979. 

Chen, H.T., et al. "Separation of Proteins Via Multi-
column pH Parametric Pumping." 



CHAPTER II  

Explanation of Computer Programs Written 

A) A Discussion of Computer Language, Data and Variables  

The computer language used to write the programs 

which are the basis for this thesis was Fortran. Data 

read into these programs plus an explanation of what each 

constant and variable in the data set represent is listed 

in Table I. 

An explanation of how the majority of variables in 

these programs can be interpreted, follows: 

Example: YHRS6(1,40) 

1)First letter can be: 

Either Y= The concentration of protein in the liquid 
phase, 

or 
X=The concentration of protein in the solid 

phase. 

2) Second letter can be: 

Either. H= Hemoglobin, 
or 
A= Albumin. 

3) Third through fifth letters can be: 

Either RS= Reservoir, 
or 
RSL= Left Reservoir, 

or 
RSR= Right Reservoir, 

or 
COL= Column. 

4) Number before the parenthesis= The stage being referred 
to. 

17 
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5) First number in parenthesis= The number of the reser-
voir column being re-
ferred to. Reservoirs and 
columns are numbered from 
the top down. 

6) Second number in parenthesis=The cycle being referred 
to. 

In other words, YHRS6(1,40) is equal to the concen-

tration of the Hemoglobin protein in the liquid phase of 

the top reservoir located in cycle 40 and the sixth stage. 



B) Explanation of Material and Equilibrium Balances  

Refer to Figure 32 and Figure 40. These two figures 

show the volumetric flow diagram for the two and three 

column cases, respectively. 

Each cycle includes eight stages. These eight stages 

include 4 equilibration stages and 4 transfer stages. 

Stages I, III, V and VII are transfer stages. The other 

4 are the equilibration stages. In each transfer stage 

the mass flow of the liquid phase is in one direction and 

this direction alternates every transfer stage. After the 

transfer has taken place, the fluid in each column is 

circulated from the column to a specified reservoir and 

then back to the column again. This circulation continues 

for a specified time, during which equilibration takes 

place. 

The volume abbreviations used in Figures 32 and 40 

are explained as follows: 

V= The volume of fluid needed to fill the void volume 

in the column, cm3. 

D= The dead volume or volume of fluid left in the 

reservoir after the downflow process has taken 

place, cm3. 

VB= The volume of solid gel in the column, cm3. 

Figure 32 and 40 represent the batch parametric 

process. Once the process is started, no external feed 

sources are used. 

19 
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With a continuous process, there are external feed 

sources. The flow pattern, column and reservoir set-up 

and the pH distribution of the two-column case is taken 

from the third reference given in the bibliography. This 

thesis is concerned with modifications to this process, 

namely, different feed locations and an additional column 

set-up. 

The columns in Figures 32 and 40 are represented by 

squares and the reservoirs are represented by circles. 

The dotted line in the column box represents that there 

are two phases in the column- both liquid and solid. VB 

is the volume of the solid and V is the volume of the liq-

uid. 

So the reader will understand the computer programs 

and the results discussed later on, some lines will be 

examined below: 

Example 1: (from computer programs in Appendix C) 

YHCOL3(I,J)1(V+VDEAD)*YHRS1(I,J)+VB* 
XHAKP1*YHCOL1 I,J))/(V+VDEAD+VB*HAKF2)  (18) 

or 
(V+VDEAD)*YHCOL3(I,J)+VB*HAKP2*YHCOL3(I,J)=(V+VDEAD)* 
YHRS1(I,J)+VB*HAKP1*YHCOL1(I,J)  (19) 

where I and J will be set equal to 1. 

Refer to Figure 32, stages 1 and 3. 

1) Top Reservoir, Stage 1-  The concentration of fluid in 

the reservoir will be YHRS1(I,J) and there is (V+VDEAD) 

total volume in the top reservoir. (Note: VDEAD was 

abbreviated to B in Figures 32 and 40. Both refer to 

the dead volume of the reservoir.) 
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Therefore, the mass in the top reservoir= 

Volume (cm3) * Concentration (gms/cm3)= Mass(gms) or, 

(V+VDEAD) * YHRS1(I,J) = Mass. . (20) 

2) Top Column, Stage 1- The concentration of solid in 

the top column = XHCOL1(I,J), but since the gel and 

fluid in the column are in equilibrium, x=ky. 

So, XHCOL1(I,J)= k * YHC01,1(I,J)  (21) 

The k in this case is HAKP1. An explanation of how 

these k constants can be interpreted follows: 

Example: HAKP1 

1) First letter can be: 

Either: H= Hemoglobin 
or 

A= Albumin. 

2) Second letter can be: 
Either: A= Anionic column 

or 
C= Cationic column. 

3) Third letter: 

Always k referring to the equilibrium constant. 

4) Fourth letter and corresponding number can be: 

Either: P1= Refers to a certain pH level. 
or 
P2= 

or 
P3= If if 

Figure 33 shows which pH level is present in each 

reservoir and column for the different stages. These 

pH levels will stay the same for each example given. 

Therefore, the mass of a certain solute in the solid 

phase of the top column (Stage 1)= 

Volume * Concentration = Mass 
VB **HAKP1 * YHCOL1(I,J) = Mass . . (22) 
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3) Top Reservoir and Column, Stage 3- Stage 2 is an 

equilibration stage, where the liquid phase in the top 

reservoir and column are circulated for a certain time, 

tII. This time is assumed to be sufficient for the two 

liquid components to be thoroughly mixed. In other 

words, the fluid in the top column and reservoir in 

Stage 3 are the same. (For the rest of this thesis-

when a concentration in a particular stage is given, it 

refers to the initial concentration of that stage.) 

Also, the solid and fluid phase in the top column 

of stage 3 are in equilibrium with each other. 

As stated above, the fluid in the top column and 

reservoir are the same or: 

YHRS3(I,J) = YHCOL3(I,J) (23) 

In Stage 3, the volume of fluid in the top reservoir 

is VDEAD. So: 

222 Concentration * Volume = Mass 
RTEervoir  

YHRS3(I,J) * VDEAD or, 

YHCOL3(I,J) * VDEAD = Mass . . .(24) 

722 Concentration * Volume = Mass 
Flumn 

Liquid phase: YHCOL3(I,J) * V = Mass . . . .(25) 

Solid phase : XHCOL3(I,J) * VB or since x=ky, 

HAKP2*YHCOL3(I,J)*VB = Mass . . . .(26) 

Liquid+ 
Solid phase : V*YHCOL3(I,J)+VB*HAKP2*YHCOL3(I,J)= 

Mass. . (27) 
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Overall mass and equilibrium balance-'The mass in the top 

reservoir and column beforetransfer stage 1 is equal to 

the mass in the top reservoir and column after equilibra-

tion stage 2, since there are no external feed inputs or 

take-offs. The overall equation then comes out to be: 

(V+VDEAD)*YHOOL3(1,3)+VB*HAKP2*YHOOL3(I,J)=(V+VDEAD)* 

YHRS1(I,J)+VB*HAKP1*YHCOL1(I,J) (19) 

This is equation19 and the example computer line which 

we began with. 

Equation 19 is a combination of equations 20,22,24, and 

27. 



CHAPTER III  

A Discussion of the Results Obtained 

A) The Two-Column Process  

1) Flow Diagrams  

A flow diagram of the two-column set-up is shown in 

Figure 32. This is the batch process with no external 

feed or output locations. Figure 32, also gives the 

volumes that are in each column and reservoir for each 

stage. The symbols can be interpreted as follows: 

V = Volume of liquid phase = 12 cm3. 

VDEAD = Dead volume of liquid phase = 10 cm3. 

VB = Volume of solid phase = 4 cm3. 

The columns are divided by a dotted line to represent 

the two phases, solid and liquid, which are in the column. 

In reality, however, the two phases are interdispersed 

throughout the column since the liquid phase occupies the 

void volume of the gel or solid phase. The columns are 

shown as squares and the reservoirs as circles in the 

diagram. Since there are no feed streams in Figure 32, 

F1=F2=0.0, where: 

F1= Feed stream 1, and 

F2= Feed stream 2. 

The symbols, t with subscripted roman numerals, rep-

resent the time in seconds allotted for each stage. 

Figures 33-39 are modifications to Figure 32 and are 

labeled Cases 1-7, respectively. These cases differ from 

*24 
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the batch case in that they contain two feed inlet and 

outlet streams and differ from each other by the locations 

of these feed streams. Cases 1-7 are continuous processes. 

The column boxes contain information as to what pH 

level it's at and whether it is an anionic ion exchanger 

(+) or a cationic ion exchanger(-). The pH levels are in- 

terpreted as follows: 

p1= First pH level =8.0 

p2= Second pH level =6.0 

p3= Third pH level =4.0 

The pH levels in the reservoirs relate to the above 

descriptions as well. 

The other symbols in the reservoirs refer to which 

reservoir it is: 

R1= Top reservoir, 

RL2= Second reservoir, Left, 

RR2= Second reservoir, Right, 

and R3= Third reservoir. 



2) Computer Programs  

The computer programs relating to the two column 

case are given in Appendix 3, Cases 1-7. 

In Chapter II, the material and equilibrium balances 

were explained. Also, nomenclature was also discussed. 

Table 1 lists the data read into the program. These 

constants were all given. The number of cycles needed 

was determined by running a program and seeing at what 

approximate point additional cycles gave no significant 

difference in results obtained. 

Each protein component, Albumin(A) and Hemoglobin(H), 

were treated independently in the computer program. 

Each mass and equilibrium balance was duplicated excepting 

that one referred to A and one to H. 
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3) Graphical Calculations  

Figures 28-31 contain graphical calculations of 

initial Stage 1, Cycle 1 concentration conditions for the 

two-column process. The abscissa is the concentration of 

protein in the liquid phase and the ordinate is the 

concentration of protein in the solid phase. 

Since x=ky, the slope of the lines drawn (x/y) is 

equal to k, the equilibrium constant. 

Figure 28 (The Graphical Determination of YHCOL1(1,1)) 

will be explained in detail. Expla nations for the other 

3 figures are similar. 

Figure 28 lists the three equilibrium constant values 

for hemoglobin in the anionic column. Only two lines were 

drawn since k+ and k have the same slopes. 
P3 P2 

It will be assumed that before Stage 1 in Figure 

32,there is a Stage 0 just to start-off the process. Once 

the process is started, Stage 0 no longer exists. In Stage 

0, all the concentrations are equal to 1. Stage 0 will 

be identical (same pH levels and equilibration processes) 

to stage 7. The following equilibrium and material bal-

ances then apply: 

Equilibrium: XHCOL1(00 1)=HAKP2*YHCOL1(0,1). . . .(28) 

XHCOL1(1,1)=HAKP1*YHCOL1(1,1)  (29) 
Material: 

(V+VDEAD)*YHCOL1(0,1)+VB*XHCOL1(0,1)= 

(V+VDEAD)*YHCOL1(1,1)i-vii*XHC01,1(1,1) 
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Or: 

(V+VDEAD)*YHOOL1(0,1)+XHC01,1(0,1)=(V+VDEAD)*YHCOL1(1,1)+ 
VB VB XHCOL1(1,1) 

Or: 

XHCOL1(1,1)-XHCOL1(0,1)  
THCOL1(1,1)-YHCOL1(0,1) 

(V+VDEAD)  
VB 

 

( 30) 

 

Since XHCOL1(0,1) and YHCOL1(0,1) are both equal to 

1, the point (1,1) is marked off on the k+  equilibrium 
P2 

line. This equilibrium line correlates to equation 28. 

From equation 29, it is known that the YHCOL1(1,1) and 

XHCOL1(1,1) values will be located on the k+  equilibrium 
P1 

line. Equation 30 tells us the slope between the two 

points will be -(V+VDEAD)/VB. YHCOL1(1,1) is determined 

graphically to be equal to 0.76. 

All of the variables which were read into the comput-

er programs besides those listed om Table I for the two-

column process are listed below: 

YHRS1(1,1)=1.0 
YARS1(1,1)=1.0 
YHCOL1(1,1)=0.76 
YACOL1(1,1)=0.81 
YHRSR1(2,1=1.0 
YARSR1(2,1 =1.0 
YHRSI1(2,1)=0.76 
YARSI1(2,1)=0.81 
YHCOL1(2,1)=0.87 
YACOL1(2,1)=1.0 
YHRS1(3,1)=0.87 
YARS1(3,1)=1.0 
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YHCOL1(1,1) and YACOL1(1,1) are calculated in Figures 

28 and 29. If you check. stages 8 and 1 in Figure 32,the 

top column and the middle left reservoir will have the 

same concentration of each protein in Stage 1. Therefore, 

YHRSL1(2,1) equals YHCOL1(1,1) and YARSL1(2,1) equals 

YACOL1(1,1). 

YHC0L1(2,1) and YAC0L1(2,1) are calculated in Figures 

30 and 31, respectively. Since the bottom column and the 

bottom reservoir in Stage 1 will have the same concentra-

tion of each protein, YHCOL1(2,1) equals YHRS1(3,1) and 

YACOL1(2,1) equals YARS1(3,1) for Stage 1, Cycle 1. 

YHRS1(1,1), YARS1(1,1), YHRSR1(2,1) and YARSR1(2,1) are 

equal to 1 since they are not in equilibrium with either 

of the two columns in Stage 1, Cycle 1. 
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4) Results  

Graphical results for the two-column process are 

given in Figures 4-23. The first figure, Figure 4, gives 

the graphical results obtained for the batch case using 

the input data listed in Table #1. This figure then re-

lates to the other cases (Cases 1-7) in that, Figure 4 

would be the results obtained for Cases 1-7 where there 

are no feed streams or where F1=F2=0. 

Figures 5-23 show the results for Cases 1-7. At 

first, different feed amounts were used but it was deter-

mined after four cases, that from the following conditions: 

1)  F1=F2=3.0 

2)  F1=F2=6.0 

3)  F1=F2=9.0 

4)  F1=F2=12.0 

the first condition always gave the best separation. 

Therefore, Cases 5-7 were run only with the best separation 

condition (F1=F2=3.0) out of the four listed above. 

Numerical results are tabulated in Table II, along 

with the calculated separation factortoc. 

pc = YHRS1(1,40)*YARS1(3,40)  

YHRS1(3,40)*YARS1(1,40) 

 

(31) 
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Equation 31 represents the following: 

Concentration of H in the Top Reservoir*Concentration 
of A in the Bottom Reservoir  

Concentration of H in the Bottom (eservoir*Concentra- 
tion of A in the Top Reservoir (4:16-16) 

The higher separation factor yields the better 

separation of the proteins. Therefore for the two-column 

process, the cases will be listed with the best case first 

and the rest ranked accordingly. 

1) Cases 1-7 Batch, F1=F2=0.0 

2) Case 1 Continuous, F1=F2=3.0 

3)  Case 7 Continuous, F1=F2=3.0 

4)  Case 4 Continuous, F1=F2=3.0 

5)  Case 2 Continuous, F1=F2=3.0 

6)  Case 6 Continuous, F1=F2=3.0 

7)  Case 5 Continuous, F1=F2=3.0 

8)  Case 3 Continuous, F1=F2=3.0 

This ranking includes only those cases which this 

author has worked on. Also, it only includes the best 

results for each case. 



B) The Three-Column Process  

1) Flow Diagrams  

A flow diagram of the three-column set-up is shown 

in Figure 40. This is the batch process with no external 

feed or output locations. Figure 40 also gives the volumes 

that are in each column and reservoir for each stage. 

Explanations of the nomenclature used in Figure 40 

and of the process itself are the same as for the two-

column process except for the following: 

R2= Second Reservoir 

RL3= Third Reservoir, Left 

RR3= Third Reservoir, Right 

R4= Fourth Reservoir and Bottom Reservoir 

Figures 41- 4.3 are modifications to Figure 40, and are 

labeled Cases 1-3, respectively. These cases differ from 

the batch case in that they contain two feed inlet and 

outlet streams and differ from each other by the locations 

of these feed streams. Cases 1-3 (Three-Column Process) 

are continuous processes. 
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2) Computer Programs  

The computer programs relating to the three column 

process are given in Appendix 3, Cases 1-3 (Three-Column 

Process). 

In Chapter II, the material and equilibrium balances 

were explained. Also, nomenclature was discussed. 

The discussion in the computer program section for 

the two-column process also applies to the three-column 

process. 
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3) Graphical Calculations  

The expla nation of Figures 28 -31 was given in the 

Graphical Calculation section for the two-collImn process. 

These figures show how the initial values for Stage 1, 

Cycle 1 calculations were determined graphically. 

These figures apply as well to the three column pro-

cess. It can be seen in Figure 33 and Figure41, that the 

two columns in the two- column process have the same 

pH distribution throughout the stages as the lower two 

columns in the three column process. Also, the top column 

in the three-column process relates to the bottom column 

in the two-column process. The initial values for Stage 1, 

Cycle 1 calculation for the three-column process work out 

to be the following: 

YHRS1(1,1)=1.0 
YARS1(1,1)=1.0 
YHCOL1 1,1)=0.87 
YACOL1(1,1)=1.0 
YHRS1(2,1)=0.87 
YARS1(2,1)=1.0 
YHCOL1 2,1 =0.76 
YACOL1 2,1 =0.81 
YHRSL1 3,1 =0.76 
YARSL1(3,1 =0.81 
YHRSR1(3,1)=1.0 
YARSR1(3,1 =1.0 
YHCOL1(3,1 =0.87 
YACOL1(3,1 =1.0 
YHRS1(4,1)=0.87 
YARS1(4,1)=1.0 
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4) Results  

Graphical results for the three-column process are 

shown in Figures 25-27, and in Figure 24. Figure 24 

gives the graphical results obtained for the batch case 

using the input data listed in Table #1. This figure then 

relates to the other cases (Case 1-3, Three Column Process) 

in that, Figure 24 would be the results obtained for Cases 

1-3 where there are no feed streams or where F1=F2=0. 

Figures 25-27 show the results for Cases 1-3 (Three 

Column Process) where F1=F2=3.0. 

Numerical results are tabulated in Table III, along 

with the separation factor, d. The separation factor is 

described in the Results section for the two-column 

process. 

The higher separation factor yields the better 

separation of the proteins. Therefore for the three-

column process, the cases will be listed with the best 

case first and the rest ranked accordingly. 

1) Cases 1-3 Batch, F1=F2=0 

2) Case 2, F1=F2=3.0 

3) Case 1, F1=F2=3.0 

4) Case 3, F1=F2=3.0 

This ranking includes only those cases which this 

author has worked on. Also, it only includes the best 

results for each case. 
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CHAPTER IV. CONCLUSIONS 

Comparison of Tables II and III in Appendix 1 show 

that overall, the three-column process yields better 

separations than the two-column process. The batch case 

(F1=F2=0.0) for the three-column process yielded a 

separation factor of 12.11 whereas for the two-column one 

it was only 6.47. Also, for each continuous case in Table 

III( 3 Column Results), the values are all higher than 

separation factors obtained for the cases in Table II ( 2 

Column Results), except fir the batch case in Table II. 

For the 10 continuous cases and 2 batch cases 

examined in this work the overall results were as follows 

(with the best separation obtained being ranked first): 

Separation 
Factor  

1) 3-Column Process, Batch Case, F1=F2=0.0 12.11 

2) 3-Column Process, Continuous Case #2, 
F1=F2=3.0 8.7 8 

3) 2-Column Process, Batch Case, F1=F2=0.0 6.478 

4) 3-Column Process, Continuous Case #1, 
F1=F2=3.0 6.10 

5) 3-Column Process, Continuous Case #3, 
F1=F2=3.0 5.89 

6) 2-Column Process, Continuous Case #1, 
F1=F2=3.0 4.82 

7) 2-Column Process, Continuous Case #7, 

 

F1=F2=3.0 4.72 

8) 2-Column Process, Continuous Case #4, 
F1=F2=3.0 4.46 
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9)  2-Column Process, Continuous Case #2, 

Separation 
Factor 

F1=F2=3.0 4.38 

10)  2-Column Process, Continuous Case #6, 
F1=F2=3.0 4.15 

11)  2-Column Process, Continuous Case #5, 
F1=F2=3.0 4.11 

12)  2-Column Process, Continuous Case #3, 
F1=F2=3.0 2.78 
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APPENDIX 1  

TABLES  
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Table I 

GIVEN DATA READ INTO PROGRAMS (28c3 Column Cases) * 

39 

Constant 
or 

Variable 

What the constant 
or 

variable represents  

Its ini-
tial 
value 

Constant used for DoLoop calcu-
lations 

Number of cycles of pump opera-
tion 

Values not given here since thes 
constants were not used in any 
program in this thesis 

Volume of fluid phase, cm3 

Dead volume of fluid phase, cm3 

Volume of solid phase, cm3 

Equilibrium constant for Hemo-
globin at a pH level of P1 
(anionic) 

Equilibrium constant for Hemo-
globin at a pH level of P1 for a 
cationic ion exchanger 

Equilibrium constant for Albumin 
at a pH level of P1 for an 
anionic ion exchanger 

Equilibrium constant for Albumin 
at a pH level of P1 for a cation 
ic ion exchanger 

Equilibrium constant for Hemo-
globin at a pH level of P2 for 
an anionic ion exchanger 

Equilibrium constant for Hemo-
globin at a pH level of P2 for 
a cationic ion exchanger 

NCYCI 

YHAO 
YAAO 
YHCO 
YACO 

V 

\T DEAD 

VB 

HAKP1 

HCKP1 

AAKP1 

ACKP1 

HAKP2 

HCKP2 

2 

40 

12.000 

10.000 

4.000 

3.000 

1.000 

2.500 

1.500 

1.000 

2.000 



Constant 
or 

Variable  

What the Constant 
or 

Variable represents  

Its initial 

value 

40 

AAKP2 

ACKP2 

HAKT3 

HCK_P3 

AAKP3 

ACKP3 

Equilibrium constant for Albumin 
at a pH level of P, for an 
anionic ion exc hahger 

Equilibrium constant for Albumin 
at a pH level of P, for a 
cationic ion exchahger 

Equilibrium constant for Hemo-
globin at a pH level of P3 for an anionic ion exchanger 

Equilibrium constant for Hemo-
globin at a pH level of P3 

for 
a cationic ion exchanger 

Equilibrium constant for Albumin 
at a pH level of P for an 
anionic ion exchan er 

Equilibrium constant for Albumin 
at a pH level of P for a 
cationic ion exchanger 

2.500 

1.500 

1.000 

2.000 

1.000 

4.500 

* P1= High pH level 

P2= Middle pH level 

P3
= Low p11 level 



Table II 
• 

I.DeTaiuu_Luil (JUL:ULU:173 ±01.- l'cl,'b' I - ( k_uill Column rrocessi 

Case 
# 

YHRS1(1,40) YARS1(3,40) YHRS1(3,40; YARS1(1,40) _ YHRS1(1,40)*YARS1_0240)
o 

0C 
YHRS1(3,40)*YARS1(1,40) 

F1 =F2 
7) 

=0.0 1.4812 1.4405 0.6049 0.5455 6.47 
1)  
F1 =F2=3.0 1.2714 1.2775 0.6091 0.5527 4.82 
F1=F2=6.0 1.2279 1.2427 0.6513 0.5902 3.97 
F1=F2=9.0 1.1996 1.2184 0.6834 0.6200 3.45 
F1=F2=12. 1.1778 1.1985 0.7077 0.6434 3_10 
2)  
F1=F2=3.0 1.0996 1.8442 0.5601 0.8275 4.38 
F1=F2=6.0 1.0434 1.8753 0.5805 0.803 3.76 
F1=F2=9.0 1.0189 1.8563 0.5954 0.9233 3.44 
F1=F2=12.b 1.0048 1.8347 0.6052 0.9381 3.25 
5 
F'=F2=3.0 0.9720 1.6263 0.6304 0.9004 2.78 
F1=F2=6.0 0.9616 1.4653 0.7119 0.9629 2.06 
F1=F2=9.0 0.9619 1.3590 0.7546 0.9790 1.77 
F1=F2=12.0 0.9633 1.2935 0.7798 0.9877 1.62 

4) 
F1=F2=3.0 1.3444 1.6151 0.6910 0.7039 4.46 
F1=F2=6.0 1.2532 1.5282 0.7244 0.7278 3.63 

F1=F2=9.0 1.2006 1.4617 0.7461 0.7408 3.18 

F1=F2=12.0 1.1664 1.4171 0.7614 0.7513 2.89 

1.2997 1.3938 0.6653 0.6623  4.11 f=F2,3.0 

F1=F2=3.0 1.3064 1.2833 _ 0.6267 0.6453 4.15 
) 
F1=F2=3.0 1.2663 1.3870 0.6504 0.5722 4.72 
* .a.• 
( -`-= separation factor) 



TABLE III  

Three-Column Process, Cases 1-3, Separation Factors  

Case /f YHRS1(1,40) YARS1(4,40) YHRS1(4,40) YARS1(1,40) 0C 

1-3 
F1=F2=0.0_ 2.1268 1.5843 0.4220 0.6595 12.11 

1 
F1=F2=3.0 1.5292 1.3075 0.5063 0.6470 6.10 

2 
F1=F2=3.0 3.0957 1.0354 0.7213 0.5059 8.78 

3 
F1=F2=3.0 1.5122 1.4162 0.5431 0.6692 5.89 

= YHRS1(1,40)*YARS1(4,40)  

YHRS1(4,40)*YARS1(1,40) 
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Figure I 

The Effects of Different PH's of Protein A on a 

Cationic and Anionic Ion Exchanger  

The Isoelectric point of A= IA , where P2 < IA< Pi. 
Also: 

At P2- A has a net positive charge. (A+) 

At P1- A has a net negative charge. (A-) 

Cationic Ion Exchanger Anionic Ion Exchanger 

-Means taken up by 

I -Means released (3:5) 
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(III) (Iv) 

tII till IV 

( I ) (II) 

'Automatic 
Titrator 
(pH=P2) 

-1 
Dialyzer 

() Automati 

Titrator 
(0=1)1) 
tI  

(I) 

Figure II 

A Simple One-Column, Jour tage Separation Example 

Chen, H.T., et al. "Separation of Proteins via Nulticolumn pH 
Parametric Pumping." 

1V/1 = The ion exchanger(solid gel)) (2:321) 
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Figure V  

Graphical Results of Computer Simulation of Two-Column Process  
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Ficure VI 

Graphical Results of Computer Simulation of Two-Column Process  

Case 1 (F1=F2=6.0) 
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ricure VII  

Graphical Results of Computer Simulation of Two-Column Process  
Case 1 (F1=F2=9.0) 
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Graphical Results of Computer Simulation of Two-Column Process  

Case 1 (F1=F2=12.0).  
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Graphical Results of Computer Simulation of Two-Column Process  
Case 2 (F1=F2=3.0)  
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Figure X  

Graphical Results of Computer Simulation of Two-Column Process  
Case 2(F1=F2=6.0) 
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of Computer Simulation of Two-Column Process  
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YARS1(3) 

ynsi(1) 

YARS1(1 

YHRS1(3) 

a 
10 15 20 25 30 35 40 

n (number of cycles) 

0.5 
5 



1.8 

.6 
9-4 
0 

a) 
1 • 4 

co-1 

01.2 
4) 
ai 

4-) 

as 

0
01.0 
O o 

0.8 

0.6 

PO 

Figure III 
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Graphical Results of Computer Si ulation of Two-Column Process  
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Graphical Results of Computer Simulation of Two-Column Process  

1.9 r" Case 3 (F1=F2=6,0)  
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Graphical Results of Computer Simulation of Two-Column Process  
Case 3 (F1=F2=9.0) 

    

YARS1(3) 

YARS1(1) 

YHRS1(1) 

YHRS1(3) 

0.7 1 5 
( number of cycles) 



1.9 

Figure XVI  

Graphical Results of Computer Simulation of Two-Column Process  
Case 3 (F1=F2.12.0) 
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Graphical Results of Computer Simulation of Two-Column Process  
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Graphical Results of Computer Simulation of Two-Column Process  
Case 4 (F1=F2=6.0)  
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Graphical Results of Computer Simulation of Two-Column Process 
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lic;ure XX 

Graphical Results of Computer Simulation of Two-Column Process  
Case 4 (F1=F2=12.0)  
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Graphical Results of Computer Simulation of Two-Column Process  

Case 5 (F1=F2.3.0) 
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Figure ,MCII 

Graphical Results of Computer Simulation of Two-Column Process 

Case 6 (F1=F2=3.0) 
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Graphical Results of Computer Simulation of Three-Column Process  
Case 1-3 where Fi=F2=0.0  
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Figure XXVI 

Graphical Results of Computer Simulation of Three Column Process  

Three Column Case# 2 
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Graphical Results of Computer Simulation of Three-Column Process  
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VI VII VIII IV 

FigureXXXII  

Volumetric Flow Diagram of the Two Column Process  

Flow Diagram of the Two Column Case Showing Volumetric 
Flow During Each Stage(F1=F2=0.0) 

(II) (III) (IV) (V) (VI) (VII) (VIII) 

*Volume of Liquid phase- V= 12 cc, D=10cc ;Volume of gel or solid phase-VB=4cc 

(I) (I) 



COMPUTER PROGRAM #1. 

Two-Column Batch Process 

DIMENSION 
1YHRSZ1(2,40),YHRSI3(2,40),YHRSL5(2,40),YERSIJ7(2,401 
2YARSI1(2,40),YARSL3(2,40),YARSL5(20 40),YARSIJ7(2,40) 
DIMENSION 
1YHCOL1(2,40),YHCOL3(2,40),YHCOL5(2,40),YHCOL7(2,40), 
2YACOL1(2,40),YACOL3(2,40),YACOL5(2,40),YACOL7(2,40) 
DIMENSION 
1YHRS1(3,40),YHRS3(3,40),YHRS5(3,40),YHRS7(3,40), 
2YARS1(3,40),YARS3(3,40),YARS5(3,40),YARS7(3,40) 
DIMENSION 
1YHRSR1(2,40),YHRSR3(2,40),YHRSR5(2,40),YHRSR7(2,40), 
2YARSR1(2,40),YARSR3(2,40),YARSR5(2,40),YARSR7(2,40) 
READ(5,10)M5NCYCL 

10 FORMAT(7I10) 
READ(5,20)YHAO,YAAO,YHCO,YACO,V,VDEAD,VB, 
1HAKP1,HCKP1,AAKP1,ACKP1, 
2HAKP2,HCKP2,AAKP2,ACKP2, 
3HAKP3,HCKP3,AAKP3,ACKP3 

20 FORMAT(7F10.3) 
YHRS1(1,1)=1.0 
YARS1(1,1)=1.0 
YHCOL1(1,1)=0.76 
YACOL1(1,1)=0.81 
YHRSR1(2,1)=1.0 
YARSR1(2,1)=1.0 
YHRSIA(2,1)=0.76 
YARSL1(2,1)=0.81 
YHCOL1(2,1=0.87 
YAC0111(2,1 =1.0 
YHRS1(3,1)=0.87 
YARS1(3,1)=1.0 
J=1 

15 DO 150 I=1,M 
A=(-1)**I 
IF(A)151,151,152 

151 YHCOL3(I,J)=((V+VDEAD)*YHRS1(I,J)+VB* 
XHAKP1*YHCOL1(I,J))/(V+VDEAD+VB*HAKP2) 
YACOL3(I,J)=((V+VDEAD)*YARS1(I,J)+VB* 
KAAKPl*YAC0L1(I,J))/(V+VDEAD+VB*AAKP2) 
YHRS3I,J=YHCOL3(I,J) 
YARS3(I,J)=YACOL3(I,J 
YHRSI3(I+1,J)=(YHRSI1(I+1,J)*VDEAD+V*YHC0L1(I,J))/ 
X(V+VDEAD) 
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YARS15(I+1,J)=(YARSL1(I+1,J)*VDEAD+V*YACOL1(I,J))/ 
X(V+VDEAD) 
GO TO 150 

152 YHCOL3(I,J)=((V+VDEAD)*YHRSR1(I,J)+VB* 
XHCKP2*YHCOLT,J))/(V+VDEAD+VB*HCKF3) 
YACOL3(I,J)= (V+VDEAD)*YARSR1(I,J)+VB* 
XACKP2*YACOL1(I,J))/(V+VDEAD+VB*ACKP3) 
YHRSR3F,J)=YHCOL3(I,J) 
YARSR3 I,J)=YACOL3(I,J) 
YHRS3(I+1,J)=(YHRS1(I+1,J)*VDEAD +V*YHCOL1(I,J))/ 
X(V+VDEAD) 
YARS3(I+1,J)=CLARS1(I+1,J)*VDEAD+V*YAC0L1(I,J))/ 
X(V+VDEAD) 

150 CONTINUE 
DO 250 I=1,M 
AI-1)**I 
IF A)251,251 252 

251 YHRS5 (I ,J)=(VDEAD*YHRS 3(1 ,J)+V*YHCOL3(I ,,J)) 
X/(V+VDEAD) 
YARS5(I,J)=(VDEAD*YARS3(I,J)+V*YACOL3(I,J))/(V+ 
XVDEAD) 
WRITE(6,33)YHRS5(I,J),YARSS(I,J) 

33 FORMAT 5X, 'YHRS5=',E25.5,'YARS5=',E25.5) 
YHCOL5 I,J)=((V+VDEAD)*YHRSR3(I+1,J)+VB*HAKP2*YHCOL3 
X(I,J))/(V+VDEAD+VB*HAKP3) 
YACOI5(I,J)=((V+VDEAD)*YARSR3(I+1,J)+VB*AAKP2*YACOL3 
X(I,J))/(V+VDEAD+VB*AAKP3) 
YHRSR5(I+1,J)=YHCOL5(I,J) 
YARSR5(I+1,J)=YACOL5(I,J) 
GO TO 250 

252 YHRSI5(I,J)=YHRSL5(I,J) 
YARSL5(I,J)=YARSI3(I,J) 
YHCOL5(I,J)=((V+VDEAD)*YHRS3(I+1,J)+VB* 
XHCKP3*YHCOI3F,J))/(V+VDEAD+VB*HCKP2) 
YACOL5(I,J)= (V+VDEAD)*YARS3(I+1, J)+VB* 
XACKP3*YACOL3(I,J))/(V+VDEAD+VB*ACKP2) 
YHRS5(I+1,J)=YHCOL5(I,9 
YARS5(I+1,J)=YACOI5(I,J 

250 CONTINUE 
DO 350 I=1,M 
A=(-1)**I 
IF(A)351,351,352 

351 YHCOL7(I,J)=T+VDEAD)*YHRS5(I,J)+VB*HAKP3* 
XYHCOL5(I,J))/ V+VDEAD+VB*HAKP2) 
YACOL7(I,J)=((V+VDEAD)*YARS5(I,J)+VB*AAKP3* 
XYACOL5(I,J))/(V+VDEAD+VB*AAKP2) 
YHRS7(I,J)=YHCOL7(I,J) 
YARS7(I,J)=YACOI7(I,J) 
YHRSR7(I+1,J)=(YHRSRS(I+1,J)*VDEAD+V*YHCOLS(I,J))/ 
X(V+VDEAD) 
YARSR7(I+1,J)=(YARSRS(I+1,J)*VDEAD+V*YACOL5(I,J))/ 
X(V+VDEAD) 
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GO TO 350 
352 YHCOL7(I,J)=((V+VDEADi*YHRS1,5(I,J)+VB*HCKP2*YHC01,5 

X(I,J))/(V+VDEAD+VB*HCKP1) 
YACOL7(I,J)=((V+VDEAD)*YARSLS(I,J)+VB*ACKP2*YACOLS 
X(I,J))/(V+VDEAD+VB*ACKP1) 
YHRSL7F,J)=YHCOL7(I,J) 
YARSI7 Is J)=YACOL7(I,J) 
YHRS7(I+1,J)=(YHRS5(I+1,J)*VDEAD+V*YHCOL5(I,J))/ 
X(V+VDEAD) 
YARS7(I+1,J)=(YARS5(I+1,J)*VDEAD+V*YACOL5(I,J))/ 
X(V+VDEAD) 
WRITE(6,34)YHRS7(I+1,J),YARS7(I+1,J) 

34 FORMAT(5X,'YHRS7=',E25.5,'YARS7=',E25.5) 
350 CONTINUE 

L=J 
J=J+1 
WRITE(6,11)J 

11 FORMAT(2X,f***J=1 ,I10) 
DO 450 I=1,M 
A=(-1)**I 
IF A)451,451,452 

451 YHRS1(I,J)=(YHRS7(I,L)*VDEAD+V*YHCOL7(I,L))/(V+ 
XVDEAD) 
YARS1(I,J)=(YARS7(I,L)*VDEAD+V*YACOL7(I,1))/(V+ 
XVDEAD) 
YHCOL1(I,J)=(VDEAD*YHRS1,7(I+1,L)+V*YHC01,7(I+1,1,)+VB 
X*HAKF2*YHOOL7(I,L))/(V+VDEAD+VB*HAKT1) 
YACOL1(I,J)=(VDEAD*YARSL7(I+1,L)+V*YACOL7(I+1,L)+VB 
X*AAKP2*YAC01,7(I,L))/(V+VDEAD+VB*AAK/01) 
YHRS1,1 I+1,J =YHOOL1(I,J) 
YARSIA I+1,J =YACOL1 I,J)  
YERSR1(I+1,9=YHRSR7 
YARSR1(I+1,J =YARSR7 I+1,L) 
WRITE(6,222)I 
WRITE(6,13)YHRS1(I,J),YARS1(I,J) 
II=I+1 
WRITE(6,222)II 
WRITE(6,16)YHRSL1(I+1,J),YARSI1(I+1,J),YHRSR1(I+1, 
XJ),YARSR1(I,J) 

16 FORMAT(5X,'YHRS1,1=',E20.5,1 YARSIJ1=',E20.5,'YHRSR1=; 
XE20.5,'YARSR1=',E20.5) 
GO TO 450 

452 YHCOL1(I,J)=((V+VDEAD)*YHRS7(I+1,1,)+VB*HCKP1 
X*YHCOL7(I,L))/(V+VDEAD+VB*HCKP2) 
YACOL1(I,J)=((V+VDEAD)*YARS7(I+1,1,)+VB*ACKP1 
X*YACOL7(I,9)/(V+VDEAD+VB*ACKP2) 
YHRS1(I+1,J =YHCOL1(I,J) 
YARS1(I+1,J)=YACOL1(I,J) 
WRITE(6,222 

222 FORMAT(2X,'I=',I10) 



WRITE( 6,12)Y11COL1 (I,J) ,YACOL1 (I,J) 
12 FORMAT(5X, 'MC01)1=1 0 E25.5, 'YACOL1=' • E25.5) 

II=I+1 
WRITE( 6,222) II 
WRITE(6,13)YHRS1(I+1,J),YARS1(I+1,J) 

13 'Oli.MAT(5X, 'YHRS1=t 0 E25.5, 'Y.ARS1=',E25.5) 
450 CONTINUE 

IF(J-NCYCL)15,14,14 
14 STOP 

END 
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COMPUTER PROGRAM (Case 1) Two-Column Process  
DIMENSION 

1YHRS6(1,40),YARS6(1,40),YHRSI8(2,40),YARSI8(2,40)' 
DIMENSION 

1YHRSR4(2,40),YARSR4(2,40),YHRSIJ6(2,40),YARSI,6(2,40) 
DIMENSION 

1YHRSII1(2,40),YHRSIO(2,40),YHRSL5(2,40),YHRSII7c2,41, 
2YARSL1(2,40),YARSI3(2,40),YARSL5(2,40),YARSL7(2,40 

DIMENSION 
1YHCOL1(2,40),YHCOL3(2,40),YHCOL5(2,40),YHCOL7(2,40), 
2YACOL1(2,40),YACOL3(2,40),YACOL5(2,40),YACOL7(2,40) 

DIMENSION 
1YHRS1(3,40),YHRS3(3,40),YHRS5(5,40),YHRS7(3,40), 
2YARS1(5,40),YARS3(3,40),YARS5(3,40),YARS7(3,40) 

DIMENSION 
1YHRSR1(2,40),YHRSR3(2,40),YHRSR5(2,40),YHRSR7(2,40), 
2YARSR1(2,40),YARSR3(2,40),YARSR5(2,40),YARSR7(2,40) 
READ(5,10)MI NCYCL 

10 FORMAT(7I10) 
READ(5,20)YHAO,YAAO,YHCO,YACO,V,VDEAD,VB, 

1HAKP1,HCKP1,AAKP1,ACKP1, 
2HAKP2,HCKP2,AAKP2,ACKP2, 
3HAKP3,HCKP5,AAKP5,ACKP3 

20 FORMAT(7F10.3) 
YHRS1(1,1)=1.0 
YARS1(1,1)=1.0 
YHCOL1(1,1)=0.76 
YACOL1(1,1)=0.81 
YHRSR1(2,1)=1.0 
YARSR1 2,1)=1.0 
YHRSIJ1 2,1 =0.76 
YARSL1 2,1 =0.81 
YHCOL1(2,1 =0.87 
YACOL1(2,1)=1.0 
YHRS1(5,1)=0.87 
YARS1(5,1)=1.0 
F1=0.0 
F2=0.0 
J=1 

15 D0150 I=1,M 
A=(-1)**I 
IF(A)151,151,152 

151 YHCOL3(I,J)=((V+VDEAD)*YHRS1(I,J)+VB* 
XHAKP1*YHCOLT,J))/(V+VDEAD+VB*HAKP2) 
YACOL3(I,J)= (V+VDEAD)*YARS1(I,J)+VB* 

XAAKP1*YAC0L1(I,J))/(V+VDEAD+VB*AAKP2) 
YHRS3(I,J)=YHOOL5(I,J) 
YARS5(I,J)=YACOL3(I,J) 
YHRSL3(I+1,J)=(YHRSII(I+1,J)*VDEAD+V*YHCOL1(I,J))/ 

X("V+VDEAD) 
YARSI3(I+1,J)=(YARSI1(I+1,J)*VDEAD+V*YACOL1(I,J))/ 

X(V+VDEAD) 
GO TO 150 
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(CASE 1 continued) 
152 YHC01,3(I,J)1(V+VDEAD)*YHRSR1(I,J)+VB* 

XHCKP2*YHCOL1 I,J))/(V+VDEAD+VB*HCKP3) 
YACOL3(I,J)= (V+VDEAD)*YARSR1(I,J)+VB* 

XACKP2*YACOL1(I,J))/(V+VDEAD+VB*ACKP3) 
YHRSR3(I,J)=YHCOL3(I,J) 
YARSR3(I,J)=YAC0L3(I,J) 
YHRS3(I+1,J)=(YHRS1(I+1,J)*VDEAD+V*YHCOL1(I,J))/ 
X(V+VDEAD) 
YARS3(I+101)=(YARS1(I+11J)*VDEAD+V*YACOL1(I,J))/ 
X(V+VDEAD) 

150 CONTINUE 
DO 250 I=1,M 
A=(-1)**I 
IF(A)251,251 252 

251 YHRSR4(I+1,J)=(F1*1.0+VDEAD*YHRSR3(I+1,J)+V*YHCOL3 
X(I+1,J))/(V+VDEAD+F1) 
YARSR4(I+1,J)=(F1*1.0+VDEAD*YARSR3(I+1,J)+V*YACOL3 

X(I+1,J))/(V+VDEAD+F1) 
YHRS5(I,J)=(YHRS3(I,J)*VDEAD+V*YHCOL3(I,J)+F1*YHRSR4 
X(I+1,J))/(V+VDEAD+F1) 
YARS5(I,J)=(YARS3(I,J)*VDEAD+V*YACOL3(I,J)+F1*YARSR4 

X(I+1,J))/(V+VDEAD+F1) 
WRITE(6,33)YHRS5(I,J),YARS5(I,J) 

33 FORMAT(5X,'YHRS5=',E25.5,1YARS5=',E25.5) 
YHCOL5(I,J)=((V+VDEAD)*YHRSR4(I+1,J)+VB*HAKP2*YHCOL3 
X(I,J))/(V+VDEAD+VB*HAKP3) 
YACOL5(I,J)=((V+VDEAD)*YARSR4(I+1,J)+VB*AAKP2*YACOL3 
X(I,J))/(V+VDEAD+VB*AAKP3 
YHRSR5I+1,J)=YHCOL5(I,J 
YARSRS(I+1,J)=YACOL5(I,J 
GO TO 250 

252 YHRSL5(I,J)=YHRSL3(I,J) 
YARSL5(I,J)=YARSL3(I,J) 
YHCOL5(I,J)=((V+VDEAD)*YHRS3(I+1,J)+VB* 
XHCKP3*YHCOL3(I,J))/(V+VDEAD+VB*HOKP2) 
YACOL5(I,J)=((V+VDEAD)*YARS3(I+1,J)+VB* 

XACKP3*YACOL3(I,J))/(V+VDEAD+VB*ACKP2) 
YHRS5(I+1,J)=YHCOL5(I,J) 
YARS5(I+1,J)=YACOL5(I,J) 

250 CONTINUE 
DO 350 I=1,M 
A=(-1)**I 
IF(A)351,351,352 

351 YHCOL7(I,J)=((V+VDEAD)*YHRS5(I J)+VB*HAKP3* 
XYHCOL5(I,J )/(V+VDEAD+VB*HAKP2 
YACOL7(I,J =((V+VDEAD)*YARS5(I,J)+VB*AAKP3* 
XYACOL5(I,J )/(V+VDEAD+VB*AAKP2) 
YHRS7(I,J)=YHOOL7(I,J) 
YARS7(I,J)=YACOL7(I,J) 
YHRSR7(I+1,J)=(YHRSRS(I+1,J)*VDEAD+V*YHCOLS(I,J))/ 
X(V+VDEAD) 
YARSR7(I+1,J)=(YARSR5(I+11J)*VDEAD+V*YACOL5(I,J))/ 



84 

(CASE 1 continued) 
X(V+VDEAD) 

GO TO 350 
352 YHRSIJ6(I,J)=(F2*1.0+(V+VDEAD)*YHRSI,5(I,J))/(F2+V+VDEAD) 

YARSL6(I,J)=(F2*1.0+(V+VDEAD)*YARSII5(I,J))/(F2+V+VDEAD) 
YHCOL7(I,J)=((V+VDEAD)*YHRSL6(I,J)+VB*HCKP2*YHCOL5 

X(I,J))/(V+VDEAD+VB*HCKP1) 
YACOL7(I,J)=((V+VDEAD)*YARSIJ6(I,J)+VB*ACKP2*YACOL5 

X(I,J))/(V+VDEAD+VB*ACKP1) 
YHRSIJ7I,J)=YHCOL7(I,J) 
YARSL7(I,J)=YACOL7(I,J 
YHRS7(I+1,J)=(YHRS5(I+1,J)*VDEAD+V*YHCOL5(I,J)+F2* 

XYHRSIJ6(I,J))/(V+VDEAD+F2) 
YARS7(I+1,J)=(YARS5(I+1,J)*VDEAD+V*YACOL5(I,J)+F2* 

XYARS16(I,J))/(V+VDEAD+F2) 
WRITE(6,34)YHRS7(I+1,J),YARS7(I+1,J) 

34 FORMAT(5X,'YHRS7=',E25.5,'YARS7=',E25.5) 
350 CONTINUE 

L=J 
J=J+1 
WRITE(6,11)J 

11 FORMAT(2X,t***J=',I10) 
DO 450 I=1,M 
A=(-1)**I 
IF(A)451,451,452 

451 YHRS1(I,J)=(YHRS7(I,L)*VDEAD+V*YHCOL7(I,L))/(V+VDEAD) 
YARS1(I,J)=(YARS7(I,1)*VDEAD+V*YACOL7(I,L))/(V+VDEAD) 
YHCOL1(I,J)=(VDEAD*YHRSL7(I+1,L)+V*YHCOL7(I+1,L)+VB* 

XHAKP2*YHCOI7F,L))/(V+VDEAD+VB*HAYP1) 
YACOL1(I,J)= VDEAD*YARSO(I+1,L)+V*YAC01,7(I+1,L)+VB 

X*AAKP2*YACOL7(I,L))/(V+VDEAD+VB*AAKP1) 
YHRSI1(I+1,J)=YHCOL1(I,J) 
YARSIA(I+1,J)=YACOLT,J) 
YHRSR1(I+1,J)=YHRSR7 I+1,L) 
YARSR1(I+1,J)=YARSR7(I+1,L) 
WRITE 6,222)I 
WRITE(6,13)YHRS1(I,J),YARS1(I,J) 
II=I+1 
WRITE(6,222)II 
WRITE(6,16)YHRS1,1(I+1,J),YARSIA(I+1,J),YHRSR1(I+1,J), 

XYARSR1(I+1,J 
16 FORMAT(5X,'ARSII1=',E20.5, 1 YARSIJ1=',E20.5, 1 YHRSR1=t, 

XE20.5, 1 YARSR1=',E20.5) 
GO TO 450 

452 YHCOL1(I,J)=((V+VDEAD)*YHRS7(I+1,L)+VB*HCKP1 
X*YHCOL7(I,L))/(V+VDEAD+VB*HCKP2) 
YACOLT,TUV+VDEAD)*YARS7(I+1,L)+VB*ACKP1* 

XYACOL7 )/(V+VDEAD+VB*ACKP2) 
YHRS1(I+1,J)=YHCOLT,J) 
YARS1(I+1,9=YAC01,1 I,J) 
WRITE(6,222 I 

222 FORMAT(2X,II=',I10) 



(CASE 1 continued) 
WRITE(6,12) YHCOL1(I,J),YACOL1(I,J) 

12 FORMAT(5X,'YHC0L1=',E25.5,'YACOL1=1.E25.5) 
II=I+1 
WRITE(6,222)II 
WRITE(6,13)YHRS1(I+1,J),YARS1(I+1,J) 

13 FORMAT(5X,'YHRS1=',E25.5,'YARS1=',E25.5) 
450 CONTINUE 

IF(J-NCYCL)15,14,14 
14 F1=F1+3.0 

F2=F2+3.0 
J=1.0 
IF(F1.EQ.15)G0 TO 91 
GO TO 15 

91 STOP 
END 
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COMPUTER PROGRAM (Case 2) #III. Two-Column Process  

DIMENSION 
1YHRSR4(2,40),YARSR4(21 40),YHRS16(2,40),YARST,6(2,40). 
DIMENSION 

1YHRS6(1,40),YARS6(1,40),YHRSIB(2,40),YARSI8(2,40) 
DIMENSION 

1YHRSR1(2,40),YHRSR3(2,40),YHRSR5(2,40),YHRSR7(2,40), 
2YARSR1(2,40),YARSR3(2,40),YARSR5(2,40),YARSR7(2,40) 

DIMENSION 
1YHRSIJ1(2,40),YHRSIJ3(2,40),YHRSL5(2,40),YHRSL7(2,41, 
2YARSIJ1(2,40),YARSIO(2,40),YARSL5.(2,40),YARSI7(2,40 
DIMENSION 
1YHCOL1(2,40),YHCOL3(2,40),YHCOL5(2,40),YHCOLT,40), 
2YACOL1(2,40),YACOL3(2:40),YACOL5(2,40),YACOL7,2,40) 
DIMENSION 

1YHRS1(3,40),YHRS3(3,40),YHRS5(3,40),YHRS7(3,40), 
2YARS1(3,40),YARS3(3,40),YARS5(3,40),YARS7(3,40) 
READ(5,10)M,NCYCL 

10 FORMAT(7I10) 
READ(5,20)YHAO,YAAO,YHCO,V,VDEAD,VB, 
1HAKP1,HCKP1,AAKP1,ACKP1, 
2HAKP2,HCKP2,AAKP2,ACKP2, 
3HAKP3,HCKP3,AAKP3,ACKP3 

20 FORMAT(7F10.3) 
YHRS1(1,1)=1.0 
YARS1 (1, 1)=1.0 
YHCOL1(1,1)=0.76 
YACOI1(1,1=0.81 
YHRSR1(2,1 =1.0 
YARSR1(2,1 =1.0 
YHRSL1(2,1)=0.76 
YARSL1(2,1)=0.81 
YHCOL1(2,1)=0.87 
YACOL1(21 1)=1.0 
YHRS1(3,1)=0.87 
YARS1(3,1)=1.0 
F1=0.0 
F2=0.0 
J=1 

15 DO 150 I=1,M 
A1-1)**I 
IF A)151,151,152 

151 YHCOL3(I,J)=((V+VDEAD)*YHRS1(I,J)+VB* 
XHAKP1*YHCOL1(I1 J))/(V+VDEAD+VB*HAKP2) 
YACOL3(I,J)=((V+VDEAD)*YARS1(I,J)+VB* 
XAAKT1*YAOOL1(I,J))/(V+VDEAD+VB*AAKP2) 
YHRS3(I,J)=YHCOL3(I,J) 
YARS3(I,J)=YACOL3(I,J) 
YHRSL3(I+1,J)=(YHRSL1(I+1 J)*VDEAD+V*YHCOL1(I,J))/ 
X(V+VDEAD) 
YARSL3(I+1,J)=(YARSL1(I+1,J)*VDEAD+V*YAC0L1(I,J))/ 

X(V+VDEAD) 
GO TO 150 

152 YHCOL3(I,J)=((V+VDEAD)*YHRSR1(I,J)+VB* 
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(CASE 2 Continued) 
XHCKP2*YHCOLT,J))/(V+VDEAD+VB*HCKP3) 
YACOL3(I,J)= (V+VDEAD)*YARSR1(I,J)+VB* 
XACKP2*YACOL1 I,J))/(V+VDEAD+VB*ACKF3) 
YHRSR3(I,J)=YHCOL3(I,J) 
YARSR3(I,J)=YACOL3(I,J) 
YHRS3(I+1,J)=(YHRS1(I+1,J)*VDEAD+V*YHCOL1(I,J))/ 
X(V+VDEAD) 
YARS3(I+1,J)=(YARS1(I+1,J)*VDEAD+V*YACOL1(I,J))/ 
X(V+VDEAD) 

150 CONTINUE 
DO 250 I=1,M 
A=(-1)**I 
IF(A)251,251,252 

251 YHRS5(I,J)=(YHRS3(I,J)*VDEAD+V*YHCOL3F,J)NV+VDEAD) 
YARS5I,J)=(YARS3(I,J)*VDEAD+V*YACOL3 I,J) / V+VDEAD) 
WRITE(6,33)YHRS5(I,J),YARSS(I,J) 

33 FORMAT(5X,'YHRS5=',E25.5,'YARS5=',E25.5) 
YHCOLS(I,J =( V+VDEAD)*YHRSR3(I+1,J)+VB*HAKP2* 
XYHCOL3(I,J )/ V+VDEAD+VB*HAKP3) 
YACOL5(I,J =( V+VDEAD)*YARSR3(I+1,J)+VB*AAKP2*YACOL3 
X(I,J))/(V+VDEAD+VB*AAKP3 
YHRSR5F+1,J)=YNCOL5F,J 
YARSR5 I+1,J)=YACOL5 I,J 
GO TO 250 

252 YHRSLS(I,J)=YHRSL3(I,J) 
YARSL5F,J)=YARSL3(I,J) 
YHCOL5 I,J)= (V+VDEAD)*YHRS3(I+1,J)+VB* 

XHCK?3*YHCOL3 I,J))/(V+VDEAD+VB*HCKP2) 
YACOL5(I,J)= (T÷ITDEAD)*YARST+1,J)+VB* 
XACKP3*YACOL3(I,J))/(V+VDEAD+VB*ACKP2) 
YHRS5(I+1,J)=YHCOL5(I,J) 
YARS5(I+1,J)=YACOL5(I,J) 

250 CONTINUE 
DO 350 I=1,M 
A=(-1)**I 
IF(A)351,351 352 

351 YHRS6(I,J)=((V+VDEAD)*YHRS5(I,J)+F1*1.0)/(V+F1+VDPAD) 
YARS6(I,J)=( V+VDEAD)*YARS5(I,J)+F1*1.0)/(V+F1+VDEAD) 
YHCOL7(I,J = (V+VDEAD)*YHRS6(I,J)+VB*HAKP3* 
XYHCOL5(I,J )/(V+VDEAD+VB*HAKP2) 
YACOL7(I,J =((V+VDEAD)*YARS6(I,J)+VB*AAKP3* 
XYACOLS(I,J )/(V+VDEAD+VB*AAKP2) 
YHRS7(I,J)=YHCOL7(I,J) 
YARS7(I,J)=YACOL7(I,J) 
YHRSR7(I+1,J)=(YHRSR5(I+1,J)*VDEAD+V*YECOL5(I,J)+F1* 

XYHRS6(I,J))/(V+VDEAD+F1) 
YARSR7(I+1,J)=(YARSR5(I+1,J)*VDEAD+V*YACOL5(I,J)+F1* 
XYARS6(I,J))/(V+VDEAD+F1) 
GO TO 350 

352 YHCOL7(I,J)=((V+VDEAD)*YHRSL5(I,J)+VB*HCKP2*YHCOL5 



89 

(CASE 2 continued) 
X(I,J))/(V+VDEAD+VB*HCKP1) 

YACOL7(I,J)=((V+VDEAD)*YARSI5(I,J)+VB*ACKP2*YACOL5 
X(I,J))/(V+VDEAD+VB*ACKP1) 

YHRS1J7(I,J)=YHCOL7(I,1 
YARSIJ7(I,J)=YAC01,7(I,J 
YHRS7(I+11J)=(YHRS5(I+1,J)*VDEAD+V*YHC01,5(I,J))/ 

X(V+VDEAD) 
YARS7(I+1,J)=(YARS5(I+1,J)*VDEAD+V*YACOLS(I,J))/ 

X(V+VDEAD) 
WRITE(6,34)YHRS7(I+1,J),YARS7(I+1,J) 

34 FORMAT(5X,IYHRS7=',E25.5,IYARS7=',E25.5) 
350 CONTINUE 

1)=J 
J=J+1 
WRITE(6,11)J 

11 FORMAT(2X,t***J=1 ,I10) 
DO 450 I=1,M 
A=(-1)**I 
IF(A)451,451,452 

451 YHRS1,8(I+1,1J)=(F2*1.0+VDEAD*YHRSIJ7(I+1,L)+ 
XV*YHCOL7(I+1 L))/(F2+VDEAD+V) 

YARS1J8(I+1,11)=(F2*1.0+VDEAD*YARS1)7(I+1,1))+ 
XV*YAC0117(I+1,1))/(F2+VDEAD+V) 
YHRS1(I,J)=(YHRS7(I,L)*VDEAD+V*YHC01,7(I,L)+F2*YHRSIJ8 

X(I+1,1J))/(V+VDEAD+F2) 
YARS1(I,J)=(YARS7(I,L)*VDEAD+V*YAC01,7(I,L)+F2*YARS118 

X(I+1,L))/(V+VDEAD+F2) 
YHCOL1(I,J)=((VDEAD+V)*YHRSL8(I+1,L)+VB*HAKP2*YHCOL7 

X(I,L))/(V+VDEAD+VB*HAKI01) 
YAC01,1(I,J)=(VDEAD*YARSIJ8(I+1,1J)+V*YARSL8(I+1,1J)+VB 

X*AAKP2*YACOL7(I,L))/(V+VDEAD+VB*AAKP1) 
YHRSI1 I+1,J =YHCOL1(I,J) 
YARSIA I+1,J =YACOL1 I,J) 
YHRSR1(I+1,J)=YHRSR7 I+1,10 
YARSR1(I+1,J)=YARSR7 
WRITE 6,222)1 
WRITE 6,13)YHRS1(I,J),YARS1(I,J) 
11=1+1 
WRITE(6,222)II 
WRITE(6,16)YHRS1,1(I+1,J),YARSIA(I+1,J),YHRSR1(I+1,J), 

XYARSR1(I+1,J) 
16 FORMAT(5X,'YHRS1,1=',E20.5,'YARS1,1=',E20.5, t YHRSR1=1 , 

XE20.5,'YARSR1=',E20.5) 
GO TO 450 

452 YHCOL1(I,J)=((V+VDEAD)*YHRS7(I+1,1)+VB*HCKT1 
X*YHC01,7(I,L))/(V+VDEAD+VB*HCK132) 

YACOL1(I,J)=((V+VDEAD)*YARS7(I+1,L)+VB*ACKP1 
X*YAC0L7(I,L))/(V+VDEAD+VB*ACKP2) 
YHRS1(I+1,J)=YHCOL1(I,J) 
YARS1(I+1,J)=YAC0L1(I,J) 



(CASE 2 continued) 
WRITE(6,222)I 

222 FORMAT(2X,'I=',I10) 
WRITE(6,12)YHCOL1(I,J),YACOL1(I,J) 

12 FORMAT(5X,'YHCOL1=',E25.5,1 YACOL1=',E25.5) 
11=1+1 
WRITT,222)II 
WRITE 6,13)YHRS1(I+1,J),YARS1(I+1,J) 

13 FORMAT(5X,'YHRS1=',E25.5,'YARS1=',E25.5) 
450 CONTINUE 

IF(J-NCYCL)15,14,14 
14 F1=F1+3.0 

F2=F2+3.0 
J=1 
IF(F1.EQ.15)G0 TO 91 
GO TO 15 

91 STOP 
END 

90 



IV V VI VII VIII 

(III) (Iv) (vi) (VII) (viii) (I) (I) 

Figure xxxv 

Flow DiaGram of Two-Column Process  
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COMPUTER PROGRAM (Case 3) #IV. 
Two-Column Process  

DIMENSION 
1YHRS4(3,40),YARS4(3,40),YHRSI8(2,40),YARSL8(2,40), 
2YHRS8(3,40),YARS8(3,40),YHRSR4(2,40),YARSR4(2,40) 
DIMENSION 
1YHRSR1(2,40),YHRSR3(2,40),YHRSR5(2,40),YHRSR7(2,40), 
2YARSR1(2,40),YARSR3(2,40),YARSR5(2,40),YARSR7(2,40) 
DIMENSION 
1YHRSL1(2,40),YHRSL3(2,40),YHRSL5(2,40),YRRSL7(2,40), 
2YARSL1(2,40),YARSL3(2,40),YARSI5(2,40),YARSL7(2,40) 
DIMENSION 

1YHCOL1(2,40),YHCOL3(2,40),YHCOL5(2,40),YHCOL7(2,40), 
2YACOL1(2,40),YACOL3(2,40),YACOL5(2,40),YACOL7(2,40) 
DIMENSION 

1YHRS1(3,40),YHRS3(3,40),YHRS5(3,40),YHRS7(3,40), 
2YARS1(3,40),YARS3(3,40),YARS5(3,40),YARS7(3,40) 
READ(5,10)M,NCYCL 

10 FORMAT(7I10) 
READ(5,20)YHAO,YAAO,YHCO,YACO,V,VDEAD,VB, 
1HAKP1,HC001,AAKP1,ACKP1, 
2HAKP2,HCKP2,AAKP2,ACKP2, 
3HAKP3,HCKP3,AAKP3,ACKP3 

20 FORMAT(7F10.3) 
YHRS1(1,1)=1.0 
YARS1(1,1)=1.0 
YHC0L1(111)=0.76 
YAC0L1(1,1)=0.81 
YHRSR1(2,1)=1.0 
YARSR1(2,1)=1.0 
YHRSI1(2,1)=0.76 
YARSL1(2,1)=0.81 
YHCOI1(2,1)=0.87 
YAC0L1(2,1)=1.0 
YHRS1(3,1)=0.87 
YARS1(3,1)=1.0 
F1=0.0 
F2=0.0 
J=1 

15 D0150 I=1,M 
A=(-1)**I 
IF(A)151,151,152 

151 YHCOL3(I,J)=((V+VDEAD)*YHRS1(I,J)+VB* 
XHAYP1*YHC0L1(I,J))/(V+VDEAD+VB*HAKP2) 
YACOL3(I,J)=((V+VDEAD)*YARS1(I,J)+VB* 
XAAKP1*YACOL1(I,J))/(V+VDEAD+VB*AAKP2) 
YHRS3(I,J)=YHCOL3(I,J) 
YARS3(I,J)=YACOL3(I,J) 
YHRSL3(I+1,J)=(YHRSL1(I+1,J)*VDEAD+V*YHCOL1(I,J))/ 
X(V+VDEAD) 
YARSL3(I+1,J)=(YARSL1(I+1,j)*VDEAD+V*YACOL1(I,J))/ 
X(V+VDEAD) 
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(Case 3 continued) 
GO TO 150 

152 YHCOL3(I,J)=((V+VDEAD)*YHRSR1(I,J)+VB* 
XHCKP2*YHCOL1(I,J))/(V+VDEAD+VB*HOKP3) 
YACOL3(I,J)=((V+VDEAD)*YARSR1(I,J)+VB:* 

XACKP2*YAOOL1(I,J))/(V+VDEAD+VB*ACKP3) 
YHRSR3(I,J)=YHOOL3(I,J) 
YARSR3(I,J)=YACOL3(I,J) 
YHRS3(I+1,J)=(YHRS1(I+1,J)*VDEAD+V*YHCOL1(I,J))/ 
X(V+VDEAD) 
YARS3(I+1,J)=(YARS1(I+1,J)*VDEAD+V*YACOL1(I,J))/ 
X(V+VDEAD) 

150 CONTINUE 
DO 250 I=1,M 

**I 
IF A)251,251,252 

251 YHRS4(I+2,J)=((V+VDEAD)*YHRS3(I+2,J)+F1*1.0)/(V+ 
XVDEAD+F1) 
YARS4(I+2,J)=((V+VDEAD)*YARS3(I+2,J)+F1*1.0)/(V+ 
XVDEAD+F1) 
YHRSR4(I+1,J)=(F1*YHRS4(I+2,J)+VDEAD*YHRSR3(I+1,J) 

X+V*YHCOL3(I+1,J))/(V+VDEAD+F1 
YARSR4(I+1,J)=(F1*YARS4(I+2,J +VDEAD*YARSR3(I+1,J) 
X+V*YACOL3(I+1,J))/(V+VDEAD+F1 
YHRS5(I,J)=(YHRS3(I,J)*VDEAD+V*YHCOL3(I,J)+F1* 
XYHRSR4(I+1,J))/(V+VDEAD+F1) 
YARS5(I,J)=(YARS3(I,J)*VDEAD+V*YACOL3(I,J)+F1* 
XYARSR4(I+1,J))/(V+VDEAD+F1) 
WRITE(6,33)YHRS5(I,J),YARS5(I,J) 

33 FORMAT(5X,'YHRS5=',E25.5,'YARS5=',E25.5) 
YHCOL5(I,J)=((V+VDEAD)*YHRSR4(I+1,J)+V3*HAKP2*YHOOL3 
X(I,J))/(V+VDEAD+VB*HAKP3) 
YACOL5(I,J)=((V+VDEAD)*YARSR4(I+1,J)+VB*AAKP2*YACOL3 
X(I,J))/(V+VDEAD+VB*AAKP3 
YHRSR5(I+1,J)=YHCOL5(I,J 
YARSR5(I+1,J)=YACOL5(I,J) 
GO TO 250 

252 YHRSI5r1=YHRSIJ3I,J) 
YARSL5 I,J =YARSL3(I,J 
YHCOLS I,J =((V+VDEAD)*YHRS4(I+1,J)+VB* 
XHCKP3*YHCOL3(I,J))/(V+VDEAD+VB*HCKP2) 
YACOL5(I,J)=((V+VDEAD)*YARS4(I+1,J)+VB* 
XACKP3*YACOL3(I,J))/ V+VDEAD+VB*ACKP2) 
YHRS5(I+1,J)=YHOOL5 I,J) 
YARS5(I+1,J)=YAOOL5 I,J) 

250 CONTINUE 
DO 350 I=1,M 
A=(-1)**I 
IF(A)351,351 352 

351 nicoLVI,J)=( V+VDEAD)*YHRS5(IJ)+VB*HAKP3* 
XYHCOLS I,J )/ V+VDEAD+VB*HAKP2) 
YACOL7 I,J =( V+VDEAD)*YARS5(I,J)+VB*AAKP3* 
XYACOL5 I,J )/(V+VDEAD+VB*AAKP2) 
YHRS7(I,J)=YHCOL7(I,J) 
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(CASE 3 continued) 
-YARS7(I,J)=YACOL7(I,J) 
YHRSR7(I+1,J)=(YHRSR5(I+1,J)*VDEAD+V*YHCOL5(I,J))/ 
X(V+VDEAD) 
YARSR7(I+1,J)=(YARSR5(I+1,J)*VDEAD+V*YACOL5(I,J))/ 
X(V+VDEAD) 
GO TO 350 

352 YHCOL7(I,J)=((V+VDEAD)*YHRSL5(I,J)+VB*HCKP2*YHCOL5 
X(I,J))/(V+VDEAD+VB*HCKP1) 
YACOL7(I,J)=((V+VDEAD)*YARSL5(I,J)+VB*ACKP2*YACOL5 
X(I,J))/(V+VDEAD+VB*ACKP1) 
YHRSLT,I=YHCOL7(I,J) 
YARSL7 I,J =YACOI7(I,J) 
YHRS7(I+1,J)=(YHRS5(I+1,J)*VDEAD+V*YHCOL5(I,J))/(V+ 
XVDEAD) 
YARS7(I+1,J)=(YARS5(I+1,J)*VDEAD+V*YACOL5(I,J))/(V+ 
XVDEAD) 
WRITE(6,34)YHRS7(I+1,J),YARS7(I+1,J) 

34 FORMAT(5X,'YHRS7=',E25.5,1YARS7=',E25.5) 
350 CONTINUE 

L=J 
J=J+1 
WRITE(6,11)J 

11 FORMAT(2X,'***J=',I10) 
DO 450 I=1,M 
A=(-1)**I 
IF(A)451,451,452 

451 YHRS8(I+2,L =((V+VDEAD)*YHRS7(I+2,L)+F2*1.0)/ 
X(F2+V+VDEAD 
YARS8(I+2,L =((V+VDEAD)*YARS7(I+2,L)+F2*1.0)/ 
X(F2+V+VDEAD 
YHRSL8(I+1,L)=(VDEAD*YHRSL7(I+1,L)+V*YHCOI7(I+1,L) 
X+F2*YHRS8(I+2,L))/(V+F2+VDEAD) 
YARSI8(I+1,L)=(VDEAD*YARSL7(I+1,L)+V*YACOL7(I+1,L) 
X+F2*YARS8(I+2,L))/(V+F2+VDEAD) 
YHRS1(I,J)=(YHRS7(I,L)*VDEAD+V*YHCOL7(I,L)+F2*YHRSL8 
X(I+1,L))/(V+VDEAD+F2) 
YARS1(I,J)=(YARS7(I,L)*VDEAD+V*YACOL7(I,L)+F2*YARSI8 
X(I+1,L))/(V+VDEAD+F2) 
YHCOL1(I,J)=((V+VDEAD)*YHRSL8(I+1,L)+VB*HAKP2*YECOL7 
X(I,L))/(V+VDEAD+VB*HAKP1) 
YACOL1(I,J)=(VDEAD*YARSL8(I+1,L)+V*YARSL8(I+1,L)+VB 
X*AAKP2*YACOL7(I,L))/(V+VDEAD+VB*AAKP1) 
YHRSL1(I+1,J)=YHCOL1(I,J) 
YARSL1(I+1,J =YACOL1(I,J) 
YHRSR1(I+1,J =YHRSR7(I+1,L) 
YARSR1(I+1,J =YARSR7(I+1,L) 
WRITE(6,222)I 
WRITE(6,13)YHRS1(I,J),YARS1(I,J) 
II=I+1 
WRITE(6,222)II 
WRITE(6,16)YHRSL1(I+1,J),YARSL1(I+1,J),YHRSR1(I+1,J), 

XYARSR1(I+1,J) 
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(CASE 3 continued) 
16 FORMAT(5)1,1YHRS1,1=',E20.5,'YARSIJ1=',E20.5,1YHRSR1=' 

XE20.5,1YARSR1=',E20.5) 
GO TO 450 

452 YHCOL1(I,J)=((V+VDEAD)*YERS8(I+1,L)+VB*HCKP1 
X*YHCOL7(I,L))/(V+VDEAD+VB*HCKP2) 
YACOLT,J)=((V+VDEAD)*YARS8(I+1,L)+VB*A0KP1* 
XYACOL7 I,L) /(V+VDEAD+VB*ACKP2) 
YHRS1(I+1,J =YHCOL1(I,J) 
YARS1(I+1,J =YACOL1(I,J 
WRITE(6,222)I 

222 FORMAT(2X,'I=1 ,I10) 
WRITE(6,12) YHCOL1(I,J),YACOL1(I,J) 

12 FORMAT(5X,'YHCOL1=',E25,5,'YAOOL1=',E25.5) 
II=I+1 
WRITE(6,222)II 
WRTTE(6,13)YHRS1(I+1,J),YARS1(I+1,J) 

13 FORMAT(5X,'YHRS1=',E25.5,'YARS1=',E25.5) 
450 CONTINUE 

IF(J-NOY011)15,14,14 
14 F1=F1+3.0 

F2=F2+3.0 
J=1 
If(F1.EQ.15)G0 TO 91 
GO TO 15 

91 STOP 
END 
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COMPUTER PROGRAM (Case 4) # V.  

DIMENSION 
Two-Column Process  

1YHRSR4(2,40),YARSR4(2,40),YHRS6(1,40),YARS6(1,40), 
2YHRS4(3,40), YARS4(3,40) 

DIMENSION 
1YHRSIJ1(2,40),YHRSII3(2,40),YHRSI5(2,40),YHRSIJ7(2,40), 
2YARS1,1(2,40),YARS1,3(2,40),YARSI6(2,40),YARSL7(2,40) 

DIMENSION 
1YHCOL1(2,40),YHCOL3(2,40),YHCOL5(2,40),YHCOL7(2,40), 
2YACOL1(2,40),YACOL3(2,40),YACOL5(2,40),YACOL7(2,40) 

DIMENSION 
1YHRS1(3,40),YHRS3(3,40),YHRS5(3,40),YHRS7(3,40), 
2YARS1(3,40),YARS3(3,40),YARS5(3,40),YARS7(3,40) 

DIMENSION 
1YHRSR1(2,40),YHRSR3(2,40),YHRSR5(2,40 YHRSR7(2,40), 
2YARSR1(2,40),YARSR3(2,40),YARSR5(2,40 YARSR7(2,40) 
READ(5,10)M,NCYCL 

10 FORMAT(7I10) 
READ(5,20)YHAO,YAAO,YHCO,YACO,V,VDEAD,VB, 

1HAKP1,HCKP1,AAKP1,ACKP1, 
2HAKP2,HCKP2,AAKP2,ACKP2, 
3HAKP3,HCKP3,AAKP3,ACKP3 

20 FORMAT(7F10.3) 
YHRS1(1,1)=1.0 
YARS1(1,1)=1.0 
YHCOL1(1,1 =0.76 
YACOL1(1,1 =0.81 
YHRSR1(2,1 =1.0 
YARSR1(2,1 =1.0 
YHRSL1(2,1 =0.76 
YARSL1(2,1 =0.81 
YHCOL1(2,1 =0.87 
YACOL1(2,1)=1.0 
1TRS1(3,1)=0.87 
YARS1(3,1)=1.0 
F1=0.0 
F2=0.0 
J=1 

15 DO 150 I=1,M 
A=(-1)**I 
IF(A)151,151,152 

151 YHCOL3(I,J)=((V+VDEAD)*YHRS1(I,J)+VB* 
XHAKP1*YHCOL1(I,J))/(174-VDEAD+VB*HAKP2) 

YACOL3(I,J)=((V+VDEAD)*YARS1(I,J)+VB* 
XAAKP1*YACOL1(I,J))/(V+VDEAD+VB*AAKP2) 
YHRS3(I,J)=YHCOLT,J) 
YARS3(I,J)=YACOL3 I,J) 
YHRSIJ3(I+1,J)=(YHRSIJ1(I+1,J)*VDEAD+V* 

XYHCOL1(I,J))/(V+VDEAD) 
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(...Case 4 continued) 

YARSL3(I+1,J)=(YARSIO(I+1,J)*VDEAD+V*YACOL1(I,J))/ 
X(V+VDEAD) 
GO TO 150 

152 YHCOL3(I,J)I(V+VDEAD)*YHRSR1(I,J)+VB* 
XHCKP2*YHCOL1 I,J))/(V+VDEAD+VB*HCKP3) 
YACOL3(I,J)= (V+VDEAD)*YARSR1(I,J)+VB* 
XACKP2*YACOL1(I,J))/(V+VDEAD+VB*ACKP3) 
YHRSR3(I,J)=YHCOL3F,J) 
YARSR3(I,J)=YACOL3 I,J) 
YHRS3(I+1,J)=(YHRS1(I+1,J)*VDEAD+V*YHCOL1(I,J))/ 
X(V+VDEAD) 
YARS3(I+1,J)=CYARS1(I+1,J)*VDEAD+V*YACOL1(I,J))/ 
X(V+VDEAD) 

150 CONTINUE 
DO 250 I=1,M 
A=(-1)**I 
IF(A)251,251,252 

251 YHRS4(I+2,J =((V+VDEAD)*YHRS3(I+2,J)+F1*1.0)/ 
X(V+VDEAD+111 
YARS4(I+2,J =((V+VDEAD)*YARS3(I+2,J)+F1*1.0)/ 
X(V+VDEAD+F1 
YHRSR4(I+1,J)=(F1*YHRS4(I+2,J)+VDEAD*YHRSR3(I+1,J)+ 
XV*YHCOL3(I+11J))/(V+VDEAD+F1) 
YARSR4(I+1,J)=(F1*YARS4(I+2,J)+VDEAD*YARSR3(I+1,J)+ 
XV*YACOL3(I+1,J))/ V+VDEAD+F1) 
YHRSS(I,J)=(YHRS3 IITVDEAD+V*YHCOL3(I,J))/(V+VDEAD) 
YARS5F,J v.,  YARS3 IIJ *VDEAD+V*YACOL3(I,J))/(V+VDEAD) 
WRITE 6,33)YHRS5(I,J),YARS5(I,J) 

33 FORMAT(5X,'YHRS5=',725.5,'YARS5=',E25.5) 
YHCOL5(I,J)=((V+VDEAD)*YHRSR4(I+1,J)+VB*HAIP2*YHCOL3 
X(I,J))/(V+VDEAD+VB*HAKP3) 
YACOL5(I,J)=((V+VDEAD)*YARSR4(I+1,J)+VB*AAKP2*YACOL3 
X(I,J))/(V+VDEAD+VB*AAKP33 
YHRSR5(I+1,J)=YHCOL5(I,J 
YARSR5(I+1,J)=YACOL5(I,J) 
GO TO 250 

252 YHRSLS(I,J)=YHRSL3(I,J) 
YARSL5(I,J)=YARSL3(I,J) 
YHCOL5(I,J)=((V+VDEAD)*YHRS4(I+1,J)+VB* 

XHCKP3*YHCOL3(I,J))/(V+VDEAD+VB*HCKP2) 
YACOL5(I,J)=((V+VDEAD)*YARS4(I+11 J)+VB* 
XACKP3*YACOL3(I,J))/(V+VDEAD+VB+ACKP2) 
YHRS5(I+1,J)=YHCOL5(I,J) 
YARS5(I+1,J)=YACOL5(I,J) 

250 CONTINUE 
DO 350 I=1,M 
A=(-1)**I 
IF(A)351,351,352 

351 YHRS6(I,J)=(F2*1.0+(V+VDEAD)*YHRS5(I,J))/(V+VDEAD+F2) 
YARS6(I,J)=(F2*1.0+(V+VDEAD)*YARS5(I,J))/(V+VDEAD+F2) 
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(. . .Case 4 continued) 

YHCOL7 I,J)=( V+VDEAD)*YHRS6(I,J)+VB*HAYP3* 
XYHCOL5 I,J))/ V+VDEAD+VB*HAKP2) 
YACOL7 I,J)=( V+VDEAD)*YARS6(I,J)+VB*AAKP3* 

XYACOLS I,J))/ V+VDEAD+VB*AAKP2) 
YHRS7(I,J)=YHC0147(I,J) 
YARS7(I,J)=YACOL7(I,J) 
YHRSR7(I+1,J)=(YHRSR5(I+1,J)*VDEAD+V*YHCOL5(I,J)+F2 

X*YHRS1I,J))/(V+VDEAD+F2) 
YARSR7 I+1,J)=(YARSR5(I+1,J)*VDEAD+V*YACOL5(I,J)+F2 

X*YARS6 I,J))/(V+VDEAD+F2) 
GO TO 350 

352 YHCOL7(I,J)=((V+VDEAD)*YHRSL5(I,J)+VB*HCKP2*YHCOL5 
X(I,J))/(V+VDEAD+VB*HOKP1) 

YACOL7(I,J)=((V+VDEAD)*YARSIJ5(I,J)+VB*ACKP2*YAC01,5 
X(I,J))/(V+VDEAD+VB*ACKP1) 
YHRSII7(I,J)=YHCOL7(I,J) 
YARSIJ7(I,J)=YACOL7(I,J) 
YHRS7(I+1,J)=(YHRS5(I+1,J)*VDEAD+V*YHCOL5(I,J)) 

X/(V+VDEAD) 
YARS7(I+1,J)=(YARS5(I+1,J)*VDEAD+V*YACOL5(I,J))/ 

X(V+VDEAD) 
WRITE(6,34)YHRS7(I+1,J),YARS7(I+11 J) 

34 FORMAT(5X,IYHRS7=',E25.5, 1 YARS7= 1 ,E25.5) 
350 CONTINUE 

L=J 
J=J+1 
WRITE(6,11)J 

11 FORMAT(2X,'***J=1 410) 
DO 450 I=1,M 
A=(-1)**I 
IF(A)451,451,452 

451 YHRS1(I,J)=(YHRS7(I,L)*VDEAD+V*YHCOL7(I,L))/(V+YDEAD) 
YARS1(I,J)=(YARS7(I,L)*VDEAD+V*YACOL7(I,L))/(V+VDEAD) 
YHCOL1(I,J)=(VDEAD*YHRSL7(I+1,L)+V* 

XYHCOL7(I+1,L)+VB*HAKP2*YHOOL7(I I I))/(V+VDEAD+VB*HAKF1) 
YACOL1(I,J)=(VDEAD*YARSIJ7(I+1,L)+V*YACOL7(I+1,L)+VB 

X*AAK22*YACOL7(I,11))/(V+VDEAD+VB*AAKP1) 
YHRSI,T+1,1=YHOOL1(I,J) 
YARSIA I+1,J =YACOL1(I,J) 
YHRSR1(I+1,J =YHRSR7(I+1,9 
YARSR1(I+1,J)=YARSR7(I+1,1, 
WRITE(6,222)I 
WRITE(6,13)YHRS1(I,J),YARS1(I,J) 
II=I+1 
WRITE(6,222)II 
WRITE(6,16)YHRSI1(I+1,J),YARSIA(I+1,J),YHRSR1(I+1,J), 

XYARSR1(I+1,J) 
16 FORMAT(5X,'YHRS1,1=',E20.5,'YARSL1=',E20.5, 1 YHRSR1= 1 , 

XE20.5,'YARSR1=',E20.5) 
GO TO 450 

452 YHCOL1(I,J)=((V+VDEAD)*YHRS7(I+1,L)+VB*HCKP1 



(. . .Case 4 continued) 

X*YHCOI7(I,L))/(V+VDEAD+VB*HCKP2) 
YACOL1 I,J =( V+VDEAD)*YARS7(I+1,L)+VB*ACKP1* 
XYACOL7(I,L)  
YHRS1 I+1,J 
TARSI I+1,J 
WRITE 6,222 

222 FORMAT(2X,II=',I10) 
WRITE(6,12) YHOOL1(I,J),YAC0L1(I,J) 

12 FORMAT(5X,'YHCOL1=',E25.5,'YACOL1=',E25.5) 
11=1+1 
WRITE(6,222)II 
WRITE(6,13)YHRS1(I+1,J) 

13 FORMAT(5X,'YHRS1=',E25, 
450 CONTINUE 

IF(J-NCYCL)15,14,14 
14 F1=F1+3.0 

F2=F2+3.0 
J=1 
IF(F1.EQ.15)G0 TO 91 
GO TO 15 

91 STOP 
END 

100 

/ V+VDEAD+VB*ACKP2) 
=YHCOL1(I,J) 
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COMPUTER PROGRAM( Case 5)(iiVI ) 2-Column Process  
DIMENSION 
1YHRSR2(2,40),YARSR2(2,40),YHRSIB(2,40),YARSL8(2,40) 
DIMENSION 
1YHRSR1(2,40),YHRSR3(2,40),YHRSR5(2,40),YHRSR7(2,40, 
2YARSR1(2,40),YARSR3(2,40),YARSR5(2,40),YARSR7(2,40) 
DIMENSION 

1YHRSI31(2,40),YHRSI5(2,40),YHRSL5(2,40),YHRS1,7(2,40), 
2YARSL1(2,40),YARSI3(2,40),YARSL5(2,40),YARSI7(2,40) 
DIMENSION 
1YHCOL1(2,40),YHCOL3(2,40),YHCOL5(2,40),YHCOL7(2,40), 
2YACOL1(2,40),YACOL3(2,40),YACOL5(2,40),YACOL7(2,40) 
DIMENSION 
1YHRS1(3,40),YHRS3(3,40),YHRS5(3,40),YHRS7(3,40), 
2YARS1(3,40),YARS3(3,40),YARS5(3,40),YARS7(3,40) 
READ(5,10)MNCYCL 

10 FORMAT (7110 
READ(5,20)YHAO,YAAO,YHCO, TACO,V,VDEAD,VB, 
1HAKP1,HCKP1,AAKP1,ACKP1, 
2HAKP2,HCKP2,AAKP2,ACKP2, 
311AKP3,HCKP3,AAKP3,ACKP3 

20 FORmAT(7F10.3) 
YHRs1(1,1)=1.0 
YARS1(1,1)=1.0 
YRcOL1(1,1)=0.76 
yAcOL1(1,1)=0.81 
MRsR1(2,1)=1.0 
YARSR1(2,1)=1.0 
yRRSL1(2,1)=0.76 
YARSI1(21 1)=0.81 
ylicoL1(2,1)=0.87 
YAcoL1(2,1)=1.0 
YHRS1(3,1)=0.87 
YARS1(3,1)=1.0 
F1=0.0 
F2=0.0 
J=1 

15 DO 150 I=1,M 
A=(-1)**I 
IF(A)151,151,152 

151 YHCOL3(I,J)=((V+VDEAD)*YHRS1(I,J)+VB* 
XHAKPl*YHC01,1(I,J))/(V+VDEAD+VB*HAKP2) 
YACOL3(I,J)=((V+VDEAD)*YARS1(I,J)+VB* 
XAAKP1*YACOL1(I,J))/(V+VDEAD+VB*AAKP2) 
YHRS3(I,J)=YHCOIII,J) 
YARS3(I,J)=YACOL3 I,J) 
YHRSI13(I+1,J)=(YHRSIA(I+1,J)*VDEAD+V*YHCOL1(I,J))/ 
x(V+VDEAD) 
YARSI3(I+1,J)=(YARSL1(I+1,J)*VDEAD+V*YACOL1(I,J))/ 

X(V+VDEAD) 
GO TO150 

152 YHRSR2(I,J)=((V+VDEAD)*YHRSR1(I,J)+F1*1.0)/(V+VDEAD 
X+F1) 
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(Case 5 continued) 
YARSR2(I,J)=((V+VDEAD)*YARSR1(I,J)+F1*1.0)/ 
X(V+VDEAD-FF1) 
YHOOL3(I,J)=((V+VDEAD)*YHRSR2(I,J)+VB*HCKP2* 
XYHCOL1(I,J))/(V+VDEAD+VB*HCKP3) 
YACOL3(I,J)=((V+VDEAD)*YARSR2(I,J)+VB*ACKP2* 
XYACOLT,J3)/(V+VDEAD+VB*ACKP5) 
YHRSR3 I,J =YHCOL3(I,J) 
YARSR3 I,J)=YACOL3(I,J) 
YHRS3(I+1,J)=(YHRS1(I+1,J)*VDEANT*YHCOL1(I,J)+F1 
X*YHRSR2(I,J))/(V+VDEAD+F1) 
YARS3(I+1,9=(YARS1(I+1,J)*VDEAD+V*YACOL1(I,J)+F1 
X*YARSR2(I,J )/(V+VDEAD+F1) 

150 CONTINUE 
DO 250 I=1,M 
A=(-1)**I 
IF(A)251,251,252 

251 YHRSS(I,J)=(YHRS3(I,J)*VDEAD+V*YHCOL3(I,J))/(V+VDEAD) 
YARS5(I,J)=(YARS3(I,J)*VDEAD+V*YACOL3 I,J))/(V+VDEAD) 
WRITE(6,33)YHRS5(I,J),YARS5(I,J) 

33 FORMAT(5X,'YHRS5=',E25.5,'YARS5=',E25.5) 
YHC0L5(I,J)=(VDEAD*YHRSR3(I+1,J)+VB*HAKP2*YHCOL3(I,J) 
X+V*YHOOL3(I+1 1 J))/(V+VDEAD+VB*HAKP3) 
YACOL5(I,J)=(VDEAD*YARSR3(I+1,J)+VB*AAKP2*YAC01,3(I,J) 
X+V*YACOL3(I+1,J))/(V+VDEAD+VB*AAKP3) 
YHRSR5(I+1,J)=YHCOL5(I,J) 
YARSR5(I+1,J)=YACOL5(I,J) 
GO TO 250 

252 YHRSLS(I,J =YHRSL3(I,J) 
YARSI5(I,J =YARSL3(I,J) 
YHCOL5(I,J =((ITI-VDEAD)*YHRS3(I+1,J)+VB* 
XHCKP3*YHOOL3(I,J))/(V+VDEAD+VB*HCKP2) 
YACOL5(I,J)1(V+VDEAD)*YARS3(I+1,J)+VB* 
XACKT3*YACOL3 I,J))/(V+VDEAD+VB*ACKP2) 
YHRS5(I+1,J)=YHOOL5(I,J) 
YARS5(I+1,J)=YACOL5(I,J) 

250 CONTINUE 
DO 350 I=1,M 
A=(-1)**I 
IF(A)351,351,352 

351 YHCOL7F,T(r+VDEAD)*YHRS5(I,J)+VB*HAKP3* 
XYHOOL5 I1 J )/ V+VDEAD+VB*HAKP2) 
YACOL7F,J)=((V+VDEAD)*YARS5(I,J)+vB*AAKP3* 
XYAGOL5 I,J))/(V+VDEAD+VB*AAKP2) 
YHRS7(I,J)=YHCOL7(I,J) 
YARS7(I,J)=YACOL7(I,J) 
YHRSR7(I+1,J)=(YHRSR5(I+1,J)*VDEAD+V*YHC0L5(I,J))/ 

X (V+VDEAD) 
YARSR7(I+1,J)=(YARSR5(I+1,J)*VDEAD+V*YACOL5(I,J))/ 

X(1.74VDEAD) 
GO TO 350 

352 YHCOL7(I,J)=((V+VDEAD)*YHRSL5(I,J)+VB*HCKP2*YHCOL5 
X(I,J))/(V+VDEAD+VB*HCKP1) 
YACOL7(I,J)=((V+VDEAD)*YARSIJ5(I,J)+VB*ACKP2*YACOL5 
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(Case 5 continued) 
X(I,J))/(V+VDEAD+VB*ACKP1) 
YHRSL7(I,J)=YHCOL7(I,J) 
YARSI47(I,J)=YACOL7(I,J) 
YHRS7(I+1,J)=(YHRS5(I+1,J)*VDEAD+V*YHCOL5(I,J)) 
X/(V+VDEAD) 
YARS7(I+11)=-(YARS5(I+1,J)*VDEAD+V*YACOL5(I,J)) 
X/(V+VDEAD) 
WRITE(6,34)YHRS7(I+1 0 J),YARS7(I+1,J) 

34 FORMAT(5X,'YHRS7=',E25.5,'YARS7=',E25.5) 
350 CONTINUE 

L=J 
J=J+1 
WRITE(6,11)J 

11 FORMAT(2X,'***J=',I10) 
DO 450 I=1,M 
A=(-1)**I 
IF(A)451,451,452 

451 YHRSI8(I+1,L)=(F2*1.0+VDEAD*YHRSI7(I+1,L)+V* 
XYHCOL7(I+1,L))/(V+VDEAD+F2) 
YARSI8(I+1,L)=(F2*1.0+VDEAD*YARSI7(I+1,L)+V* 
XYACOL7(I+1,L))/(V+VDEAD+F2) 
YHRS1(I,J)=(YHRS7(I,L)*VDEAD+V*YRCOL7(I,L)+F2* 
XYHRSI8(I+1,L))/(V+VDEAD+F2) 
YARS1(I,J)=(YARS7(I,L)*VDEAD+V*YAC0L7(I,L)+F2* 
XYARSL8(I+1,L))/(V+VDEAD+F2) 
YHCOL1(I,J)=((V+VDEAD)*YHRSI8(I+1,L)+VB*NAKP2*YRCOL7 
X(I,L))/(V+VDEAD+VB*HAKP1) 
YACOL1(I,J)=(VDEAD*YARSI8(I+1,L)+V *YARSL8(I+1,L)+VB 
X*AAKP2*YACOL7(I,L))/(V+VDEAD+VB*AAKP1) 
YHRSI1(I+1,J)=YRCOL1(I,J) 
YARSI1(I+1,J)=YACOL1(I,J) 
YHRSR1(I+1,J)=YHRSR7(I+1,9 
YARSR1(I+1,J)=YARSR7(I+1,L 
WRITE(6,222)I 
WRITE(6,13)YHRS1(I,J),YARS1(I,J) 
II=I+1 
WRITE(6,222)II 
WRITE(6,16)YHRSI1(I+1,J),YARSI1(I+1,J),YHRSR1(I+1 1 J), 

XYARSR1(I+1,J) 
16 FORMAT(5X,'YHRSI1=',E20.5,'YARSI1=',E20.5,'YHRSR1=', 

XE20.5,1 YARSR1=',E20.5) 
GO TO 450 

452 YHCOL1(I,J)=((V+VDEAD)*YHRS7(I+1,L)+VB*HCKP1 
X*YHCOL7(I,I))/(V+VDEAD+VB*HCKP2) 
YACOI1(I,J)=((V+VDEAD)*YARS7(I+1,L)+VB*ACKP1* 
XYACOL7(I,L))/(V+VDEAD+VB*ACKP2) 
YHRS1(I+1,J)=YHCOL1(I,J) 
YARS1(I+1,J)=YACOL1(I,J) 
WRITE(6,222)I 

222 FORMAT(2X,'I=',I10) 
WRITE(6,12)YHCOL1(I,J),YACOL1(I,J) 

12 FORMAT(5X,'YHCOL1=',E25.5,'YACOL1=',E25.5) 
II=I+1 



(Case 5 continued) 

WRITE (60222)11 
WRITE(6,13)YHRS1(I+1,J),YARS1(I+1,J) 

13 FORMAT(5X, 'YHRS1=',E25.5,'YARS1=',E25.5) 
450 CONTINUE 

IF(J-NCYCL) 15,14,14 
14 F1=111+3.0 

F2=F2+3.0 
J=1 
IF(F1.EQ.15) GO TO 91 
GO TO 15 

91 STOP 
END 
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COMPUTER PROGRAM (CASE 6) #VTI.  

Two- Column Process  

DIMENSION 
1YHRSL8(2,40),YARSL8(2,40),YHRSIJ6(2,40),YARSI6(2,40) 
DIMENSION 
1YHRSR1(2,40),YHRSR3(2,40),YHRSR5(2,40),YHRSR7(2,40), 
2YARSR1(2,40),YARSR3(2,40),YARSR5(2,40),YARSR7(2,40) 
DIMENSION 

1YHRSI1(2,40),YHRSL3(2,40),YHRSI5(2,40),YHRSI7(2,40), 
2YARSL1(2,40),YARSI3(2,40),YARSI5(2,40),YARSI7(2,40) 
DIMENSION 

1YHCOL1(2,40), YHCOL3(2,40),YHCOL5(2,40),YHCOL7(2,40), 
2YACOL1(2,40),YACOI3(2,40),YACOL5(2,40),YACOL7(2,40) 
DIMENSION 
1YHRS1(3,40),YHRS3(3,40),YHR85(3,40),YHRS7(3,40), 
2YARS1(3,40),YARS3(3,40),YARS5(3,40),YARS7(3,40) 
READ(5,10)M,NCYCL 

10 FORMAT(7I10) 
READ(5,20)YHAO,YAAO,YHCO,YACO,V,VDEAD,VB, 
1HAKP1,HCKP1,AAKP1,ACKP1, 
2HAKP2,HCKF2,AAKP2,ACKP2, 
3HAKP3,HCKP3,AAKP3,ACKP3 

20 FORMAT(7F10.3) 
YHRS1(1,1)=1.0 
YARS1(1,1)=1.0 
YHCQI1(1,1)=0.76 
YACOL1(1,1)=0.81 
YHRSR1(2,1)=1.0 
YARSR1 2,1 =1.0 
YHRSI1 2,1 =0.76 
YARSL1 2,1 =0.81 
YHCOL1(2,1 =0.87 
YACOL1(2,1)=1.0 
YHRS1(3,1)=0.87 
YARS1(3,1)=1.0 
F1=0.0 
F2=0.0 
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(CASE 6 continued) 
J=1 

15 D0150 I=1,M 
**I 

IF A)151,151,152 
151 ylICOL3(I,J)1(V+VDEAD)*YHRS1(I,J)+VB* 

XHAK21*YHCOL1 I,J))/(V+VDEAD+VB*HAKP2) 
YACOL3(I,J)= (V+VDEAD)*YARS1(I,J)+VB* 
XAAKP1*YACOL1(I,J))/(V+VDEAD+VB*AAKP2) 
YHRS3(I,J)=Y11001,3(I,J) 
YARS3(I,J)=YACOL3(I,J) 
YHRSI3(I+1,J)=(YHRS1,1(I+1,J)*VDEAD+V*YHCOL1(I,J))/ 
VV+VDEAD) 
YARS1)3(I+1,J)=(YARS1,1(I+1,J)*VDEAD+V*YACOL1(I,J))/ 
X(V+VDEAD) 
GO TO 150 

152 YHCOL3(I,J)=((V+VDEAD)*YHRSR1(I,J)+VB* 
XHCKP2*YHOOL1(I,J))/(V+VDEAD+VB*HCKP3) 
YACOL3(I,J)=((V+VDEAD)*YARSR1(I,J)+VB* 
XACKP2*YACOL1(I,J))/(V+VDEAD+vB*ACKP3) 
YHRSR3(I,J)=YHCOL3(I,J) 
YARSR3(I,J)=YACOL3(I,J) 
YHRS3(I+1,J)=(YHRS1(I+1,J)*VDEAD+V*YHO0L1(I,J))/ 

x(V+VDEAD) 
YARS3(I+1,J)=(YARS1(I+1,J)*VDEAD+V*YAC01,1(I,J))/ 
X(V+VDEAD) 

150 CONTINUE 
DO 250 I=1,M 
A=(-1)**I 
IF(A)251,251,252 

251 YHRS5(I,J)=(YHRS3(I,J)*VDEAD+V*YHCOL3(I.,J))/(V+VDEAD) 
YARS5(I,J)=(YARS3(I,J)*VDEAD+V*YACOL3(I,J))/(V+VDEAD) 
WRITE(6,33)yHRS5(I,J),YARS5(I,J) 

33 FORMAT(5X,'YHRS5=',E25.5,'YARSS=',E25.5) 
YHCOLS(I,J)=(VDEAD*YHRSR3(I+1,J)+VB*HAKP2*YHCOL3(I,J) 
X+V*YHCOL3(I+11J))/(V+VDEAD+VB*HAKP3) 
YAcOL5(I,J)=(VDEAD*YARSR3(I+1,J)+VB*AAKP2*YACOL3(I,J) 
X+V*yACOL3(I+1,J))/(VINDEAD+VB*AAKP3) 
YHRSR5(I+1,J)=YHCOL5(I,J) 
YARSRS(I+1,J)=YACOLS(I,J) 
GO TO 250 

252 YHRSL5(I,J)=YHRSL3(I,J) 
YARSL5(I,J)=YARSL3(I,J) 
YHOOL5(I,J)=M+VDEAD)*YHRS3(I+1,J)+VB* 
XHCKP3*YHCOL3(I,J))/(V+VDEAD+VB*HCKP2) 
YACOL5(I,J)=((V+VDEAD)*YARS3(I+1,J)+VB* 
XACKP3*YACOL3(I,J))/(ViNDEADOTB*ACKP2) 
YHRS5(I+1 1J)=YHCOL5(I,J) 
YARS5(I+1,J)=YACOL5(I,J) 

250 CONTINUE 
Di, 350 I=1,M 
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(CASE 6 continued) 
A=(-1)**I 
IF(A)351,351,352 

351 YHRSL6(I+1,J$=((V+VDEAD)*YHRSLS(I+1,J)+F1*1.0)/ 
X(V+VDEAD+F1) 
YARSI6(I+1,J)=((V+VDEAD)*YARSL5(I+1,J)+F1*1.0)/ 

X(V+VDEAD+F1) 
YHCOL7(1,9=((V+VDEAD)*YHRS5(IJ)+VB*HAKP3* 

XYHCOL5(I,J )/(V+VDEAD+VB*HAKP2) 
YACOL7(I,9=((V+VDEAD)*YARS5(I,J)+VB*AAKP3* 

XYACOL5(I,J )/(V+VDEAD+VB*AAKP2) 
YHRS7(I,J)=YHCOL7(I,J) 
YARS7(I,J)=YACOL7(I,J) 
YHRSR7(I+1,J)=(YHRSR5(I+1,J)*VDEAD+V*YHCOI5(I,J))/ 

X(V+VDEAD) 
YARSR7(I+1,J)=(YARSR5(I+1 1.1)*VDEAD+V*YACOL5(I,J))/ 

X(V+VDEAD) 
GO TO 350 

352 YHCOL7(I,J)=((V+VDEAD)*YHRSI6(I,J)+VB*HCKP2*YHCOL5 
X(I,J))/(V+VDEAD+VB*HCKP1) 
YACOL7(I,J)=((V+VDEAD)*YARSI6(I,J)+VB*ACKP2*YACOL5 
X(I,J))/(V+VDEAD+VB*ACKP1) 
YHRSL7(I,J)=YHCOI7(I,J) 
YARSL7(I,J)=YACOI7(I,J) 
YHRS7(I+1,J)=(YHRS5(I+1,J)*VDEAD+V*YHCOL5(I,J)+F1* 
XYHRSL6(I,JT(V+VDEAD+F1) 
YARS7(I+1,J =(YARS5(I+1,J)*VDEAE+V*YACOL5(I,J)+Fl* 
XYARSI6(1,9)/(V+VDEAD+F1) 
WRITE(6,34 YHRS7(I+1,J),YARS7(I+1,J) 

34 FORMAT(5X,'YHRS7=', E25.5,1 YARS7=',E25.5) 
350 CONTINUE 

L=J 
J=J+1 
WRITE(6,11)J 

11 FORMAT(2X,'***J=',I10) 
DO 450 I=1,M 
A=(-1)**I 
IF(A)451,451,452 

451 YHRSI8(I+1,I)=(F2*1.0+VDEAD*YHRSI7(I+1,L)+V*YHCOI7 
X(I+1,L))/(V+VDEAD+F2) 
YARSI8(I+1,I)=(F2*1.0+VDEAD*YARSI7(I+1,I)+V*YACOL7 

X(I+1,I))/(V+VDEAD+F2) 
YHRS1(I,J)=(YHRS7(I,L)*VDEAD+V*YHCOI7(IlL)+F2*YHRSI8 

X(I+1,L))/(V+VDEAD+F2) 
YARS1(I,J)=(YARS7(I,L)*VDEAD+V*YACOI7(I,L)+F2*YARSI8 
X(I+1,L))/(V+VDEAD+F2) 
YHCOL1(I,J)=((VDEAD+V)*YHRSI8(I+1,L)+VB*HAKP2*YHCOL7 
X(I,L))/(V+VDEAD+VB*HAKP1) 
YAC0L1(I,J)=((V+VDEAD)*YARSL8(I+1,L)+VB*AAKP2*YACOL7 
X(I,I))/(V+VDEAD+VB*AAKP1) 
YHRSI1(I+1,J)=YHCOL1(I,J) 
YARSL1(I+1,J =YACOL1(I,J) 
YHRSR1(I+1,J =YHRSR7(I+1,L) 
YARSR1(I+1,J =YARSR7(I+1,L) 



(Case 6 continued) 

WRITE(6,222)I 
WRITE(6,13)YHRS1(I,J),YARS1(I,J) 
II=I+1 
WRITE(6,222)II 
WRITE(6,16)YHRSII(I+1,J),YARSI,1(I+1,J),YHRSR1(I+1,), 

XYARSR1(I+1,J) 
16 FORMAT(5X,'YHRSIJ1=',E20.5,1 YARSI,1=',E20.5,'YHRSR1=1, 

XE20.5,IYARSR1=',E20.5) 
GO TO 450 

452 YHCOL1(I,J)=((V+VDEAD)*YHRS7(I+1,L)+VB*HCKP1 
X*YHCOL7(I,L))/(V+VDEAD+VB*HCKP2) 
YACOL1(I,J)=((V+VDEAD)*YARS7(I+1,L)+VB*ACYP1 
X*YACOL7(I,L )/(V+VDEAD+VB*ACKP2) 
YHRS1(I+1,J =YHCOL1(I,J) 
YARS1(I+1,J =YACOL1(I,J) 
WRITE(6,222 I 

222 FORMAT(2X,'I=',I10) 
WRITE(6,12)YHCOL1(I,J),YACOL1(I,J) 

12 FORMAT(5X,'YHCOL1=',E25.5,'YACOL1=',E25.5) 
II=I+1 
WRITE(6,222)II 
WRITE(6,13)YHRS1(I+1,J),YARS1(I+1,J) 

13 FORNAT(5X,'YHRS1=',E25.5,'YARS1=',E25.5) 
450 CONTINUE 

IF(J-NCYCL)15,14, 14 
14 F1=F1+3.0 

F2=F2+3.0 
J=1 
IF(F1.EQ.15)G0 TO 91 
GO TO 15 

91 STOP 
END 
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COMPUTER PROGRAM (Case 7) #VIII. 

Two-Column Process 

DIMENSION 
1YHRSR2(2,40),YARSR2(2,40),YHRSR4(2,40),YARSR4(2,40) 
DIMENSION 
1YHRSR1(2,40),YHRSR3(2,40),YHRSR5(2,40),YHRSR7(2,40), 
2YARSR1(2,40),YARSR3(2,40),YARSR5(2,40),YARSR7(2,40) 

DIMENSION 
1YHRSL1(2,40),YERSL3(2,40),YHRSL5(2,40),YHRSI7(2,40), 
2YARSIA(2,40),YARSI5(2,40),YARSL5(2,40),YARSL7(2,40) 
DIMENSION 
1YHC0L1(2140),YHCOL3(2,40),YHC0L5(2,40),YHCOL7(2,40), 
2YACOL1(2,40),YACOL3(2,40),YACOL5(2,40),YACOL7(2,40) 

DIMENSION 
1YHRS1(3,40),YHRS3(3,40),YHRS5(3,40),YHRS7(3,40), 
2YARS1(3,40),YARS3(3,40),YARS5(3,40),YARS7(3,40) 
READ(5, 10)M,NCYCL 
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10 FORMAT(7110) 
READ(5,20)YHAO,YAAO,YHCO,YACO,V,VDEAD,VB, 
1HAKP1,HCKP1,AAKP1,ACKP1, 
2HAKP2,HCKP2,AAKP2,ACKP2, 
3HAKP3,HCKP3,AAKP3,ACKP3 

20 FORMAT(7F10.3) 
YHRS1(1,1)=1.0 
YARS1(1,1)=1.0 
YHCOL1(1,1 =0.76 
YACOL1 1,1)=0.81 
YHRSR1 2,1)=1.0 
YARSR1 2,1)=1.0 
YHRSL1 2,1)=0.76 
YARSL1 2,1)=0.81 
YHCOL1 2,1)=0.87 
YACOL1(2,1)=1.0 
YHRS1(3,1)=0.87 
YARS1(3,1)=1.0 
F1=0.0 
F2=0.0 
J=1 

15 DO 150 I=1,M 
A=(-1)**I 
IF(A)151,151,152 

151 YHCOL3(I,J)=((V+VDEAD)*YHRS1(I,J)+VB* 
XHAKP1*YHCOL1(I,J))/(V+VDEAD+VB*HAKP2) 
YACOL3(I,J)=((V+VDEAD)*YARS1(I,J)+VB* 
XAAKP1*YACOL1(I,J))/(V+VDEAD+VB*AAKP2) 
YHRS3(I,J)=YHCOL3(I,J) 
YARS3(I,J)=YACOL3(I,J) 
YHRSL3(I+1,J)=(YHRSL1(I+1,J)*VDEAD+V*YECOL1(I,J))/ 
X(V+VDEAD) 
YARSL3(I+1,J)=(YARSL1(I+1,J)*VDEAD+V*YACOI1(I,J))/ 
X(V+VDEAD) 
GO TO 150 

152 YHRSR2(I,J)=(F2*1.0+(V+VDEAD)*YHRSR1(I,J))/(V+VDEAD 
X+F2) 
YARSR2(I,J)=(F2*1.0+(V+VDEAD)*. WSR1(I,J))/(V+VDEAD 
X+F2) 
YHCOL3(I,J)=((V+VDEAD)*YHRSR2(I,J)+VB*HCKP2*YHCOL1(I,J 
X))/(V+VDEAD+VB*HCKP3) 
YACOL3(I,J)=((V+VDEAD)*YARSR2(I,J)+VB* 
XACKP2*YACOL1(I,J))/(V+VDEAD+VB*ACKP3) 
YHRSR3(I,J)=YHCOL3(I,J) 
YARSR3(I,J)=YACOL3(I,J) 
YHRS3(I+1,J)=(YHRS1(I+1,J)*VDEAD+V*YHCOL1(I,J)+F2 
X*YHRSR2(I,J )/(V+VDEAD+F2) 
YARS3(I+1,J =(YARS1(I+1,J)*VDEAD+V*YACOL1(I,J)+F2 
X*YARSR2(I,J )/(V+VDEAD+F2) 

150 CONTINUE 
DO 250 I=1,M 
A=(-1)**I 
IF(A)251,251,252 



(Case 7 continued) 
251 YHRSR4(I+1,J)=(F1*1.0+VDEAD*YHRSR3(I+1,J)+V* 

XYHCOL3(I+1,J))/(V+VDEAD+F1) 
YARSR4(I+1,J)=(F1*1.0+VDEAD*YARSR3(I+1,J)+V* 
XYACOL3(I+1,J))/(V+VDEAD+F1) 
YHRSS(I,J) =(YHRS3(I,J)*VDEAD+V*YHCOL3(I,J)+F1* 
XYHRSR4(I+1,J))/(V+VDEAD+F1) 
YARS5(I,J) =(YARS3(I,J)*VDEAD+V*YACOL3(I,J)+F1* 
XYARSR4(I+11J))/(V+VDEAD+F1) 
WRITE(6,33)YHRS5(I,J),YARS5(I,J) 

33 FORMAT(5WYHRS5=',E25.5,JYARS5=',E25.5) 
YHC0L5(I,J)=((V+VDEAD)*YHRSR4(I+1,J)+VB*HAKP2* 
XYHCOL3(I,J))/(V+VDEAD+VB*HAKP3) 
YACOL5(I,J)=((V+VDEAD)*YARSR4(I+1,J)+VB*AAKP2* 

XYAC013(I,J))/(V+VDEAD+VB*AAKP3) 
YHRSRS(I+1,J)=YHCOLS(I,J) 
YARSR5(I+1,J)=YACOL5(I,J) 
GO TO 250 

252 YHRSI,5(I,J)=YHRSI3(I,J) 
YARSL5(I,J)=YARSL3(I,J) 
YHC0145(I,J)=((V+VDEAD)*YHRS3(I+1,J)+VB* 

XHCKP3*YHCOL3(I,J))/(V+VDEAD+VB*HCKP2) 
YACOL5(I,J)=((V+VDEAD)*YARS3(I+1,J)+VB* 
XACKP3*YAC0L3(I,J))/(V+VDEAD+VB*ACKP2) 
YHRS5(I+1,J)=YHCOLS(I,J) 
YARS5(I+1,J)=YACOL5(I,J) 

250 CONTINUE 
DO 350 I=1,M 
A=(-1)**I 
IF(A)351,351,352 

351 YHCOL7(I,J)=((V+VDEAD)*YERS5(IJ)+VB*HAKP3* 
XYHCOL5(I,J))/(T+VDEAD+VB*HAKP2) 
YACOL7( I , J )=( (V+VDEAD) *YARS 5 ( 

:YACOL5(I,J))/(V+VDEAD+VB*AAKP2) 
YHRS7(I,J)=YHCOL7(I,J3 
YARS7(I,J)=YACOL7(I,J 
YHRSR7(I+1,J)=(YHRSR5(I+1,J)*VDEAD+V*YHCOL5(I,J))/ 

X(V+VDEAD) 
YARSR7(I+1,J)=(YARSRS(I+1,J)*VDEAD+V*YACOLS(I,J))/ 
X(V+VDEAD) 
GO TO 350 

352 YHCOL7(I,J)=((V+VDEAD)*YHRSL5(I,J)+VB*HCKP2*YHCOL5 
X(I,J))/(V+VDEAD+VB*HCKP1) 
YACOL7(I,J)=((V+VDEAD)*YARSLS(I,J)+VB*ACKP2*YACOLS 
X(I,J))/(V+VDEAD+VB*ACKP1) 
YHRSIJ7(I,J)=YHCOL7(I,J) 
YARSL7(I,J)=YACOL7(I,J) 
YHRS7(I+1,J)=(YHRS5(I+1,J)*VDEAD+V*YHCOL5(I,J))/ 

X(V+VDEAD) 
YARS7(I+1,J)=(YARS5(I+1,J)*VDEAD+V*YACOL5(I,J))/ 

X(V+VDEAD) 
WRITE(6,34)YHRS7(I+1,J).YARS7(I+1,J) 

34 FORMAT(5X,'YHRS7=',E25.5,'YARS7=',E25.5) 
350 CONTINUE 
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(Case 7 continued) 

1 1 5 

YHRSII(I+1,J 
YARSL1(I+1,J 
YHRSR1(I+1,J 
YARSR1(I+1,J 
WRITE 6,222)I 
WRITE(6,13)YHRS1(I,J),YARS1(I,J) 
11=1+1 
WRITE(6,222)II 
WRITE(6,16)YHRS1,1(I+1,J),YARSIA(I+1,J),YHRSR1(I+1,J) 

XYARSR1(I+1,J) 
16 FORMAT(5X,'YHRSII1=',E20.5,'YARSI1=',E20.5,1 YHRSR1=', 

XE20.5,'YARSR1=',E20.5) 
GO TO 450 

452 YHCOL1(I,J)=((V+VDEAD)*YHRS7(I+1,L)+VB*HCKP1 
X*YHCOL7(I,L))/(V+VDEAD+VB*HCKP2) 
YACOL1(I,J)=((V+VDEAD)*YARS7(I+1,L)+VB*ACKP1 

X*YACOL7(I,L))/(V+VDEAD+VB*ACKP2) 
YHRS1(I+1,J)=YHCOL1(I,J) 
YARS1(I+1,J)=YACOL1(I,J) 
WRITE(6,222)I 

222 FORMAT(2X,II=',I10) 
WRITE(6,12)YHCOL1(I,J),YACOL1(I,J) 

12 FORMAT(5X,'YHCOL1=',E25.5,'YACOL1=',E25.5) 
II=I+1 
WRITE(6, 222) II 
WRITE(6,13)YHRS1(I+1,J),YARS1(I+1,J) 

13 FORMAT(5X,'YHRS1=',E25.5,'YARS1=',E25.5) 
450 CONTINUE 

IF(J-NCYCL)15,14,14 
14 F1=11+3.0 

F2=F2+3.0 
J=1 
IF(F1.EQ.15)GO TO 91 
GO TO 15 

91 STOP 
END 

L=J 
J=J+1 
WRITE(6,11)J 

11 FORMAT(2X,'***J=',I10) 
DO 450 I=1,M 
A=(-1)**I 
if(A)451,451,452 

451 YHRS1(I,J)=(YHRS7(I,L) VDEAD+V*YHCOL7(I,L))/(V+VDEAD) 
YARS1(I,J)=(YARS7(I,L)*VDEAD+V*YACOL7(I,L))/(V+VDEAD) 
YHCOL1(I,J)=(VDEAD*YERSL7(I+1 1L)+V*YRCOL7(I+1,1J) 

X+VB*HAKP2*YHCOL7(I,L))/(V+VDEAD+VB*HAKP1) 
YACOL1(I,J)=(VDEAD*YARSL7(I+1,L)+V*YACOL7(I+1,L) 

X+VB*AAKP2*YACOL7(I,L))/(V+VDEAD+VB*AAKP1) 
=YHCOL1(I,J) 
=YACOL1(I,J) 
=YHRSR7(I+1,L) 
=YARSR7(I+1,L) 
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Figure XL  

Flow Diagram of the 3-Column Process Showing Volumetric Flow 
During Each Stage(I'1=F2=0.0)  



COMPUTER PROGRAM #IX 

Three-Column Batch Process  

DIMENSION 
1YHRSL1(3,40),YHRSL2(3,40),YHRSL3(3,40),YHRSL4(3,40), 
2YHRSI5(3,40),YHRSL6(3,40),YHRSL7(3,40),YERSL8(3,40, 
3YARSL1(3,40),YARSI2(3,40),YARSL3(3,40),YARSL4(3,40), 
4YARSI,5(3,40),YARSI6(3,40),YARSIA7(3,40),YARSL8(3,40) 
DIMENSION 
1YHCOL1(3,40),YHCOL2(3,40),YHCOL3(3,40),YHCOL4 3:40), 
2YHCOL5(3,40),YHCOL6(3,40),YHCOL7 3,40),YHCOL8 3,40 
3YACOLT,40,YACOL2(3,40),YACOL3 3,40),YACOL4(3,40 
4YACOL5 3,40 ,YACOL6(3,40),YACOL7 3,40),YACOL8(3,40 
DIMENSION 

1YHRS2(4,40),YHRS4(4,40) YHRS6(4,40),YHRS8 4,40), 
2YARS2(4,40),YARS4(4,40 ,YARS6(4,40),YARSB 4,40 
3YHRS1(4,41,YHRS3(4,40 ,YHRS5(4,40),YHRS7 4,40 
4YARS1(4,40 ,YARS3(4,40 ,YARS5(4,40),YARS7(4,40 
DIMENSION 

1YHRSR1(3,40),YHRSR2(3,40),YHRSR3(3,40),YHRSR4(3,40), 
2YHRSR5(3,40),YHRSR6(3,40),YHRSR7(3,40),YHRSR8(3,40), 
3YARSR1(3,40),YARSR2(3,40),YARSR3(3,40),YARSR4(3,40), 
4YARSR5(3,40),YARSR6(3,40),YARSR7(3,40),YARSR8(3,40) 
READ(5,20)MI NCYCL 

10 FORMAT (7110 
READ(5,20)YHAO,YAAO,YHCO,YACO,V,VDEAD,VB, 
1HAKP1,HCKP1,AAKP1,ACKP1, 
2HAKP2,HCKP2,AAKP2,ACKP2, 
3HAKP3,HCKP3,AAKP3,ACKP3 

20 PORMAT(7F10.3) 
YHRS1(% 1)=1.0 
YARS1(1,1)=1.0 
YHCOL1(1,1)=0.87 
YACOL1(10 1)=1.0 
YHRS1(21 1)=0.87 
YARS1(2,1)=1.0 
YHCOL1(2,1)=0.76 
YACOL1(2,1)=0.81 
YHRSI1(3,1)=0.76 
YARS1,1(3,1)=0.81 
YHRSR1(3,1)=1.0 
YARSR1(3,1)=1.0 
YHCOL1(3,1)=0.87 
YACOL1(3,1)=1.0 
YHRS1(4,1)=0.87 
YARS1(4,1)=1.0 
J=1 

15 DO 250 I=1,M 
A=(-1)**I 
IF(A)251,251,252 

117 



118 

251 YHCOL3(I,J)=(VDEAD*YHRS1(I,J)+V*YHRS1(I,J)+VB*YHCOL1 
X(I,J)*HCKP2)/(VDEAD+V+VB*HCKP1) 
YACOL3(I,J)=(VDEAD*YARS1(I,J)+V*YARS1(I,J)+VB*YAO0L1 
X(I,J)*ACKP2)/(VDEAD+V+VB*ACKP1) 
YHRS3(I,J)=YHCOL3F1 
YARS3(I,J)=YACOL3 I,J 
YHCOL3(I+1,J)=(YHC0L1(I,J)*V+VB*YHCOL1(I+1,J)*HAKP1+ 
XVDEAD*YHRS1(I+1,J))/(V+VDEAD+VB*HAKP2) 
YACOL3(I+1,J)=(YACOL1(I,J)*V+VB*YACOL1(I+1,J)*AAKP1+ 
XVDEAD*YARS1(I+1,J))/(V+VDEAD+VB*AAKP2) 
GO TO 250 

252 YHRS3(I,J)=YHCOL3(I,1 
YARS3(I,J)=YACOL3(I,J 
YHCOL3(I+1,J)=((V+VDEAD)*YHRSR1(I+1,J)+VB*YHOOL1(I+1, 
XJ)*HCKP2)/(V+VDEAD+VB*HCKP3) 
YACOL3(I+1,J)=((V+VDEAD)*YARSR1(I+1,J)+VB*YACOL1(I+1, 

XJ)*ACKP2)/(V+VDEAD+VB*AOKP3) 
YHRSR3(I+1,J)=YHCOL3(I+1,J) 
YARSR3(I+1,J)=YACOL3(I+1,J) 

- YHRSI3(I+1,J)=(YHRSL1(I+1,J)*VDEAD+V*YHC01,1(I,J))/ 
X(V+VDEAD) 
YARSI3(I+1,J)=(YARSL1(I+1,J)*VDEAD+V*YACOL1(I,J))/ 
X(V+VDEAD) 
YHRS3(I+2,J)=(YHRS1(I+2,J)*VDEAD+V*YFIC01,1(I+1,J))/ 
X(V+VDEAD) 
YARS3(I+2,J)=(YARS1(I+2,J)*VDEAD+V*YACOL1(I+1,J))/ 
X(V+VDEAD) 

250 CONTINUE 
DO 450 I=1,M 
A=(-1)**I 
IF(A)451,451,452 

451 YHRS5(I,J)=(YHRS3(I,J)*VDEAD+V*YHCOL3(I,J))/(V+VDEAD) 
YARSS(I,J)=(YARS3(I,J)*VDEAD+V*YACOL3(I,J))/(V+VDEAD) 
YHCOL5(I,J)=(V*YHCOL3(I+1,J)+VB*YHC013(I,J)*HCKP1 
X+VDEAD*YHRS3(I+1,J))/F+VDEAD+VB*HCKP2) 
YACOL5(I,J)=(V*YACOL3 I+1,J)+VB*YACOL3(I,J)*ACKP1 

X+VDEAD*YARS3(I+1,J))/(V+VDEAD+VB*ACKP2) 
YHCOL5(I+1,J)=(VB*YHCOL3(I+1,J)*HAKP2+ 
X(V+VDEAD)*YHRSR3(I+2,J))/(V+VB*HAKP3+VDEAD) 
YACOLS(I+1,J)=(VB*YACOL3(I+1,J)*AAKP2+ 
X(V+VDEAD)*YARSR3(I+2,J))/(V+VDEAD +VB*AAKP3) 
YHRS5(I+1,J)=YHCOL5(I,J) 
YARS5(I+1,J)=YAC01,5(I,J) 
YHRSR5(I+2,J)=YHC01,5(I+1,1 
YARSR5(I+2,J)=YACOL5(I+1,J 
YHRSIJ5(I+2,J)=YHRS1,3(I+2,J 
YARSL5(I+2,J)=YARSL3(I+2,J) 
GO TO 450 

452 YHCOLS(I+1,J)=((V+VDEAD)*YHRS3(I+2,J) 
X+VB*YHCOL3(I+1,J)*HCKP3)/(VDEAD+V+VE*HCKP2) 
YACOL5(I+1,J)=((V+VDEAD)*YARS3(I+2,J) 

X-1-VB*YAC01,3(I+1,J)*ACKP3)/(VDEAD+V+VB*ACKP2) 
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YHRS5(I+2,J)=YHCOL5(I+1,J) 
YARS5(I+2,J)=YACOL5(I+1,J) 

450 CONTINUE 
DO 650 I=1,M 
A=(-1)**I 
IF(A)651,651,652 

651 YHCOL7(I,J)=((V+VDEAD)*YHRS5(I,J)+ 
XVB*YHCOL5(I,J)*HCKP2)/(V+VDEAD+VB*HCKP1) 
YACOL7(I,J)=((V+VDEAD)*YARS5(I,J)+ 
XVB*YACOL5(I,J)*ACKP2)/(V+VDEAD+VB*ACKP1) 
YHCOL7(I+1,J)=(YHCOL5(I,J)*V+VB*YHCOL5(I+1,J 
X*HAKP3+VDEAD*YHRS5(I+1,JT(V+VDEAD+VB*HAKP2 
YACOL7(I+1,J)=(YACOL5(I,J *V+VB*YACOL5(I+1,J 
X*AAKP3+VDEAD*YARS5(I+1,J) /(V+VDEAD+VB*AAKP2) 
YHRS7 I+1,J)=YHCOL7(I+1,J 
YARS7 I+1J)=YACOL7(I+1,J 
YHRS7 I,J)=YHCOL7(I,J) 
YARS7 I J)=YACOL7(I,J) 
GO TO 650 

652 YHCOL7(I+1,J)=((V+VDEAD *YHRSLS(I+1,J) 
X+VB*YHCOL5(I+1,J)*HCKP2 /(V+VDEAD+VB*HCKP1) 
YACOL7(I+1,J)=((V+VDEAD *YARSLS(I+1,J) 
X+VB*YACOL5(I+1,J)*ACKP2)/(V+VDEAD+VB*ACKP1) 
YHRSI,7(I+1,J)=YHCOL7(I+1,J) 
YARSL7(I+1,J)=YACOI7(I+1,J) 
YHRSR7(I+1,J)=(YHRSR5(I+1,J)*VDEAD+V*YHC015(I,J))/ 
x(V+VDEAD) 
YARSR7(I+1,J)=(YARSE.5(I+1,J)*VDEAD4-V*YA001,5(I,J))/ 
X(V+VDEAD) 
YHRS7(I+2,J)=(YHRS5(I+20 J)*VDEAD+V*YHCOL5(I+1,J))/ 

X(V+VDEAD) 
YARS7(I+21 J)=-(YARS5(I+2,J)*VDEAD+V*YACOL5(I+1,J))/ 
x(V+VDEAD) 

650 CONTINUE 
L=J 
J=J+1 
WRITE(6,3333)J 

3333 FORMAT(2X,'***J.',I10) 
-20 850 I=1,M 
A=(-1)**I 
IF(A)851,851 0852 

851 YHRS1(I,J)=(YHRS7(I,L)*VDEAD+V*YHCOL7(I,7)) 
YARS1(I,J)=(YARS7(I,L)*VDEAD+V*YACOL7(I,L)) 
WRITE(6,1010)YHRS1(I,J),YARS1(I,J) 
YHCOL1(I,J)=(V*YHCOL7(I+1,L)+VE*YHCOL7(I,L) 
XVDEAD*YHRS7(I+1,L))/(V+VB*HCKP2+VDEAD) 
YACOI1(I,J)=(YARS7(I+1,L)*VDEAD+V*YACOL7(I+ 

X+VB*ACKP1*YACOL7(I,L))/(V+VB*ACK12+VDEAD) 
YHCOL1(I+1,J)=(V*YHCOL7(I+2,L)+VB*YHCOL7(I+ 

X+VDEAD*YHRSIJ7(I+2,L))/(V+VDEAD+VB*HAKP1) 
YAC01,1(I+1,J)=(V*YACOL7(I+2,L)+VB*YACOL7(I+ 
X+VDEAD*YARSL7(I+2,IJ))/(V+VDEAD+VB*AAKP1) 

/(V+VDEAT) 
/(V+VDEATL) 

*HCKP1+ 

1,1,) 

1,I)*HAKP2 

1,L)*AAKP2 



YHRS1(I+1,J)=YHCOL1(I,J) 
YARS1(I+1,J)=YACOL1(I,J) 
YHRSL1(I+2,J)=YHC0L1(I+1,J) 
YARSL1(I+2,J)=YACOL1(I+1,J) 
YHRSR1(I+2,J)=YHRSR7(I+2,L) 
YARSR1(I+21 J)=YARSR7(I+2,L) 
11=1+2 
WRITE( 6, 2222) II 
WRITE(6,1009YHRSL1(I+2,J),YARSL1(I+2,J), 

XYHRSR1(I+2,J ,YARSR1(I+2,J) 
1009 FORMAT(5X,'YHRSL1=',E20.5,1 YARSL1=',E20.5, 

X'YHRSR1=',E20.5,'YARSR1=',E20.5) 
II=II-1 
WRITE(6,2222)II 

2222 FORMAT(2X,'I=',I10) 
WRITE(6,8)YHRS1(I+1,J),YARS1(I+1,J) 

8 FORMAT(5X,'YHRS1=',E25.5,'YARS1=',E25.5) 
GO TO 850 

852 YHCOL1(I+1,J)=(VB*YHCOL7(I+1,L)*HCKP1+ 
X(V+VDEAD)*YHRS7(I+2,I))/(V+VB*HCKP2+VDEAD) 
YACOL1(I+1,J)=(VB*YACOL7(I+1,L)*ACKP1+ 

X(V+VDEAD)*YARS7(I+2,I))/(V+VB*ACKP2+VDEAD) 
YHRS1(I+2,J)=YHCOL1(I+1,J) 
YARS1(I+2,J)=YACOL1(I+1,J) 
11=1+2 
WRITE(6,2222)II 
WRITE(6,1010)YHRS1(I+2,J),YARS1(I+2,J) 

1010 FORMAT(5X,'YHRS1=',E25.5,'YARS1=',E25.5) 
850 CONTINUE 

IF(J-NOYOL)15,14,14 
14 STOP 

END 
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Flow Diagram of Three-column Process  
Case 1  (Liree Column Case) 



Computer Program (Three Column Process- Case 1) a. 

DIMENSION 
1YHRSL1(3,40),YHRSL2(3,40),YHRSL3(3,40),YHRSL4(3,41, 
2YHRSI5(3,40),YHRS116(3,40),YHRSL7(3,4°),YHRSL8(3,40 , 
3YARSI1(3,40),YARSI2(3,40),YARSL3(3,40),YARSL4(3,40), 
4YAR8L5(3,40),YARSL6(3,40),YARSL7(3,40),YARSI8(3,40) 
DIMENSION 
1YHCOI1(3,40),YHCOL2(3,40),YHCOL3(3,40),YHCOL4(3,41, 
2YHCOL5(3,40),YHCOL6(3,40),YHCOL7(3,40),YHCOL8(3,40 , 
3YACOL1(3,40),YACOL2(3,40),YACOL3(3,40),YACOL4(3,40), 
4YACOL5(3,40),YACOL6(3,40),YACOL7(3,40),YAC018(3,40) 
DIMENSION 
1YHRS2(4,40),YHRS4(4,40),YHRS6(4,40),YHRS8(4,40), 
2YARS2(4,40),YARS4(4,40),YARS6(4,40),YARS8 4,41, 
3YHRS1(4,40),YHRS3(4,40),YHRS5(4,40),YHRS7 4,40 , 
4YARS1(4,40),YARS3(4,40),YARS5(4,40),YARS7 4,40) 
DIMENSION 
1YHRSR1(3,40),YHRSR2(3,40),YHRSR3(3,40),YHRSR4(3,40), 
2YHRSR5(3,40),YHRSR6(3,40),YHRSR7(3,40),YHRSR8(3,40), 
3YARSR1(3,40),YARSR2(3,40),YARSR3(3,40),YARSR4(3,40), 
4YARSR5(3,40),YARSR6(3,40),YARSR7(3,40),YARSR8(3,40) 
READ(5,10)M,NCYCL 

10 FORMAT(7I10) 
READ(5,20)YHAO,YAAO,YHCO,YACO,V,VDEAD,VB, 
1HAKP1,HCKP1,AAKP1,ACKP1, 
2HAKP2,HCKP2,AAKP2,ACKP2, 
3HAKP3,HCKP3,AAKP3,ACKP3 

20 FORMAT(7F10.3) 
YHRS1(1,1)=1.0 
YARS1(1,1)=1.0 
YHCOL1(1,1)=0.87 
YACOL1(1,1)=1.0 
YHRS1(2,1)=0.87 
YARS1(2,1)=1.0 
YHCOL1(21 1)=0.76 
YACOL1(2,1)=0.81 
YHRSL1(3,1)=0.76 
YARSL1(3,1)=0.81 
YHRSR1(3,1)=1.0 
YARSR1(31 1)=1.0 
YHCOL1(3,1)=0.87 
YACOL1(3,1)=1.0 
YHRS1(4,1)=0.87 
YARS1(4,1)=1.0 
J=1 
F1=0.0 
F2=0.0 

15 DO 250 I=1,M 
A=(-1)**I 
IF(A)251,251,252 

251 YHCOL3(I,J)=(VDEAD*YHRS1(I,J)+V*YHRS1(I,J)+VB*YHCOL1 
X(I,J)*HCKP2)/(VDEAD+V+VB*HCKT1) 

122 
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(Case #1 continued) 
YACOL3(I,J)=(VDEAD*YARS1(I,J)+V*YARS1(I,J)+VB*YACOL1 
X(I,J)*ACKP2)/(VDEAD+V+VB*ACKP1) 
YHRS3(I,J)=YHCOL3(I,J) 
YARS3(I,J)=YACOI3(I,J) 
YHCOL3(I+1,J)=(YHCOI1(I,J)*V+VB*YHCOL1(I+1,J)*HAYP1+ 

XVDEAD*YHRS1(I+1,J))/(V+VDEAD+VB*HAKP2) 
YACOL3(I+1,J)=(YACOI1(I,J)*V+VB*YAC0L1(I+1,J)*AAKP1+ 
XVDEAD*YARS1(I+1,J))/(V+VDEAD+VB*AAKP2) 
GO TO 250 

252 YHRS3(I,J)=YHCOL3(I,J) 
YARS3(I,J)=YACOL3 I,J) 
YHCOL3(I+1,J)=((V+VDEAD)*YERSR1(I+1,J)+VB*YHC0L1(I+1,J 

X)*HCKP2)/(V+VDEAD+VB*HCKP3) 
YACOL3(I+1,J)=((V+VDEAD)*YARSR1(I+1,J)+VB*YACOL1(I+1,J 
X)*ACKP2)/(V+VDEAD+VB*A0KP3) 
YHRSR3(I+1,J)=YHCOL3(I+1,J) 
YARSR3(I+1,J)=YACOL3(I+1,J) 
YHRSL3(I+1,J)=(YHRSL1(I+1,J)*VDEAD+V*YHCOL1(I,J))/ 
X(V+VDEAD) 
YARSL3(I+1,J)=(YARSL1(I+1,J)*VDEAD+V*YACOI1(I,J))/ 
X(V+VDEAD) 
YHRS3(I+2,J)=(YHRS1(I+2,J)*VDEAD+V*YHCOL1(I+1,J))/ 
X(V+VDEAD) 
YARS3(I+2,J)=(YARS1(I+2,J)*VDEAD+V*YACOL1(I+1,J))/ 
X(V+VDEAD) 

250 CONTINUE 
DO 450 I=1,M 
A=(-1)**I 
IF(A)451,451,452 

451 YHRSR4(I+21 J)=(F1*1.0+VDEAD*YEIRSR3(I+2,J)+V*THCOL3 
X(I+2,J))/(F1+V+VDEAD) 
YARSR4(I+2,J)=(F1*1.0-1-VDEAD*YARSR3(I+2,J)+V*YACOL3 

X(I+2,J))/(F1+V+V_DEAD) 
YHRS5(IJ)=(YHRS3(I,J)*VDEAD+V*YHOOL3(I,J)+F1*YHRSR4 
X(I+2,J))/(F1+V+VDEA-)) 
YAPS(I,J)--(YARS3(I,J)*VDEAD+V*YACOL3(I,J)+Fl*YARSR4 

X(I+2,J))/(F1+V+VDEAD) 
YHCOL5(I,J)=(V*YHCOL3(I+1,J)+VB*YHCOL3(I,J)*HCKP1 

X+VDEAD*YHRS3(I+1,J))/(V+VDEAD+VB*HCKP2) 
YACOL5(I,J)=(V*YACOL3(I+1,J)+VB*YACOL3(I,J)*ACKP1 
X+VDEAD*YARS3(I+1,J))/(V+VDEAD+VB*ACKP2) 
YHCOL5(I+1,J)=(VB*YHCOI3(I+1,J)*HAKP2+ 

X(V+VDEAD)*YHRSR4(I+2,J))/(V+VB*HAKP3+VDEAD) 
YACOL5(I+1 1J)=(VB*YACOL3(I+1,J)*AAKP2+ 
X(V+VDEAD)*YARSR4(I+2,J))/(V+VDEAD+VB*AAKP3) 
YHRS5(I+1,1=YHCOL5(I,J) 
YARS5(I+1,J =YACOL5(I,J) 
YHRSR5(I+2,J)=YHCOL5(I+1,J) 
YARSR5(I+2,J)=YACOL5(I+1,J) 
YHRSL5(I+2,J)=YHRSI3(I+2,J) 
YARSL5(I+2,J)=YARSL3(I+2,J) 
GO TO 450 

452 YHCOL5(I+1,J)=((V+7DEAD)*YHRS3(I+2,J) 
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(Case #1 continued) 
X+VB*YHCOL3(I+11J)*HCKP3 /(VDEAD+V+VB*HCKP2) 
YACOL5(T+1,J)=((V+VDEAD *YARS3(I+2,J) 
X+VB*YACOL3(I+1,J)*ACKP3 AVDEAD+V+VB*ACKP2) 
YHRS5(I+2,J)=YHCOL5(I+1,J) 
YARS5(I+2,J)=YACOL5(I+1,J) 

450 CONTINUE 
DO 650 I=1,M 
A=(-1)**I 
IF(A)651,651 652 

651 YHCOL7(I,J)=((V+VDEAD)*YHRS5(I,J)+ 
XVB*YHCOL5(I,J)*HCKP2)/(V+VDEAD+VB*HCKP1) 
YACOL7(I,J)=((V+VDEAD)*YARS5(I,J)+ 
XVB*YACOL5(I,J)*ACKP2)/(V+VDEAD+VB*ACKF1) 
YHCOL7(I+1,J)=(YHCOL5(I,J)*V+VB*YHCOL5(I+1,J) 
X*HAKP3+VDEAD*YHRS5(I+1,J))/(V+VDEAD+VB*HAKP2) 
YACOL7(I+1,J)=(YACOL5(I,J *V+VB*YACOL5(I+1,J) 
X*AAKP3+VDEAD*YARS5(I+1,J) /(V+VDEAD+VB*AAKP2) 
YHRS7(I+1,J)=YHCOL7(I+1,J 
YARS7(I+1,J)=YACOL7(I+1,J) 
YHRS7(I,J3=YHCOL7(I,J) 
YARS7(I,J =YACOL7(I,J) 
GO TO 650 

652 YERSI6(I+1,J)=(F2*1.0+(V+VDEAD)*YHRSL5(I+1,J))/ 
x(F2+V+VDEAD) 
YARSL6(I+1,J)=(F2*1.0+(V+VDEAD)*YARSIJ5(I+1,J))/ 
x(F2+V+VDEAD) 
YHCOL7(I+1,J)=((V+VDEAD *YHRSL6(I+1,J) 

X+VB*YHCOL5(I+1,J)*HCKP2 /(V+VDEAD+VB*HCKP1) 
YACOL7(I+1,J)=((V+VDEAD *YARSL6(I+1,J) 
X+VB*YACOL5(I+1,J)*ACKP2)/(V+VDEAD+VB*ACKF1) 
YHRSL7(I+1,J)=YHCOL7(I+1,J) 
YARS117(I+1,J)=YACOL7(I+1,J) 
YHRSR7(I+1,J)=(YHRSR5(I+1,J)*VDEAD+V*YHCOL5(I,J))/ 
X(V+VDEAD) 
YARSR7(I+1,J)=(YARSR5(I+1,J)*VDEAD+V*YACOL5(I,J))/ 

X(V+VDEAD) 
YHRS7(I+2,J)=(YHRS5(I+2,J)*VDEAD+V*YHCOL5(I+1,J)+ 
XP2*YHRSL6(I+1,J))/(V+VDEAD+F2) 
YARS7(I+2,J)=(YARS5(I+2,J)*VDEAD+V*YACOL5(I+1,J)+ 

XF2*YARSL6(1.-1-1,J))/(V+VDEAD+F2) 
650 CONTINUE 

L=J 
J=J+1 
WRITE(6,3333)J 

3333FORMAT(2X,'***J='',I10) 
DO 850 I=1 ,r4 
A=(-1)**I 
IF(A)851,851,852 

851 YHRS1(I,J)=CYHRS7(I,L)*VDEAD+V*YHCOL7(I,Ir(V+VDEAD) 
YARS1(I,J)=(YARS7(I,L)*VDEAD+V*YACOL7(I,I, /(V+VDEAD) 
WRITE(6,1010)YHRS1(I,J),YARS1(I,J) 
YHCOL1(I,J)=(V*YHCOL7(I+1,I)+VB*YHCOL7(I,L)*HCKT1+ 
XVDEAD*YHRS7(I+1,L))/(V+VB*HCKP2+VDEAD) 
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(Case#1 continued) 
YAC01,1(I,J)=(YARS7(I+1,1,)*VDEAD+V*YAC0117(I+1,1) 
X+VB*ACKP1*YAC01,7(1,11))/(V+VB*ACKP2+VDEAD) 
YHCOL1(I+1,J)=(V*YHC01,7(I+2,1J)+VB*YHCOL7(I+1,1,)*HAKP2 

X+VDEAD*YHRS117(I+2,I))/(V+VDEAD+VB*HAKP1) 
YACOL1(I+1,J)=(V*YACOL7(I+2,1J)+VB*YAC01,7(I+1,1J)*AAKP2 
X+VDEAD*YARS1,7(I+2,L))/(V+VDEAD+VB*AAKP1) 
YHRS1(I+1,J)=YHCOLT,J) 
YARS1(I+1,J)=YACOL1 I,J) 
YHRS1,1(I+2,J)=YHC01,1(I+1,J 
YARS1,1(I+2,J)=YACOL1(I+1,J 
YHRSR1(I+2,J)=YHRSR7(I+2,I, 
YARSR1(I+2,J)=YARSR7(I+2,IJ) 
11=1+2 
WRITE(6,2222)II 
WRITE(6,1009)YHRSI1(I+2,J),YARSI1(I+2,J), 

X-::HRSR1(I+2,J),YARSR1(I+2,J) 
1009FORMAT(5X,'YHRS1,1=',E20.5,'YARSI1=',E20.51  

VYHRSR1=',E20.5,'YARSR1=',E20.5) 
II=II-1 
WRITE(6,2222)1I 

2222FORMAT(2WI=',I10) 
WRITE(6,8)YHRS1(I+1,J),YARS1(1+1,J) 

8 FORMAT(5WYHRS1=',E25.5,1 YARS1=',E25.5) 
GO TO 850 

852 YHCOL1(I+1,J)=(VB*YHC01,7(I+1,L)*HCKP1+ 
X(V+VDEAD)*YHRS7(I+2,11))/(V+VB*HCKP2+VDEAD) 
YACOL1(I+1,J)=(VB*YAC01,7(I+1,1)*ACKP1+ 

X(V+VDEAD)*YARS7(I+2,1)))/(V+VB*ACKP2+VDEAD) 
YHRS1(I+2,J)=YHCOL1F+1,J) 
YARS1(I+2,J)=YACOL1 I+1,J) 
11=1+2 
WRITE (6,2222)1I 
WRITE(6,1010)YHRS1(I+2,J),YARS1(I+2,J) 

1010FORMAT(5X,'YHRS1=',E25.5,1YARS,E25.5) 
850 CONTINUE 

IF(J-NCYCL)15,14,14 
14 F1=F1+5.0 

F2=F2+5.0 
J=1 
IF(F1.EQ.15)G0 TO 91 
GO TO 15 

91 STOP 
END 
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Computer Program (Three Column Process- Case 2) #XI. 

DIMENSION 
1YHRSL1(3,40),YHRSL2(3,40),YHRSL3(3,40),YHRSL4(3,40), 
2YHRSL5(3,40),YHRSL6(3,40),YHRSL7(3,40),YHRSL8(3,40), 
3YARSL1(3,40),yARsi2(3,40),YARSI3(3,40),YARS114(3,40), 
4YARSL5(3,40),YARSL6(3,40),YARSI7(3,40),YARsL8(3,40) 
DIMENSION 
1yECOL1(3,40),YHO0L2(3,40),YHC0L3(3,40),YHOOL4(3,40), 
2yHCOL5(3,40),YHCOL6(3,40),YHCOL7(3,40),YHCOL8(3,40), 
3YACOL1(3,40),YACOL2(3,40),YACOL3(3,40),YACOL4(3,40), 
4YAC015(3,40),YAC016(3,40),YAML7(3,40),YACOL8(3,40) 
DIMENSION 
1yHRS2(4,40),YHRS4(4,40),YHRS6(4,40),YHRs8(4,40), 
2yARS2(4,40),YARS4(4,40),YARS6(4,40),YARS8(4,40), 
3YHRS1(4,40),YHRS3(4,40),YHRS5(4,40),YHRS7(4,40), 
4YARS1(4,40),YARS3(4t40),YARS5(4,40),YARS7(4,40) 
DIMENSION 

1YHRSR1(3,40),YHRSR2(3,40 ,YHRSR3(3,40),YHRSR4(3,40), 
2yHRSR5(3,41,YHRSR6 3,40 ,YHRSR7(3,41,YHRSR8(3,40), 
3YARSR1(3,40 ,YARSR2 3,40 ,YARSR3(31 40 ,YARSR4(3,40), 
4YARSR5(3,40 ,YARSR6 3,40 ,YARSR7(3,40),YARSR8(3,40) 
READ(5,10)MINCYOL 

10 FORMAT (7I10) 
READ(5,20)YHAO,YAAO,YHOO,YACOI VI VDEADI VE, 
1HAKP1,HCKT1,AAKP1,ACK21, 
2HAKP2,HCKP2,AAKP2,ACKP2, 
3HAKP3,HCKP3,AAKP3,ACKP3, 

20 FORMAT(7F10.3) 
YHS1(1,1)=1.0 
YARS1(1,1)=1.0 
YHCOI1(1,1)=0.87 
YACOL1(1,1)=1.0 
YHRS1(2,1)=0.87 
YARS1(2,1)=1.0 
YHCOL1(2,1)=0.76 
YACOL1(2,1)=0.81 
YTIRSL1(3,1)=0.76 
YARSL1(31 1)=0.81 
YHRSR1(3,1)=1.0 
YARSR1(3,1)=1.0 
YHCOL1(3,1)=0.87 
YACOL1(3,1)=1.0 
YHRS1(4,1)=0.87 
YARS1(4,1)=1.0 
J=1 
F1=0.0 
F2=0.0 

15 DO 250 I=1,M 
A=(-1)**I 
IF(A)251,251 252 

251 YHO0L3(I,J)=(VDEAD*YHRS1(I,J)+7*YHRS1(I,J)+VB*YHCOL1 

127 
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(Case 2 continued) 
X(I,J)*HCKP2)/(VDEAD+V+VB*HCKP1) 
YACOL3(I,J)=(VDEAD*YARS1(I,J)+V*YARS1(I,J)+VB*YACOL1 
VI,J)*ACKP2)/(VDEAD+V+VB*ACKP1) 
YHRS3(I,J)=YHCOL3F,J) 
YARS3(I,J)=YACOL3 I,J) 
YHCOL5(I+1,J)=(YHCOL1(I,J)*V+VB*YHCOL1(I+1,J)*HAKP1+ 
XVDEAD*YHRS1(I+1,J))/(V+VDEAD+VB*HAKP2) 
YACOL3(I+1,J)=-(YACOL1(I,J)*V+VB*YACOL1(I+1,J)*AAKP1+ 

XVDEAD*YARS1(I+1,J))/(V+VDEAD+VB*AAKP2) 
GO TO 250 

252 YERSR2(I+1,J)=(F1*1.0+(V+VDEAD)*YHRSR1(I+1,J))/(V+VDEAD 
X+11) 
YARSR2(I+1,J)=(F1*1.0+(V+VDEAD)*YARSR1(I+1,J))/(V+VDEAD 
X+F1) 
YHRS3(I,J)=YHCOL3(I,J) 
YARS3(I,J)=YACOL5(I,J) 
YHCOL3(I+1,J)=((V+VDEAD)*YHRSR2(I+1,j)+VB*YHCOL1(I+1,J) 
X*HCKP2)/(V+VDEAD+VB*HCKP3) 
YACOL5(I+1,J)=((V+VDEAD)*YARSR2(I+1,J)+VB*YACOL1(I+1,J) 
X*ACKP2)/(V+VDEAD+VB*ACKP3) 
YHRSR5(I+1,J)=YHCOL3(I+1,J) 
YARSR3(I+1,J)=YACOL3(I+1 tJ) 
YHRSIO(I+1,J)=(YHRSL1(1+1,J)*VDEAD+V*YECOL1(I,q)/(V+VDEAD) 
YARSIO(I+1,J)=(YARSI1(I+1,J)*VDEADI-V*YACOL1(I,J )/(V+VDEAD) 
YHRS3(I-1-2,J)=CYHRS1(I+2,J)*VDEAD+V*YHCOL1(I+1,J)i-F1* 
XYHRSR2(I+1,J))/(V+VDEAD+P1) 
YARS3(I+2,J)=(YARS1(I+2,J)*VDEAD+V*YACOL1(I+1,J)+F1* 
XYARSR2(I+1,J))/(V+VDEAD+F1) 

250 CONTINUE 
DO 450 I=1 ,M 
AI-1)**I 
IF A)451,451,452 

451 YHRS5(I,J)=-(YHRSTI TVDEAD+V*YHC010(I1 J))/r+VDEA9 
YARS5(I,J)=(YARS3 I,J *VDEAD+V*YACOL3(I,J))/ Vi-VDEAD 
YHCOL5(I,J)=(V*YHOOL3(I+1,J)+VB*YHCOL3(I,J)*HCKP1 

X+VDEAD*YHRS3F+1,J))/ Vi-VDEAD-1-VB*HCKP2) 
YACOL5(I,J)= V*YACOL3 I+1,J)+VB*YACOL5(I,J)*ACKP1 

X+VDEAD*YARS5(I+1,J))/ V+VDEAD+VB*ACKP2) 
YHCOL5(I+1,J)=(VB*YHCOL3(I+1,J)*HAK22+ 

XVDEAD*YHRSR3(I+2,J)+V*YHCOL3(I.-1-2,J))/(V+VB*HAKP34-VDEAD) 
YACOL5(I4-1,J)=(VB*YACOL3(I+1,J)*AAK22+ 
XVDEAD*YARSR3(I+2,J)+V*YACOL3(I+2,J))/(V+VB*AAKP3+VDEAD) 
YERS5(I+1,J)=YHCOL5(I,J) 
YARS5(I+1,J)=YACOL5(I,J) 
YHRSR5(I+2,J)=YHCOL5(I+1,J) 
YARSR5(I+2,J)=YACOL5(I+1,J) 
YHRSI5(I+2,J)=YHRSI,5(I+2,J) 
YARSL5(I+2,J)=YARSI3(I+2,J) 
GO TO 450 

452 YHCOL5(I+1,J)=((V+VDEAD)*YHRS3(I+2,J) 
X+VB*YHCOL3(I+1,J)*HCKP3)/(VDEAD+V+VB*HCKP2) 
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(Case 2 continued) 
YACOL5(I+1 tJ)=((V+VDEAD)*YARS3(I+2,J) 
X+VB*YACOL3(I+1,J)*AOKP3)/(VDEAD+V+VB*ACKP2) 
YHRS5(I+2,J)=YHCOL5(I+1,J) 
YARS5(I+2,J)=YACOL5(I+1,J) 

450 CONTINUE 
DO 650 I=1,M 
A=(-1)**I 
IF(A)651,651,652 

651 YECOL7(I,J)=((V+VDEAD)*YHRS5(I,J)+ 
XVB*YHOOL5(I,J)*HCKP2)/(V+VDEAD+VB*HCKP1) 
YACOL7(I,J)=((V+VDEAD)*YARS5(I,J)+ 

XVB*YACOL5(I,J)*ACKP2)/(V+VDEAD+VB*ACKP1) 
YHCOL7(I+1,J)=(YHCOL5(I,J)*V+1/3*YHOOL5(I+1,J) 
X*HAKP3+VDEAD*YHRS5(I+1,JT(V+VDEAD+VB*HAKP2) 
YACOL7(I+1,J)=(YACOL5(I,J *V+VB*YACOL5(I+1,J) 

X*AAKP3+VDEAD*YARS5(I+1,J))/(V+VDEAD+VB*AAKP2) 
YHRS7F+1,J)=YHCOL7(I+1,J) 
YARS7 I+1,J)=YACOL7(I+1,J) 
YHRS7(I,J)=YHCOL7(I,J) 
YARS7(I,J)=YACOL7(I,J) 
GO TO 650 

652 YHRSL6(I+1,J)=(F2*1.0+(V+VDEAD)*YHRSL5(I+1,J))/ 
X(F2+V+VDEAD) 
YARSL6(I+1,J)=(F2*1.0+(V+VDEAD)*YARSL5(I+1,J))/ 
X(F2+V+VDEAD) 
YHCOL7(I+1,J)=((V+VDEAD)*YHRSL6(I+1,J) 

X+VB*YHCOL5(I+1,J)*HCKP2)/(V+VDEAD+VB*HCKT1) 
YACOL7(I+1J)=((V+VDEAD)*YARSL6(I+1,J) 

X+VB*YACOL5(I+1,J)*ACKP2)/(V+VDEAD+VB*ACKF1) 
YHRSL7(I+1,J)=YHCOL7(I+1,J) 
YARSL7(I+1,J)=YACOL7(I+1,J) 
YERSR7(I+1,J)=(YHRSR5(I+1,J)*VDEAD+V*YHCOL5(I,J))/ 
X(V+VDEAD) 
YARSR7(I+1,J)=(YARSR5(I+1,J)*VDEAD+V*YACOL5(I,J))/ 
X(V+VDEAD) 
YHRS7(I+2,J)=(YHRS5(I+2,J)*VDEAD+V*YHCOL5(I+1,J)+ 
XF2*YHRSL6(I+1J))/(V+VDEAD+F2) 
YARS7(I+2,J)=(YARS5(I+2,J)*VDEAD+V*YACOL5(I+1,J)+ 
XF2*YARSL6(I+1,J))/(V+VDEAD+F2) 

650 CONTINUE 
L=J 
J=J+1 
WRITE(6,3333)J 

3333F0RMAT(2X,'***J=',I10) 
DO 850 I=1,M 
A=(-1)**I 
IF A)851,851,852 

851 YHRS1(I,ITHRS7(IlL)*VDEAD+V*YHCOL7(I,L))/(V+VDEAD) 
YARS1(I,J = YARS7(I,I)*VDEAD+V*YACOL7(I,L))/(V+VDEAD) 
WRITE(6,1010)YHRS1(I,J),YARS1(I,J) 
YHCOL1(I,J)=(V*YHCOL7(I+1,L)+VB*YHCOL7(I,L)*HCKP1+ 
XVDEAD*YHRS7(I+1,L))/(V+VB*HCKP2+VDEAD) 
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(Case 2 continued) 
YACOL1(I,J)=(YARS7(I+1,1)*VDEAD+V*YACOL7(I+1,1)) 
X+VB*ACKP1*YACOL7(I,L))/(V+VB*ACKP2+VDEAD) 
YhO01,1(I+1,J)=(V*YHC01,7(I+2,1,)+VB*YHC01,7(I+1,11)*HAKP2 

X+VDEAD*YHRS1,7(I+2,I))/(V+VDEAD+VB*HAKP1) 
YAO0L1(I+1,J)=(V*YAO01,7(I+2,1,)+VB*YAC01,7(I+1,1,)*AAKP2 

X+VDEAD*YARS1,7(I+2,1,))/(V+VDEAD+VB*AAKP1) 
YHRS1(I+1,J)=YHC0111(I,J) 
YARS1(I+1,J)=YACOL1(I,J) 
YHRS1,1(I+2,J =YHC01,1(I+1,J 
YARSI1 I+2,J =YACOL1(I+1,J 
YHRSR1 I+2,J =YHRSR7(I+2,I, 
YARSR1 I+2,J =YARSR7(I+2,I, 
11=1+2 
WRITE(6,2222)11 
WRITE(6,1009)YHRS111(I+2,J)IYARSIA(I+2,J), 

XYHRSR1(I+2,J),YARSR1(I+2,J) 
1009FORMAT(5MYHRS1J1=',E20.5,1 YARSL1=',E20.5,1 YHRSR1=', 

XE20.5,'YARSR1=',E20.5) 
II=II-1 
WRITE(6,2222)II 

2222FORMAT(2X'I=1 ,I10) 
WRITE(6,8)YHRS1(I+1,J),YARS1(I+1,J) 

8 FORMAT(5X,'YHRS1=',E25.5,'YARS1=',E25.5) 
GO TO 850 

852 YHCOL1(I+1,J)=(VB*YHCOL7(I+1,L)*HCKP1+ 
X(V+VDEAD)*YHRS7(I+2,1)))/(V+VB*HCKP2+VDEAD) 
YAC01,1(I+1,J)=(VB*YAC01,7(I+1,1J)*ACKP1+ 
X(V+VDEAD)*YARS7(I+2L))/(V+VB*ACKP2+VDEAD) 
YHRS1F+2,J)=YHC01,1(I+1,J) 
YARS1 I+2,J)=YAC01,1(I+1,J) 
11=1+2 
WRITE(6,2222)II 
WHITE(6,1010)YHRS1(I+2,J),YARS1(I+2,J) 

1010FORMAT(5X,IYHRS1=',E25.5,'YARS1=',E25.5) 
850 CONTINUE 

IF(J-NCYCL)15,14,14 
14 F1= F1+3.0 

F2=F2+3.0 
J=1 
IF(F1.EQ.15)G0 TO 91 
GO TO 15 

91 STOP 
END 
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COMPUTER PROGRAM(Three Column Process- Case 3) #XII.  

DIMENSION 
1YHRSL1(3,40),YHRSL2(3,40),YHRSL3(3,40),YHRS14(3,40):  
2YHRSL5(3,40),YHRSI6(3,40),YHRSL7(3,40),YHRSL8(3,40), 
3YARSL1(3,40),YARSL2(3,40),YARSL3(3,40),YARSL4(3,40), 
4YARSI6(3,40),YARSL6(3,40),YARSL7(3,40),YARSL8(3,40) 
DIMENSION 

1YHC0L1(3,40),YHCOL2(3,40),YHCOL3(3,40),YHCOL4(3,40), 
2YHCOL5(3,40),YHCOL6(3,40),YHCOL7(3,40),YHC0L8(3,40), 
3YACOL1(3,40),YACOL2(3,40),YACOL3(3,40),YACOL4(3,40), 
4YACOL5(3,40),YACOL6(3,40),YACOL7(3,40),YACOL8(3,40) 
DIMENSION 
1YHRS2(4,40),YHRS4(4,40),YHRS6(4,40),YHRS8(4,40), 
2YARS2(4,40),YARS4(4,40),YARS6(4,40),YARS8(4,40), 
3YHRS1(4,40),YHRS3(4,40),YHRS5(4,40),YHRS7(4,40), 
4YARS1(4,40),YARS3(4,40),YARS5(4,40),YARS7(4,40) 
DIMENSION 
1YHRSR1(3,40),YHRSR2(3,40),YHRSR3(3,40),YHRSR4(3,40), 
2YHRSR5(3,40),YHRSR6(3,40),YHRSRT,40),YHRSR13,40), 
3YARSR1(3,40),YARSR2(3,40),YARSR3 3,40),YARSR4 3,40), 
4YARSR5(3,40),YARSR6(3,40),YARSR7(3,40),YARSR8(3,40) 
READ(5,10)M NCYCL 

10 FORMAT(7I10) 
READ(5,20)YHAO,YAAO,YHCO,YACO,V,VDEAD,VB, 
1HAKP1,HCKP1,AAKP1,ACKP1, 
2HAKP2,HCKP2,AAKP2,ACKP2, 
3HAKP3,HCKP3,AAKP3,ACKP3 

20 FORMAT(7F10.3) 
YHRS1(1,1)=1.0 
YARS1(1,1)=1.0 
YHCOL1(1,1)=0.87 
YACOL1(1,1)=1.0 
YHRS1(2,1)=0.87 
YARS1(2,1)=1.0 
YHCOL1(2,1)=0.76 
YAC0L1(2,1)=0.81 
YHRSI3,1)=0.76 
YARSL1 3,1)=0.81 
YHRSR1 3,1)=1.0 
YARSR1(3,1)=1.0 
YHCOL1(3,1)=0.87 
YACOL1(3,1)=1.0 
YHRS1(4,1)=0.87 
YARS1(4,1)=1.0 
J=1 
F1=0.0 
F2=0.0 

15 D0250 I=1,M 
A1-1)**I 
IF A)251,251,252 

251 YHCOL3(I,J)=(VDEAD*YHRS1(I,J)+V*YHRS1(I,J)+VB*YHCOL1 
X(I,J)*HCKP2)/(VDEAD+V+VB*HCKP1) 
YACOL3(I,J)=(VDEAD*YARS1(I,J)+V*YARS1(I,J)+VB*YACOL1 
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(Case 3 continued) 
X(I,J)*A0KP2)/(VDEAD+V+VB*ACKP1) 
YHRS3(I,TYHCOL3(I,1 
YARS3(I,J =YACOI3(I,J 
YHCOL3(I+1,J)=(YHCOI1(I,J)*V+VB*YHCOL1(I+1,J)*HAKP1+ 
XVDEAD*YHRS1(I+1,J))/(V+VDEAD+VB*HAKP2) 
YACOL3(I+1,J)=(YACOL1(I,J)*V+VB*YACOL1(I+1,J)*AAKP1+ 
XVDEAD*YARS1(I+1,J))/(V+VDEAD+VB*AAKP2) 
GO TO 250 

252 YHRSR2(I+1,J)=(F1*1.0+(V+VDEAD)*YHRSR1(I+1,J))/ 
X(V+VDEAD+11) 
YARSR2(I+1,J)=(F1*1.0+(V+VDEAD)*YARSR1(I+1,J))/ 
X(V+VDEAD+F1) 
YHRS3(I,J)=YHCOL3(I,J) 
YARS3(I,J)=YAC0L3(I,J) 
YHCOL3(I+1,J)=((V+VDEAD)*YHRSR2(I+1,J)+VB*YHCOL1(I+1, 
XJ)*HCKP2)/(V+VDEAD+VB*HCKP3) 
YACOZ3(I+1,J)=((V+VDEAD)*YARSR2(I+1,J)+VB*YACOL1(I+1, 
XJ)*ACKP2)/(V+VDEAD+VB*ACKP3) 
YHRSR3(I+1,1=YHCOL3(I+1"1 
YARSR3(I+1,J =YACOL3(I+1,J 
YHRSIO(I+1,J =(YHRSI1(I+1,J)*VDEAD+V*YHCOL1(I,J))/ 
X(V+VDEAD) 
YARSL3(I+1,J)=(YARSI1(I+1,J)*VDEAD+V*YACOL1(I,J))/ 
X(V+VDEAD) 
YHRS3(I+2,J)=(YHRS1(I+2,J)*VDEAD+V*YHCOL1(I+1,J)+F1* 
XYHRSR2(I+1,J))/(V+VDEAD+F1) 
YARS3(I+2,J)=(YARS1(I+2,J)*VDEAD+V*YACOL1(I+1,J)+F1* 

XYARSR2(I+1,J))/(V+VDEAD+F1) 
250 CONTINUE 

DO 450 I=1 1 M 
A=(-1)**I 
IF(A)451,451,452 

451 YHRSR4(I+2,J)=(F2*1.0+VDEAD*YHRSR3(I+2,J)+V*YHCOL3(I+2, 
XJ))/(F2+V+VDEAD) 
YARSR4(I+2,J)=(F2*1.0+VDEAD*YARSR3(I+2,J)+V*YACOL3(I+2, 

XJ)/(F2+V+VDEAD) 
YHRS5(IJ)=(YHRS3(I,J)*VDEAD+V*YHCOL3(I,J)+F2*YHRSR4 
X(I+2,J))/(V+VDEAD+F2) 
YARS5(I,J)=(YARS3(I,J)*VDEAD+V*YACOL3(I,J)+F2*YARSR4 

X(I+2,J))/(V+VDEAD+F2) 
YHCOL5(I,J)=(V*YHCOL3 I+1,J)+VB*YHCOL3(I,J)*HCKP1 
X+VDEAD*YHRS3(I+1,J))/ V+VDEAD+VB*HCKP2) 
YACOL5(I,J)=(V*YACOL3 I+1,J)+VB*YACOL3(I,J)*ACKP1 
X+VDEAE*YARS3(I+1,J))/(V+VDEAD+VB*ACKP2) 
YHCOL5(I+1,J)=-(VB*YHCOL3(I+1 1 J)*HAKP2+ 
X(V+VD7AD)*YHRSR4(I+2,J))/(V+VB*HAKP3+VDEAD) 
YACOL5(I+1,J)=(VB*YACOL3(I+1,J)*AAKP2+ 
X(V+VDEAD)*YARSR4(I+21J))/(V+VDEAD+VB*AAKP3) 
YHRS5(I+1,J)=YHCOL5(I,J) 
YARS5(I+1,J)=YACOL5(I,J) 
YHRSR5(I+2,J)=YHC01,5(I+1,J) 
YARSR5(I+21J)=YACOL5(I+1,J) 
YHRSL5(I+2,J)=YHRS1,3(I+2,J) 
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(Case 3 continued) 
TARSL5(I+2,3)=YARSL3(I+2,J) 
GO TO 450 

452 YHCOL5(I+1,J)=((V+VDEAD)*YHRS3(I+2,J) 
X+VB*YHCOL3(I+1,J)*HCKP3)/(VBEAD+V+VB*HC122) 
YACOL5(I+1,J)=((V+VDEAD)*YARS3(I+2,J) 
X+VB*YACOL3(I+1,J)*ACKP3)/(VDEAD+V+VB*ACKP2) 
YHRS5(I+2,J)=YHCOL5(I+1,J) 
YARS5(I+2,J)=YACOL5(I+1,J) 

450 CONTINUE 
DO 650 I=1,M 
A=(-1)**I 
IF(A)651,651,652 

651 YHCOL7(I,J)=((V+VDEAD)*YIIRS5(I,J)+ 
XVB*YHCOL5(I,J)*HCKP2)/(V+VDEAD+VB*HCKP1) 
YACOL7(I,J)=((V+VBEAD)*YARS5(I,J)+ 
XVB*YACOL5(I,J)*ACKP2)/(V+VDEAD+VB*ACKP1) 
YHCOL7(I+1,J)=(YHCOL5(I,J)*V+VB*YHCOL5(I+1,J) 
X*HAKP3+VBEAD*YHRS5(I+1,J))/(V+VDEAD+VB*HAKP2) 
YACOL7(I+1,J)=(YACOL5(I,J)*V+VB*YACOL5(I+1,J) 
X*AAKP3+VDEAD*YARS5(I+1,JT(V+VBEAD+VB*AAKP2) 
YH RS7(I+1,J)=YHCOL7(I+1,J 
YARS7(I+1,J)=YACOL7(I+1,J) 
YHRS7F,J)=YHCOL7(I,9 
YARS7 I,J)=YACOL7(I,J 
GC TO 650 

652 YHCOL7(I+1 1J)=((V+VDEAD)*YHRSL5(I+1,J) 
X+VB*YHCOL5(I+1,J)*HCKP2)/(V+VDEAD+V3*HCKP1) 
YACUL7(I+1,J)=((V+VDEAD)*YARSL5(I+1,J) 
X+VB*YACOL5(I+1,J)*ACKF2)/(V+VDEAD+VB*ACKP1) 
YRRSL7(I+1,J)=YHCOL7(I+1,J) 
YARSL7(I+1,J)=YACOL7(I+1,J) 
YHRSR7(I+1,J)=(YHRSR5(I+1,J)*VDEAD+V*YHCOL5(I,J))/ 

X(Ii+VBEAD) 
YARSR7(I+1,J)=(YARSR5(I+1,J)*VBEAD+V*YACOL5(I,J))/ 
X(V+VBEAD) 
YHRS7(I+2,J)=(YHRS5(I+2,J)*VDEAD+V*YHCOL5(I+1 0 J))/ 
X(V+VDEAD) 
YARS7(I+2,J)=(YARS5(I+2,J)*VDEAD+V*YACOLS(I+1,J))/ 
X(V+VDEAD) 

650 CONTINUE 
L=J 
J=J+1 
WRITE(6,3333)J 

3333FORMAT(2X,'***J=',I10) 
DO 850 I=1 ,N 
A=(-1)**I 
IF(A)851,851,852 

851 YHRS1(I,J)=(YHRS7(I,L)*VDEAD+V*YHCOL7(I,L))/(V+VDEAD) 
YARST,J)=(YARS7(I,L)*VDEAD+V*YACOL7(I,I))/(V+VDEAD) 
WRITE 6,1010)YHR81(I,J),YARS1(I,J) 
YHCOL1(I,J)=(V*YHCOL7(I+1,L)+VB*YHCOI7(I,L)*HCKP1+ 

XVDEAD*YHR87(I+1,L))/(V+VB*HCKP2+VDEAD) 



(Case 3 continued) 

YACOL1(I,J)=(YARS7(I+1,I)*VDEAD+V*YAC0117(I+1,L) 
X+VB*ACKP1*YACOL7(I,L))/(V+VB*ACK22+VDEAD) 
YHC0L1(I+1,J)=(V*YHCOL7(1+2,1,)+VB*YHC01,7(I+1,1) 
X*HAKP2+VDEAD*YHRSL7(I+2,L))/(V+VDEAD+VB*HAKP1) 
YACOL1(I+1,J)=(V*YACOL7(I+2,1J)+VB*YACOL7(I+1,1,) 
X*AAKP2+VDEAD*YARSL7(I+2 L))/(V+VDEAD+VB*AAKP1) 
YHRS1(I+1,1=YHCOL1(1,1 
YARS1(I+1,J =YACOL1(I,J 
YHRS1I+2,1=YHCOL1(I+1,J 
YARSL1 1+2,3 =YACOL1(I+1,J 
YHRSR1 1+2,3 =YHRSR7(I+2,1, 
YARSR1(I+2,J)=YARSR7(I+2,L 
11=1+2 
WRITE(6,2222)1I 
WRITE(6,1009)YHRSL1(I+2,J),YARSL1(I+2,J), 

XYHRSR1(I+2,J),YARSR1(I+2,J) 
1009FORMAT(5X,'YHRSL1=' ,E20.5,'YARSL1=',E20.5, 

X'YHRSR1=',E20.5,'YARSR1=',E20.5) 
II=II-1 
WRITE(6,2222)II 

2222FORMAT(2X,'I=',I10) 
WRITE(6,8)YHRS1(I+1,J),YARS1(I+1,J) 

8 FORMAT(5X,'YHRS1=',E25.5,'YARS1=',E25.5) 
GO TO 850 

852 YHCOL1(I+1,J)=(VB*YHCOL7(I+1,L)*HCKP1+ 
X(V+VDEAD)*YHRS7(I+2,B))/(V+VB*HCKP2+VDEAD) 
YACOL1(I+1,J)=(VB*YACOL7(I+1,L)*ACKP1+ 
X(V+VDEAD)*YARS7(1+2 L))/(V+VB*ACKP2+VDEAD) 
YHRS1(I+2,J)=YHCOLT+1,3) 
YARS1(I+2,J)=YACOL1 1+1,J) 
11=1+2 
WRITE(6,2222)1I 
WRITE(6,1010)YHRS1(I+2,J),YARS1(I+2,J) 

1010FORMAT(5X,'YHRS1=',E25.5,'YARS1=',E25.5) 
850 CONTINUE 

IF(J-NCYCL)15,14,14 
14 F1=F1+3.0 

F2=F2+3.0 
J=1 
IF(F1.EQ.15)G0 TO 91 
GO TO 15 

91 STOP 
END 

135 



APPENDIX 4 

A TYPICAL EXAMP1,7 OF THE COMPUTER  

PROGRAMS' PRINTOUT OF RESULTS  

4O-COI:UM•1 PROCTSS  

CASE -7 RESULTS 

F1=Y2.0.0 

136 
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SENTRY 
YHRS9= 
YHRS7= 

0.11060E 01YARS5= 
0,8954?F 00yAR57= 

0.94062F 00! 
0.12357E 01.:  

***J= 2 
I= 1 

YHRS1= 0.1166SF 0LYA.1jSI= 0,76594E OQ 
1= 2 

YHPSt1= 0.73169E 00YARSL1= 0.891405F 00YHRSR1= 0.10010E 01YARSR1= 0.95409E 00 

i= 2 
DIA= 0.7701.2E_QQ/ACaLtr„ 0.11640E,01 

I= 3 
YHRS1= 0.77912E 00Y4RS1= 0.11640E 01 
Yti9s5= .01.Y_AR.S5= 0.70500E 
YHRS7= 0.82250E 00yAq37= 0.13642E 01 

***,1= 3 
T= 1 

YHRS1= 0.12751E 01yARS1= 0.69876E 00. 
i= 2 

taRS1 1= 0../1115E_aQtARSL1= 0.0.YHRSPI= .0..10007E. 01YA.RS.R1= Q 89.7.53E 
I=  

YHCOL1= 0.71949E 00YAC011= 0.12701E 01 
Tx 

YHRS1= 0.71945E 00YARS1= 0.12741E 01 
YHRS5= 0.14086E 01YARS5= 0,72902F 00. 
ymas7= 0.7744AF juLyARs7= 0.1445/f CIL 

***j= 
I= 1 

ympsi= n_11457F ILyARsi= aw.6.0582E 0A_ 

YHRS11= 0.70363E 00YARSL1= 0.87270F 00YHRSRI= 0.10000E 01YARSR1= 0.85890F 00 . 

I= 2 
YHCOL1= 0.68030E 00YACOL1= - 0.13489F01 

I= 3 
YHR$1= 001,Afis1= .0,A8n3nf 0..13489E OL 
YHRS5= 0.14635E 01YARS5= 0,68922F 00 
YHRS7= 

ititAt= s 
0.74283E 00YARS7= 0.14936' 01 

I= 1 
YH0s1= 0.13020E 01YARS1= 0.57834F 00 

I= 
YHRSL1= 0.69690E 00YARSL1= 0.87218E 00YHRSR1= 0.99918E 00YARSR1= 0.83601E 00 

I= 2 
ywroo= 0_65A60E 00 YACOLt= 0,11891EOl___ 

I= 3 
YHRS1= 0.65460E 00YARS1= 0.13801E 01 
vH9ss= 0.111995E OtYAPSS= 0.6701 6E 00  
YHRS7= 0.72198E 00YARS7= 0.15209E 01 

6 

YHRS1= 0.14224E 01YARS1= 0.56363F 00 
I= 2 



0.81601E 00 0.099776E 00YARSk1= 0,87064F 00YHRSP1= 

0.14244E 01 

I= 1 
Y_HILS1=_  

I= 2 
YHRS11= 0.68993E 00YARSL1= 

Lm_ 2-- 
YHC011= 0.62657E 00YACCL1= 

0.62657F 00YAkS1= 0,14244E 01 
0,„153 9E OIYARSa= Ra6.9405f 00 
0.69916E 00yAR57= 0.15450F 01 

. 1= 
YHRS1= 
YHP6= 
YHRS7= 

***J= 

YHRS1= 0.1456E OIYAkS1= 

0.14315E 01 
0.65086E 00 
0,I5499F 01  

0.61924E 00YARS1= 
0.15493E 0IYARS5= 
0,,9316E  00YARS7= 

YHRS1= 
YHRS5= 
YHRS7= 

***J= 9 
1 I= 

YHRS1= 0,54871E 00 0,14643E 01YARS1= 

0.80996F 00 
I= 2 

YHRSLI= 
I=  

0.86984F 00YHRSPI= 0.99689t. 00YARSR1= 0.68707E 00YARSL1= 

10 

YHcoLt= 

I= 3 
YHRS1= 
YHRS5= 
YHRS7= 

***J= 

0.14355F 01 

0,14355F 01  
0.64906E 00 

0.15527E 01 

0.61440E 00YAC01.1= 

0.61440E 00YARSI= 
0.15561E 01YARS5= 
0.68920E 00YARS7= 

0.14700E 01YARS1= 0.54733F 00 YHRS1= 
I= 2 

0.61120E 00YACOLI= 

0.80877F 00 YHPSL1= 
I= 2 

YHCOL1= 

0.99662E 00yARSRI= 0.68634E 00YARSL1= 0.86965F 00YHRSR1= 

0.14377E 01 
3 I= 

YHRS1= 
YHRS5= 

0.14377E 01 
0.64805E 00 

0.61120E 00YARS1= 
0.15607E OIYARS5= 

0.15542E 01 0.68657E 00YARS7= YHRS7= 
***J= 11 

YHRSL  
I= 2 

YHCOLI= 
 3 

YHRS1= 
YHRS5= 
tHRS.L.m__  

***,1= 7 

0....6-9245F.-- OILY  ARSL 1 '1: 0O.Y_HR . 0 9.984.0.f- ..011Y R.SR 

0.61770E 00YACOL1= 

(1.63710E 00yAR31= 
0.15233E 01YARS5= 

_0..0Y R  

I= 
 ytigaus 0_,A8819F 00yAkaLt= 

I= 2 
YHCOL1= 0,61924E 00YACOL1= 

I= 3  

0.55117E 00 

0„!47016F 00YHPSR1.= 0_„9972.6E 001ARSRI= 0,01_00F  00 

0.14315F 01 
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0.14117F 01 

0.14117F 01 
0.65978E 00 



YHPs7= 
***1= 
I= 

VH4S1= 
I= 

YH9SL1= 
1= 

YH.COL1= 
L=  

YHRs1= 
YHPs5= 
yH4s7=  

***J= 
I= 

 YIiRS1= 
I= 

YHRSL1= 
I= 

YHCOL1= 
= 

thE0S1= 
YHRS5=. 
YHPS7= 

***17.1 

I= 
YHRS1= 

I=  

1 

01 

0,4964 00YARSRI= 0,80812E 00 
2 

0.14739E 01YARS1= 

0,68587E 00yAR5L1= 

0.54655E 0U 

0, 69c3E 00yHRSP1=  8 

0.143A9F 

0.14389F 01 
0.64748F 00 

0 0,1s5S1F 1  

0.6090sE 00YACOL1= 

0.60908E 00yARS1= 
0.15637F 01YARS5= 
0,68483F 00YAqS7= 

12 
1 

0,14764E 1)1yA1411= (1.54611F 00 
2 

0.68556E 00YARSL1= 0.86946E 00YHPSP1= 0.99629E 00YARSR1= 0.80775E 00 

0.60768E 00YACoL1= 0.14347F 01 
3 

0 607681 00y4PS17. 0.14347F 01 
0.15656E 01YAqS5= 0.64716E 00 

0.68368E 00YAPS7= 
13 

 0.15556E 01 

0.14780E 01YAPS1= 0.545S6F 00 
2 

0,,,J,8936E 00YAR8111.L. 0.869.41F 0 0 YHRSRI=  00960K_AMA1 SR141___ 

0.60676E 00YAC011: 0.14401E 01. 
3 

0.60676E 00yARs1= 0.14401E 01  
0.15670E OIYARS5= 0.64647F 00 
0 -68P cLIE P. 1 

14 
1 

(1.54574E Ou 
2 

0.68522E 00YARSL1= 0,A6438F 00YHRSR1= 0.99613E 00YARSR1= 0.80743F 00 
2 

0.60614E 00YACOL1= 0.14403F 01 
3 

0_60614F 0avARSt= 11.11003E ill 
0.15678E 01YARS5= 0.646g7E 00 
0.68240E 00YARs7= 0.14560F 01 

16 

0.14799E 01YARS1= 0.54564F 00 
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yHRst= 
I= 

YHRSL1=  

I . I=  
YHC011= 

yHRS5= 
VH4s7= 

***J= 
I= 

VI-14S1=  
I= 

YHRSL1= 
LS  

VHCOL1= 

yHust= 
YHPS5= 

YHRSL1= 0.68513E 00YARSL1= 0.86937E 00yHRSP1= 0,99608E 00YAR8R1= 0.80736E 00 

12 2 
YHC11117. 0.60573E 00YAN1L1= AL.1.4401E 01_  

I=. 3 
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YHRS1= 
YHR.S9= 

16 
1 

0.609/3E 00YA1451= 
2.156a4E .01.Y.ARS5= 
0.68P07E 00YARS7= 

0.14404F 01. 

YHRS7= 
***Jr. 
IA 

0.1q‘)61F 01 

yHPsi= 0.1,004E 01YARS1= 0.54559E 00 
I= .P 

OGYHPSR1= . 996.Q5f__OM _0..8.11732E_ 0 
i= 2 

Y116311= 0.60546E 00YACCIL1= 0.14405F 01 
L=  3_ 

YHRs1= 0.6.0946E 00Y41-(51= 0.14405F 01 
YHRS9= 0.15688E 01YARS5= 0.64677F 00 

0.15561E 01. 
***J= 17 
I= 1 

Y NRS1.= n -118AL7-E_ 0.1.1 A R51 = 0.54557E 00..  

YHRSL1= 0.04903F onyApisLi= 0.p1 6(415F 00YHRSR1= 0.99603E 00YARSRt= 0.80730E 00 
L= a_ 

yHcnt_i= 0.60928E ooyAcnil= 0.14405E 01 
I= 

0..14.405E. 01 
yHRs9= 0.150040E OIYAQS5= 0.64675E 00 
YHRS7= 0.6B1b9E 00y4S7= 0.15562F 01 

I= 

0,54555E 00 yHRS1= 0.148091 OIYARS1= 
I= 

YHRSL1= n.68solE onYARsi_l= o 86935F 00YHRsRl= 0.296.11E DAYARS.R.1= ,I.11072.9E.A.S) 
i= 2 

YHCOL1= 0.60516E 00YACOL1= 0.14405E 01 
I= 3 

YHRS1= 0.60916E 00YAkS1= 0.14405F 01 
YHRS5= 0.1969PE OIYARS5= 0.64674F 00 
YHRS7= 0.6815QE_00YARS7= 0.19562E 01 

***J= 19 
I= 1 

YHRS1= 0.14810E 0jyAR51= 0,54594E 00 
i= 

YHRs1.1= 0.68499E 00YARSL1= 0.P6q14F 00YHRSR1= 0.99600E 00YARsR1= 0.80728E 00 
I= 

YHCOL1= 0.60508E 00YAC111.1= 0.1440SE 01 
I= 3 

YHRS1= 0 6090AE 00YARI1F 0,14405F 01 
YHRS5= 0.15693E 01YARS5= 0.64673E 00 
YHRS7= 0.68153E 00YARS7= 0.19562F 01 

***J= PO 
I= 1 

YHRS1= 0.14811E 01YARS1= 0.54554E 00 
I= 

YHRSL1= 0.68498E 00YARSL1= 0.86934E 00yHRSR1= 0.99600E 00YARSR1= _0180728E n0, 
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YHC(11. I 0.60503E 00YACOL1= 0,14406F_01 

0.14406E 01 
0.6447ZEAKI 
0.1s562F 01 

YHRS1= 0.60503E 00YARS1= 
 YHRS5= 0,15694E OLYARS5= 
YHPs7= (1.68148E 00YARs7= 

***J= 21 

yHPS1= 0.14812E OIYARS1= 0.54553F 00 
I= 2 

yH951.1= 0,68497E 00YARSL1= 0,86934F 00YHPSP1= 
I= 

0,80727E 00 0.99599E 00yARSR1= 

YHCOL1= 0.14406F 01 0.60449F 00YACnL1= 
3 I= 

YHP8I= 
YHRS5= 
yHpa!= 

...T: 22 
I= 

0.60499E 00yAPs1= 0.14406F 01 
0.15644E 01YARS5= 0.64672E 00 
0,68145E_OOYARS7= 

0.80727F 00 0.99598E 00YAPSp1= 

2 I= 
YHCOL1= 0 . 1 4406E 01 0.60105E 00YACOL1= 

3 T= 

24 
1 

0.54551E_ 
2 

2 
0.86933E 00YHPSP1= 0.80726E 00 

YHRS1= 
YHRS5= 

 yHRs7=  
***j= 
I= 

YHRS1=  
I= 

YHPSL1= 
T= 

0.14406E 01 
0.64672E 00 
0.155_62.E 21  

0.904508E 00YARSR1= 

0.60495E 00YARS1= 
0.15695E 01YARS5= 
1.12.8.1121_11.0.YAR97= 

2.1183E  ILIA S  

0.68499E 00YARSL1= 

rHcaLl= 0.14406F 01 0.60444E 00YACOL1= 
3 I= 

0,60444E 00YARs1: YHPSI= 
0.64671E 00 
0.15562E 41 

0.15695E 01YARS5= 
0.68141E 00YARS7= 

YHRS5= 
YHRS7= 

***J=  25 

I 

V HP~t. = 
2 

YHPS1.1= 
I= 

YHCOL1= 
I= 

YHPS1= 
YHPS5= 
YHR$7= 

***J= 2:3 
I= 1 

YHRS1= 
_L=  

YHPSL1= 

14812E 01YtO?512.= 

0.,60497F 00Y49S1= 
0.15695F 01yARss= 
0.68143E 00YAPS7= 

0.14812E OIYAPS1= 

0.68496E 00YAPSL1= 

0,5455F .00 

0.14406F 0' 
0.64672E 00 
0,15562E 01 

0.54553F 00 

O.FA933E 00YHRSR1= O.R9598E °OYARSR1= 0.80727E 00 

1 
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0.68496E 00YARSL1= 0.86934F 00YHPSPIr. 

0.60447E 00YACOL1= 0.:14406F 01 



YHRSI= 
I= 

0.14813E 01YARS1= 0.54552F 00 

YHRSL1= 0.68495E 00YARSLI= 0.86933E 00YHRSR1= • 0.99598E 00YARSR1= 0,80726E 

I= 2 
MID L4 E_01 

I= 3 
0.60493E 00YARS1= 0,14405E 01 

yHRSS= 00. 5695E. 01Y AR55= O~h467 LE 31.0. 
YHRs7= 0.68140E 00YARS7= 0.15562F 01 

***J= ?6 
I= 

YHRSI= 0.14813E OIYAPSI= 0.54552F 00 

1= 2 
Y HES,  1 = n o O_Y_AR.S.L.L= .6849cy 0.86933E 0.0YEIRSR1= 0.99597E 00_1(fiR5Ji1= 0.8026 

I= 2 
wou= 0.60493E oovticniim 004405E 01 

I= 
YHRSI= 0.60493E 00YARS1= 0.14405F.01 
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YHRs7: 0,68140F 00YARS7= 14155.6.2.E 

***J= 27 
I= 1 

0.14813F 01YARS1= 11...54552E_OA 

I= 2 
YHPSt 1= 0.66495E 00YARSLI= 0.86933F 00YHRSR1= 0.99597E 00YARSR1= 0.80726F 

4-= 
YHCOLI= 0.60492E 00YACOL1= 0.14405F 01 

I= 3 
vHps1; 00vois1r. _ft...60492F .0.14405F 01 
YHRs5= 0.15699E 01YARS5= 0.64671E 00 

yHRS7= 0.68139E 00YAfiS7r 0.I 5562F 01 
***J: 
I= 

YHRSI= 
1= 

 
0.14813E 0IYARS1= 0.50592F 00 

YHRSL1= p.68a90 00YARSL1= 00YARSR1= 0.80726E 0.);6q33F 00YHRSF1= 0.99597E 

1= 2 
n_6.0492E 00YArCIL4= 0.14405c al ywC(111= 

I= 

YHRSI= 0.60492F 00YAPS1= 0.14405F 01 

YHRS9= 005695E 01YARS5: 0.64671F 00 
 YHRS7= 0.614 139r 00YAP57= 0,1s562F 01 

***J= 29 
I= 1 

YHRS1= 0.14aj3E01YARS1= 0.511552F 00 

I= 
YHRSLI= n.6M494C 00YAN9L1= 0.A6912F n0YHRsRl= n„qq97E 00YARSR1= 0,80726E 

? 
YHCOL1= 0.60492E 00YACOL1= • 0.14405F 01 

I= 3 
YHRS1= 0.60492E 00YARS1= • 0.,14405E 01 
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YHRS5= 
YHR$7= 

***J= 30 

0,1969SE 01YARS9= 
0.68139E 00YARS7= 

0.64671E 00 
0.15568F 01 

I= 
• YHRS1= 0.14813F 01YAR51= 0.54552E 00 
I=* 2 

YHPstl= 0.68494k 00YARSL1= 0.86932E 00YHRsRl= 0.99597E 00YARSR1= 0.807?6F 00 

I= . • 2 
yHCOL1= 0,69491E.00YACOL1= 0,14405F 01 

I= 3 
YHRS1= 0.60491E 00YARS1= 0.14405E 01 
yHRS9= 0.15695E. 01YAR$5= 0.64671F 00. 
yH457= 0.68139E 00YAPs7= 0.15562E 01 

***j= 31 
_I= 

YHRS1= 0.14813E 01YARS1= 0.54552E 00 

I= 2 
YHRSL1= 0.68494E 00YARSL1= 0.86932E 00YHRSR1= 0.449596E 00YARSR1= 0.80725E 00 

I= 
YHCOL1= 0.60491F 00YACOL1= 0.14405E 01 

3 
YHRS1= 0.60991E 00YARS1= 0.144n9E 01 

YliPs5= 0.15695F OlyAR$5= 0.64671E 00 
yHRs7= 0...68138E 00yAQ$7= 0.15562E 01. 

***j= 32 
I= -  1 

YHRS1= n.14813t O1yAkS1= 0.59552F 00 
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YHRSL1= 0.68490E 00YARSL1= 0.86912E 00YHRSR1= 0.99596E 00YARSR1= 0,80725E 00 
I= 2 

YHCOL1= 0.60491E 00YACOL1= 0.14405F 01 
I= 3 
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YHRS5= 0.15695E 01YARS5= 0.64670F 00 
YHP$7= 0.68131E 00yAR$7= 0.15562E 01 

***J= _11_ 
I= 1 

YHRS1= 0.10813E 01YARS1= 0.54551F 00 
I= 2 

YHRSL1= 0.68494E 00YARSL1= 0.86932E 00YHRSR1= 0.99596E 00YARSR1= 0,80725E 00 
I= 2 

YHCNL1= 0.60491E 00YACOL1= 0.14405E 0j_ 
I= 3 

YHRS1= 0.60491E 00YARS1= 0.194051! 01 
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YHRS7= 0.68138E 00YARS7= 0,15562E 01 

***j= 34 
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I= 
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YHRS1= 0.60 4 90E 00YARS1= 0.14405E 01 
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NOMENCLATURE 

A = The protein component, Albumin. 

AAKP1 = The anionic equilibrium separation factor 

for albumin at a pH level of P1. 

AAKP2 = The anionic equilibrium separation factor 

for albumin at a pH level of P2. 

= The anionic equilibrium separation factor 

for albumin at a pH level of P3. 

ACKP1 = The cationic equilibrium separation factor 

for albumin at a pH level of P1. 

ACKP2 = The cationic equilibrium separation factor 

for albumin at a pH level of P2. 

ACKP3 = The cationic equilibrium separation factor 

for albumin at a pH level of P3. 

BR = The bottom reservoir. 

BS = The x-y point on the k equilibrium line 
131 

which marks the steady state concentration 

of the bottom reservoir after many cycles 

have elapsed. 

B1 = The x-y point on the k equilibrium line 
B2 p1 
B3 which represents the concentration of the 

bottom reservoir during each cycle.(S1toS3) 

B = The dead volume of the liquid phase, cm3. 

F1 = The first feed stream in a continuous 

separation process. 

AAKP3 
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F2 = The second feed stream in a continuous 

separation process. 

H = The protein component, Hemoglobin. 

HAKP1 = The anionic equilibrium separation factor 

for hemoglobin at a pH level of P1. 

HAKP2 = The anionic equilibrium separation factor 

for hemoglobin at a pH level of P2. 

HAKP3 = The anionic equilibrium separation factor 

for hemoglobin at a pH level of P3. 

HCKP1 = The cationic equilibrium separation factor 

for hemoglobin at a pH level of P1. 

HCKP2 = The cationic equilibrium separation factor 

for hemoglobin at a pH level of P2. 

HCKP3 = The cationic equilibrium separation factor 

for hemoglobin at a pH level of P3. 

= The isoelectric point. 

IA = The isoelectric point of Albumin. 

IH 
The isoelectric point of Hemoglobin. 

J = The variable in the computer programs 

representing which cycle it is performing. 

k = The equilibrium separation factor. 

p1 
= The anionic equilibrium separation factor 

at a pH level of P1. 

The anionic equilibrium separation factor 

at a pH level of P2. 
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k+ = The anionic equilibrium separation factor at 
P3 

a pH level of P3. 

k = The cationic equilibrium separation factor at 
P1 

a pH level of P1. 

k = The cationic equilibrium separation factor at 
P2 

a pH level of P2. 

k = The cationic equilibrium separation factor at 
P3 

a pH level of P3. 

= The constant used for DoLoop calculations. 

n = The number of cycles. (In the Figures) 

NCYCL = The number of cycles. (In the Computer Pro-

grams.) 

P1-p1 = The high pH level (pH=8.0). 

P2=P2 = The middle pH level (pH=6.0). 

P3=p3 
The low pH level (pH=4.0). 

pH = pH= -log(H30+). Acidic solutions have a pH 

less than 7, and basic solutions have a pH 

above 7. (6:272) 

Protein = Hemoglobin. 
A 

Protein = Albumin. 

Q = The reservoir displacement rate.(cm3/sec) 

R = A cationic ion exchange column. 

R
+ = An anionic ion exchange column. 

R1 = The top reservoir. 

R3 = The bottom reservoir. (Two-column process) 
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R12 

RR 2 

t 

V7s. 

Vp  

VDEAD 

x=X 

= The left middle reservoir. (Two-column 

process) 

= The right middle reservoir. (Two-column 

process) 

= Stages 1 through 4, respectively. 

= The x-y point on the k-  equilibrium line 
2 

which represents the concentration of the 

top reservoir during each cycle.(S1 to S3) 

= The amount of time allotted for stage i to 

take place, where i is I through VIII. 

= The top reservoir. 

= The x-y point on the k equilibrium line 
P2 

which marks the steady state concentration 

of the top reservoir after many cycles 

have elapsed. 

= The volume of the fluid phase, cm3. 

= The volume of the ion exchanger in the 

column, cm3. 

= The volume of an ion exchanger in the 

column, cm3. (Same as 7) 

= The bottom reservoir's dead volume, cm3. 

= The dead volume of the liquid phase, cm3. 

(Same as D) 

= The top reservoir's dead volume, cm3. 

= The concentration of a protein in the 

solid phase. 

S1 to S4 

T1 to T3 

TR 

TS 
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xB2 
= The concentration of a given protein in the 

XB3 solid phase for the one-column process (Fig-

ure III)- Stage 4, Cycles 1 and 2,respective-

ly. 

XCI 
= The concentration of Protein A in the one-

column process (Figure II)- Stage I (Column). 

XCII 
= The concentration of Protein A in the column 

of the one-column process (Figure II)-StageII. 

XCIII 
= The concentration of Protein A in the column 

of the one-column process (Figure II)-Stage 

III. 

XCIV 
= The concentration of Protein A in the column 

of the one-column process (Figure II)- Stage 

IV. 

XACOLK(I,J)= The concentration of Albumin in the solid 

phase of column I, stage K, cycle J. 

XHCOLK(I,J)= The concentration of Hemoglobin in the solid 

phase of column I, stage K, cycle J. 

xo = The concentration of a protein in the solid 

phase, initially. 

xT1 
= The concentration of a given protein in the 

xT2 solid phase for the one-column case (Figure 

III)- Stages 2 and 3, Cycled and 2. (xTi-

Cycle 1, xT2- Cycle 2). 

= The concentration of a given protein in the 

solid phase if the process were continued an 

infinite number of cycles. 



y=Y 

YB1 

YB2 

Y-R3 

YBRIII 

YBRIV 

YAAO 
YACC 
YHAO 
YHCO 
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= The concentration of a protein in the fluid 

phase. 

= The concentration of a given protein in the 

fluid phase for the one-column case (Figure 

III)- First Cycle- (Bottom Reservoir- Stage 

1 and 2, Column- Stage 3). 

= The concentration of a given protein in the 

fluid phase for the one-column case (Figure 

III)- First Cycle-(Column-Stage 4), Second 

Cycle-(Bottom Reservoir-Stage 1 and 2, 

Column- Stage 3) 

= The concentration of a given protein in the 

fluid phase for the one-column case (Figure 

III)- SecondCycle-(Column-Stage 4), Third 

Cycle-(Bottom Reservoir- Stage 1 and 2, 

Column- Stage 3) 

= The concentration of Protein A in the one- 
Bottom 

column case (Figurell)- Stage III.(Reservoi4 

= The concentration of Protein A in the one- 

column case (Figure It- Stage IV,(Bottom 

Reservoir ). 

Not used in the computer programs. 

YACOLK(I,J) = The concentration of Albumin in the liquid 

phase of column I, stage K, cycle J. 

YHCOLK(I,J) = The concentration of Hemoglobin in the liquid 

phase of column I, stage K, cycle J. 



3rT1 

1r 
T2 

153 

YARSK(I,J) = The concentration of Albumin in the liquid 

phase of reservoir I, stage K, cycle J. 

YHRSK(I,J) = The concentration of Hemoglobin in the liquid 

phase of reservoir I, stage K, cycle J. 

YARSLK(I,J) = The concentration of Albumin in the liquid 

phase of the left reservoir I, stage K, 

cycle J. 

YHRSIK(I,J) = The concentration of Hemoglobin in the 

liquid phase of the left reservoir I, stage 

K, cycle J. 

YARSRK(I,J) = The concentration of Albumin in the 

liquid phase of the right reservoir I, 

stage K, cycle J. 

YHRSRF(I,J) = The concentration of Hemoglobin in the 

liquid phase of the right reservoir I, 

stage K, cycle J. 

o = The concentration of a given protein ini-

tially in the fluid phase. 

= The concentration of a given protein in the 

fluid phase for the one-column case (Figure 

III)- Cycle I- (Column- Stage 2, Top 

Reservoir- Stages 3 and 4), Second Cycle-

(Column -Stage 1). 

= The concentration of a given protein in the 

fluid phase for the one-column case (Figure 

III)-Second Cycle-(Column-Stage 2, Top 

Reservoir-Stages 3 and 4),Third Cycle-ColTS1 
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YTRI 
= The concentration of Protein A in the one-

column process (Figure II)- 'Stage I, (Top 

Reservoir). 

YTRII 
= The concentration of Protein A in the one-

column process (Figure II)- Stage II, (Top 

Reservoir). 

SYMBOLS 

= anion. 

- = cation. 

x= The separation factor. 

* = The multiplication sign. (After the title of a table 

or figure, this sign refers to an explanatory note at 

the bottom of the page.) 
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