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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 PR Distribution

Roberta Rosty, Master of Science, 1981

Thesis directed by: Dr. H, T. Chen
Assistant Chairman, Chemical

Engineering Department

P 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 ana 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
twe 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 ant¢ examines some modifications of two speci-
fic systems in order to find the more effective conditions

for separation.



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:%20) This separation requires an energy source

such as:
1. EFElectrical
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 (P,), 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 (P4), 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. ZEach 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 P¢. Q is the reservoir dis-
placement rate (cc/sec) and tI is the time elapsed after
the first stage has ended. Therefore, QtI is the void
volume of the column, V. VT 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 volwume 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) fTransfer 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 P,: The new fluid in



3)

the column is circulated through it for a time,

t.-, Which is long enough for a phase equilibrium to

IT
be established at PQ. A new concentration of x and y
is then established in the column, whose values can be

found by performing a mass balance.

Where:

v = The volume of ion exchanger in the column,

YprT = The concentration of A in the top reservoir
(Stage I).

YrRIT™ The concentration of A in the top reservoir
(Stage II).

Xo; = The concentrationaf A in the column (Stage I).

Xopp = The concentration of A in the column (Stage
11).

V,, and V were already defined. X refers to solid

T
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.

Transfer up: The solution in the bottom reservoir of

Stage II is transferred up to the column, whereas the



solution in the column is transferred up to the top

reservoir.

4) Circulation and Equilibration at P,:

The column pH

changes back to P1 after the equilibration process,

vhere solution is circulated through the column for a

time, tIV' Time, tIV’ is assumed to be enough time to

reach equilibration.

The following mass balance relationship applies:

(VB+V)YBRIII+VXCIII =(VB+V)yBRIV+VXCIV e s o e @ 0(2)

of A in the bottom reservoir

Where:
yBRIII=The concentration
(Stage III).
YRRIV =The concentration of A in
(Stage IV).
Xo11T =The concentration of A in
Xn1y =The concentration of A in
V_ was already defined.(3:4-12)

B

"There are 4 basic requirements for

pumping process and they are:

the

the
the

1. A two-phase system is required,

bottom reservoir

column (Stage III)
column (Stage IV).

a parametric

2, There must be an equilibrium distridbution 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



or more of the intensive thermodynamic wvariables 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 so0lid phase and the mixture to be
separated is a liquid,
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, y,
by the following eguation:

X=KY o o o o o o o o s o o o o o o o (3)
where k is a function of pH and ionic strength.
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.
The mass flux of a separation component (Protein A)
between the solid ana 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)



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 s0lid 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.O and P2=6.O. Therefore,

I <I < P e o 8 & s 2 & *» e e 0(4)

1

Where:

The isoelectric point of Albumin, and

L]
i

The isoelectric point of Hemoglobin,.

i
i}

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



Chapter 1

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 accumnulate 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.

Pigure 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:
XK=KY o o o o o o o o o o o o o(5)

where k is a function of pH and ionic strength.



2)

10

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 IITI,

Some of the nomenclature in this figure has already been

used and their definitions can be found in the nonen-

clature appendix, The new symbols in Figure III repre-

sent the following:

ER-

LS-

Bl=-
B2
B3

o g
Fowd U

oy
R N

33
AN QN

L

The bottom reservoir.

The x-y point on the X_ equilibrium line which marks
1
the steady stage concentration of the bottom reservoir

after many cycles have elapsed.

The -y point on the k; equilibrium line which repre-
1
sents the concentration of the bhtotton reservoir during

s
7

each cyecle, (31 to 57

btages 1-4, respectively.

oint on the k; equilibrium line which
2
s the concentration of the top reservoir

during each cycle. (31 to 33%)

The top reservoir,

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.



X

1"

The concentration of a given protein in the solid
phase for the one-column process (Figure III)- Stagé
4, Cycles 1 and 2, respectively. Also, xB2eST,Cycle2.
The concentration of a given protein in the solid
phase initially.

The concentration of a given protein in the solid
phase for the one-column case (Figure III). Xipq=
Stages 2 ana 3, Cycle T,XTQ— 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-(Fotton reservoir-stage 1 and 2,Column-3tage 3).
The concentration of a given protein in the fluid

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

h

QO

Y3

ycle-(Column-3taze 4), Seconé 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-(Rottom reservoi:
-stage 1 and 2, column stage %).

The concentration of a given protein in the fluild
phase initielly.

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).

Imo= 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

4 of the particular column or reservoir teing referred to,

SN

The graphical determination of TS and BS will now
follow,

Refer to Figure III. The slope at a pH level of P1
is kp1(kzx/y from equation 5) and the slope at a pH level

of ¥, is k_ . The two lines with slopes equal to k and
2 P Py

kp? are drawn originating at zero. They represent
eqﬁilibrium values of x and y at the two pH levels,

The initial concentration in the column is marked
by the point 0. The first and second cycles are graphed

hy stages as follow:

STACH 1= After the transfer of the liguid in the top
reservolr to the column, and the liquia in the
column to the bottom reservoir- the Yr1 variable

is equal to y_(8), and B1 is equal to point O.
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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 colﬁmn and the liquid phase
is reached, Point T1 on the graph. T1 is located
on the k;2 equilibrium line since the pH of the
column has now changed., An equilibrium balance
and material balance between stages 1 and 2 is
given below.
(V+VDEAD)*yO+XO*VB=(V+VDEAD)*yT1+VB*XT1. .« (6)
Or,

XT1—XO = ~(V+VDEAD) - L ] L - L] - L . . L - - (7)

1170 &

¥ =K * o s XT,‘:}{; * yT1 e s & & » e 0(8)

) ke v
C £ 6] )

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

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

the two points o1 ¥y ana. YpqsXmq e Equation 8
shows that these two points are located on the

k_ and k_ equilibrium lines, VWith this
Py Po

information the point T1 can be located on the



STAGE 3-

STAGE 4-
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k; equilibrium line, which is the intersection

2
of X1 and Iopqe

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,
After circulation and equilibration the following

material and equilibrium equations result:

(V+VDEAD) *yg 4 +VB* Xy =(V4VDEAD) ¥y o+ VB*Xpse o .(9)

Or,

Xp=¥pp _ (WVDRAD) L L L. L(10)
Y51 Ym2 VE

And,

Equation 10 shows the slope between the two points

Xpqs¥yq @0nd Xpos¥p, is equal to -(V+VDEAD)/VB. With

this information and the knowledge that the Xp51Ypo point

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

1

11), point B2 is graphically determined.

Cycle 2=
STAGE 1-

STAGYH 2=

The liguid 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,

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



STAGE 3=

STAGE

L
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is reached, Point T2 on the graph. T2 is

located on the k;2 equilibrium line since the

pH of the column has now changed. An equilibrium
and material balance between stages 1 and 2 is
given below:

(V+VDEAD) ¥y +VB*x, 5= (V+VDEAD) ¥y o+ VE*Xnpe o (12)

Cr,

XT2 ”XBZ - -(V+VDEAD)‘ . e L] . . . ¢ » L 0(13)

Ypp =Yg VB

XTz::kPZ* yTz L] L * . L 4 L] . L - . * [ ] * ® L d * ( 1 4)

Equation 13 shows the slope between the two
points X091 ana KTZ’yTQ‘iS equal to
-(V+VDEAD)/VR., With this information and the
knowledge that the Xpp, Ipo point (or T2) is
located on the k;Zequilibrium line (Equation 14),
point T2 is graphically determined.

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,

After circulation and equilibration the following

material and equilibrium equations result:

(V+VDEAD)*yB2+VB*xT2=(V+VDEAD)*yBB+VB*xBB. . (15)
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Or,

XB3-XT2 = —(V+VDEAD) e & o & o e o e e+ s o s ..(16)
YB37YB2 e

And,

B3

Equation 16 shows the slope between the two points

= R ¥* ® & ® o 8 e o e & ® & e o
X. kp1 yB3 e« o o (17)

Xp1¥pp @nd Xpz,¥pz is equal to -(V+VDEAD)/VB. With

this information anda the knowledge that the Xp313p3

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

(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;Q and k;1
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."
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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.
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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.
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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 eguilibration 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 wvolume
3

in the column, cm”.
D= The dead volume or volume of fluid left in the

reservoir after the downflow process has taken

3

place, cm”.
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,
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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 so0lid and V is the volume of the lig-
uid.

S0 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)

YHCOLB(I,J)ég(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) « & o o o « & « « (19)
where 1 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 D in Figures 32 and 40. Both refer to

the dead volume of the reservoir.jy
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Therefore, the mass in the top reservoir=
Volume (cms) * 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 * YHCOL1(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
PpPo= " " "
or
P3= 1] 1
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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%) 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,

t This time is assumed to be sufficient for the two

II*

ligquid 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) v « o o o « o « o(23)

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

is VDEAD, So:
To Concentration ¥ Volume = Mass
Reservoir

%%%umn

Liquid phase:
Solid phase :

Liguid+

Solid phase :

YHRS3(I,J) ¥ VDEAD or,

YHCOL3(I,J)  * VDEAD Mass .+ « o .(24)

Concentration ¥ Volume = Mass

YHCOL3(I,J) * V = Mass . . . .(25)
XHCOL3(1I,J) * VB or since x=ky,
HAXP2*YHCOL3(I,J)*¥VB = Mass . . « .(26)

V*YHCOL3(I,J)+VB*HAKP2*¥YHCOL3(1I,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:

(V4+VDEAD) *YHCOL3(I,J)+VB*HAKP2*YHCOL3(1,J)=(V+VDEAD) *
YHRS1(I,J)+VB*HAKP1*¥YHCOL1(I,J) . « . « « .(19)

This is equation1g 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 cblumn 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:
Pq= Firset pH level =8,0
po= Second pH level =6.0
pz= 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:
Ri= Top‘reservoir,
RL2= Second reservoir, Left,
RR2= Second reservoir, Right,

and R3= Third reservoir,
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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 so0lid 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;3 and kp; have the same slopes.

It will be assumed that before Stage 1 in Figure
32,there is a Stage O just to start-off the process, Once
the process is started, Stage O no longer exists. In Stage
O, all the concentrations are equal to 1, Stage O will

be identical (same pH levels and equilibratidn processes)

to stage 7. The following equilibrium and material bal-
ances then apply:

BEquilibrium:  XHCOL1(0,1)=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)+VB*XHCOL1(1,1)
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Or: /
V+VDEAD) *YHCOL1(0,1)+XHCOL1(0, 1)=(V+VDEAD) *YHCOL1( 1 1)+
opan) ’ SR ’
XHCOL1(1,1)
Or:
XHCOL1(1,1)-XHCOL1(0,1) _ _ (V+VDEAD) (30)
YACOTI( T, 1) -YHCOLI(0, 1) v ot

Since XHCOL1(0,1) and YHCOL1(0,1) are both equal to
1, the point (1,1) is marked off on the k;Z equilibrium
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;1 equilibrium
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.

A1l 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(
YARS1(

QO

REQION

YACOL1
YHRSR1

v e TONMNN NN e w
-tk W W W W W W w —d b
g U N N N N N R G
I | B N N 2 [ 1]
a2 I S | B | N | QE
¢ 2 D DOCQCa2 a3 OO0 o
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1
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(
YHRSL1§
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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).

YHCOL1(2,1) amd YACOL1(2,1) are calculated in Figures
30 and 31, respectively. Since the bottom colummn 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 fhen 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 factor,*< .

o< = YHRS1(1,40)*YARS1(3, 40) . . . .(31)
YHRS1(3,40)*YARS1(1,40)
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Equation 31 represents the following:

Concentration of H in the Top Reservoir*Concentration
o< = of A in the Bottom Reservoir
“Concentration of H In the Bottom Reservoir*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 hest 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,
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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.

Expla nations 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

i}

RL3= Third Reservoir, Left
RR3= Third Reservoir, Right

R4= Fourth Reservoir and Bottom Reservoir

Figures 41- 43are 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 explaeined. 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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%) Graphical Calculations

The éxpla nation of Figures28 -31 was given in the
Graphical Calculation section for the two~column 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 Figure4l, 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:

ot ==
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4) Results

Graphical results for the three-column process are
shown in Figures 25-27, and in Figure 24, PFigure 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, «. 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, P1=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.



CHAPTER IV, COKNCLUSIONS

Comparison of Tables II and III in Appendix 1 show
that overall, the three-column process yields betfer
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 fa 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 8.78
3) 2-Column Process, Batch Case, F1=F2=0,0 6.47
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=r2=3.,0 : 4,72
8) 2-Column Process, Continuous Case #4,
F1=F2=3,0 | 4,46

36



9) 2-Column Process,
F1=F2=3%.0

10) 2-Column Process,
F1=F2=3 ‘O

11) 2-Column Process,
F1=F2=3.0

12) 2-Column Process,
F1=F2=3.0

Continuous Case #2,

Continuous Case #6,

Continuous Case #5,

Continuous Case #3,

Separation

37

Factor

4.38

4.15

4.11

2,78



APPENDIX 1

TABLES

38



Table 1
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GIVEN DATA READ INTO PROGRAMS (2&3 Column Cases) *

Constant What the constant Its ini-.
or or tial

Variable variable represents value
M Constant used for DolLoop calcu-

lations 2
NCYCL Number of cycles of pump opera- '

tion 40
YHAO Values not given here since thesg
YAAO constants were not used in any
YHCO program in this thesis
YACO
v Volume of fluid phase, cm- 12,000
VDEAD Dead volume of fluid phase, cm- 10.000
VB Volume of solid phase, cm3 4,000
HAKP1 Equilibrium constant for Hemo-

7lobin at a pH level of P,

anionic) 3,000
HCKP1 Equilibrium constant for Hemo-

globin at a pH level of Py for a

cationic ion exchanger 1,000
AAKP1 Equilibrium constant for Albumin

at a pH level of P, for an

anionic ion exchanger 2.500
ACKP1 Equilibrium constant for Albumin

at a pH level of P, for a cationt

ic ion exchanger 1.500
HAKP2 Bquilibrium constant for Hemo-

globin at a pH level of Py for

an anionic ion exchanger 1.000
HCKPZ2 Equilibrium constant for Hemo-

globin at a pH level of Py for

a cationic ion exchanger 2.000
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Constant What the Constant Its 1initial
or or
Variable Variable represents value

AAKP2 Equilibrium constant for Albumin

at a pH level of P, for an

anionic ion exciaa%ger 2,500
ACKP2 Equilibrium constant for Albumin

at a pH level of P, for a

cationic ion exchaﬁger 1.500
HAKP3 Equilibrium constant for Hemo-

globin at a pH level of P3 for .

an anionic ion exchanger 1.000
HCKP3 Equilibrium constant for Hemo-

globin at a pH level of P3 for

a cationic ion exchanger 2.000
AAXP3 Equilibrium constant for Albumin

at a pH level of P, for an

anionic ion exchanger 1.000
ACKP3 Equilibrium constant for Albumin

at a pH level of P, for a

cationic ion exchagger 4.500

* P1= High pH level
P2= Middle pH level
P3= Low pl level




Table II

Separation TFagctors for Cases 1-7 (Two Column Processiz ’
Case| YHRS1(1,40)] YARS1(3,40)| YHRS1(3,40] YARS1(1,40) o = YHRS1(1,40)*YARS1(3,40)
YHRS1(3,40)*YARS1(1,40)
1=7)
E1'1=F2=o.o 1.4812 1.4405 0.,6049 0.5455 6.47
plep2e3.0| 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
P1=F2=12.9 4 4778 1,1985 Q.7071 0.6434 3,10
2
F)l =F2=%,0 1.0996 1.8442 0.5601 0.8275 4,38
F1=F2=6.0 1.0434 1.8753 0.5805 0.896% 3.76
2
F)l =F2=3,0 0.9720 1.6263 0.6304 0.9004 2.78
F1=F2=9,0{ 0,9619 1.%590 0.7546 0.9790 1.77
F1=F2=12.p 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
b)= 34,0 1.2997 1.3938 0.6653% 0.662% 4.11
F1=F2=3.0 1.3064 1.2833% 0.6267 0.6453 4,15
)
#1=F2=3.0| 1.2663 1.3870 0.6504 0.5722 4,72
* ( °¢= séparation fac Lor) ‘

Ly



TABLE III

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

case # YHRS1(1,40) YARS1(4,40) YHRS1(4,40) YARS1(1,40) <

M2p2=0.0 2.1268 1.5843 0.4220 0.6595 12,11
F1=72=3.0 1.5292 1.3075 0.5063 0.6470 6.10
F1=r2=3.0 3.0957 1.0354 0.7213 0.5059 8.78
21=p23.0 1.5122 1.4162 0.5431 0.6692 5.89

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

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

2y
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Figure 1

The Effects of Different PH's of Protein A on a
Cationic and Anionic Ion Exchanger

The Isoelectric point of A= I

N where P2<IA<P
Also:

10

At P,- A has a net positive charge. (A+)
At P1~ A has a net negative charge. (A-)

Cationic Ion Exchanger Anionic JIon Exchanger

A At Pal At Pp, A
- +

A At PJ_ At Py A

- Means taken up by

-Means Teleased (3:5)




Figure II

A Simple One~Column, sour utage Separation Example
(1) (11) (111) (1v) (1)
Qt ™ Automatic ‘ » ]
~+.1 - Titrator - -4 H
Vo TIs (pH=P2) ﬂ .
f } a.SPDialyzer .l * /' ‘
l R™ //AA R™ / da
Q }z*
R BN 1 !
 ( Dlalyzerl;—~—]
B |
Automati |
L X’v_g) A,
Titrator %

X
(PH:P1) . »
fe— *1 e P11 >l brgp P by —
Chen, H.,T.,, et al.

"Separation of Proteins via Multicolumn pH
Parametric Pumping."

(//

= The ion exchanger(solid gel) (2:321)
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First' Cycle Second Cycle
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Figure I1IT

Graphicall Calculation of the Separation Achieved With a
One-Column Batch Process (Reference:i1=FlB-4).
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Graphical Results of Computer Simulation of Two-Column Process for:
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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
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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
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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
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Graphical Results of Computer Simulation of Two-Column Process
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Figure X1V

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

- Lase 4 \Fi=Fd=0.U)

YHRS1(1)

X YARS1(3) -

YHRS1(3)

M

; L YARS1(1)
10 1

i 2

\J‘]-

20 22

n (number of cycles)

09



y (concentration of reservoir)

Figure XVIIT

Graphical Kesults of Computer Simulation of Two-Column Process
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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
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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
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Graphical Results of Computer Simulation of Three-Column Process
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Graphical Results of Computer Simulation of Three Column Process
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FigureXXXII

Volumetric Flow Diagram of the Two Column Process

Flow Diagram of the Two Column Case Showing Volumetric
Flow During Bach Stage .(F1=F2=0.0)
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COMPUTER PROGRAM #1I.

Two-Column Batch Process

DIMENS ION
1YHRSL1g2,40;,YHRSL3(2,40§,YHRSL5(2,40),YHRSL7§2,40§
2YARSL1(2,40),YARSL3(2,40),YARSL5(2,40),YARSLT7(2, 40

DIMENSION
1YHCOL1(2,40),YHCOL3§2,40),YHCOL5§2,40),YHCOL7(2,403,
2YACOL1(2,40),YACOL3(2,40),YACOL5(2,40) ,YACOL7(2,40

DIMENSION
1YHRS1€3,403,YHRSB€3,40§,YHRSS€3,40§,YHRS7§3,403,
2YARS1(3,40),YARS3(3,40),YARS5(3,40),YARS7(3,40

DIMENSION
1YHRSR1§2,40§,YHRSR352,40§,YHRSR5é2,40g,YHRSR7(2,40;,
2YARSR1(2,40),YARSR3(2,40),YARSR5(2,40),YARSR7(2,40
READ(®5,10)M,NCYCL
FORMAT{ 7110
READ(5,20)YHAO,YAAO,YHCO,YACO,V,VDEAD, VB,
1HAKP1,HCKP1,AAKP1,ACKP1,
°HAKP2,HCKP2,AAKP2,ACKP2,
3HAKP3,HCKP3, AAKP3, ACKP3
FORMAT(7F10.3)

YHRS1(1,1)=1.0
YARS1(

- N

R W S ||

-

~1OVX-JOO W1
RGN

Qe o ¢ ¢ o 0o o s O

)
1
1
1
1
1
1
1
1
)
)

e« o —-‘OOO—*—-‘OO'

o ninunaeniy -

1
(
(
(
(
YARSL1§
3
3

A=(=1)%*T

1F(A)151,151,152

YHCOL3(I,J)=((V+VDEAD)*YHRS1(I,J)+VB*
XHAKP1*YHCOL1éI,J))/(V+VDEAD+VB*HAKP2)

YACOL3(I,J)=((V+VDEAD)*YARS1(I,J)+VB*
XAAKP1*YACOL1(I,J))/(V+VDEAD+VB*AAKP2)

YHRSB%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)



152

150

251

33

252

250

351
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YARSL3(I+1,J)=(YARSL1(I+1,J)*VDEAD+V*YACOL1(I, J3))/

X(V+VDEAD)

GO TO 150
YHCOL3(I,J)=((V+VDEAD)*YHRSR1(I,J)+VB#*
XHCKPZ*YHCOL1§I J))/(V+VDEAD+VB*HCKP3)
YACOL3(I,J)=((V+VDEAD)*YARSR1(I,J)+VB*
XACKPZ*YACOL1(I J))/(V+VDEAD+VB*ACKP3)
YHRSRS%I Jg-YHCOLB(I ,J

YARSR3(I,J)=YACOL3(I,J

YHRSB(I+1 J)= (YHRS1(I+1 J)*VDEAD +V*YHCOL1(I J))/
X(V+VDEAD)
YARS3(I+1,J)=(TARS1(I+1,J)*VDEAD+V*YACOL1(I,J))/
X(V+VDEAD)

CONTINUE

DO 250 I=1,M

é 1) *%T
IF(A)251,251,252
YHRS5 (I ,J35=(VDEAD*YHRS 3(I ,J)+V*YHCOL3(I .,J))

X/(V+VDEAD)
YARS5(I,J)=(VDEAD*YARS3(I,J)+V*YACCL3(I,J))/(V+
XVDEAD)

WRITE(6,33)YHRSS5(I,J),YARSS5(I,J)

FORMAT§5X, 'YHRS5=" 325 5,'YARSB~' E25.5)
YHCOLS5(I,J)= ((V+VDEAD)*YHRSR3(I+1 J)+VB*HAKP2*YHCOL3
x(1, J))/(V+VDLAD+VB*HAKP3)

YAuOLS(I J)=((V+VDEAD) *YARSR3(I+1,J)+VB*AAKP2*¥YACOL3
x(1, J))/(V+VDBAD+VB*AARP3)

YHRSR%(I+1 J)=YHCOL5(I,J)

YARSRS(I+1, J)—YACOLS(I J)

GO TO 250

YHRSLS(I,J)=YHRSL3(I, Jg

YARSLS(I, Jg =YARSL3(I,J

YHCOL5(I,J ((V+VDDAD)*YHRSB(I+1 J)+VB*
XHCRPB*YHCOL3§I J))/(V+VDEAD+VB*HCKP2)
YACOLS5(I,J)=((V+VDEAD)*YARS3(I+1, J)+VB*
XACKP3*YACOL5(I J))/(V+VDEAD+VB*ACKP2)

YHR85§I+1 J3~YHCOL5§I Jg

YARS5(I+1,J)=YACOL5(I,J

CONTINUE

DO 350 I=1,M
E -1)%%]

IF(A)351,351,352
YHCOL721 I)= E§V+VDEAD)*YHRS5(I 7)+VB*HAKP3 %
XYHCOLS(I,J))/(V+VDEAD+VB*HAKP?2
YACOL?%I Jg =((V+VDEAD) *YARSS5( I, J)+VB*AAKP3*
XYACOL5(I,J))/(V+VDEAD+VB*AAKP?2

YHRS?éI J% YHCOL7$I Jg

YARST(I,J)=YACOLT7(I,J

YHR5R7(1+1 J)= (YHRSRS(I+1 J)*VDEAD+V*YHCOL5(I J))/
X(V+VDEAD)
YARSRT7(I+1,J)=(YARSR5(I+1,J)*VDEAD+V¥YACOLS(I,J))/

X(V+VDEAD)
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GO TO 350
YHCOL7(I,J)=((V+VDEAD*YHRSL5(I,J)+VB*HCKP2*YHCOL5

x(1, J))/(V+VDEAD+VB*HCKP1)
YACOL7(I J)=((V+VDEAD) *YARSLS5(I,J)+VB*ACKP2*YACOLS
X(1, J))/(V+VDEAD+VB*ACKP1)

YHRSL7§I J%-YHCOL?(I J;

YARSL7(I,J)=YACOL7(I,J

YHRST7(I+1,J)= (YHRS5(I+1 J)*VDEAD+V*YHCOL5(I,J))/
X(V+VDEAD)
YARST(I+1,J)=(YARS5(I+1,J)*VDEAD+V*YACOL5(1,J))/
X(V+VDEAD)

WRITE(6,34)YHRST(I+1,J),YARST(I+1,J)

FORMAT(SX 'YHRST7="', E25. 5,'YARS7—' E25.5)
CONTINUE

L=J

J=J+1

WRITE(6,11)J

FORMAT(ZX txx*¥J="' T10)

DO 450 I= 1 M

g -1)%*%T

IF(A)451,451,452

YHRS1(1I, J) (YHRS7(I L)*VDEAD+V*YHCOL7(I,1))/(V+
XVDEAD)
YARS1gI,J)=(YARS7(I,L)*VDEAD+V*YACOL7(I,L))/(V+
XVDEAD
YHECOL1(I,J)=(VDEAD*YHRSL7(I+1,L)+V*YHCOLT7(I+1,L)+VB
X*HARPQ*Y&COL7(I L))/(V+VDEAD+VV*HAFP1)
YACOL1(I,J)= (VDEAD*YARSL7(I+1 L)+V*¥YACOLT7(I+1,L)+VB
X*AAKP2*YACOL7(I L))/(V+VﬂTAD+VB*AAKP1)
YﬂRSL1EI+1 J;_YaCOL1(I ,J)
YARSL1(I+1,J)=YACOL1(I,J)

YHRSR1(I+1, Jg-YHRSR7 I+1 , L)
YARSR1(I+1,J)=YARSR7(I+1 L)

WRITE(6, 222)1

WRITE(6,13)YHRS1(I,J),YARS1(I,J)

II=I+1

WRITE(6,222)T1I
WRITE(6,16)YHRSL1(I+1,J),YARST1(I+1,J),YERSR1(I+1,
XJ), YARSR1(I J)

FORNAT(EX 'YHRSL1—' £20.5, 'YARSL1=',E20.5, 'YHRSR1=}
XE20.5, YARSR1~' E20. 5)

GO TO 450
YHCOL1(I,J)=((V+VDEAD)*YHRS7(I+1,L)+VB*HCKP1
X*YHCOL?(I 1))/ (V+VDEAD+VB*HCKP2)

YACOLI(I J) ((V+VDEAD)*YARST7(I+1,L)+VB*ACKP1
X*YACOL?(I L%)/(V+VDEAD+VB*ACKP2)
YHRS1(I+1,J)=YHCOL1(I,J)

YARS1(I+1, J; =YACOL1(I1,J)

WRITE(6,222)1I

FORMAT(ZX 'T=',110)




12

13
450

14

WRITE(6,12)YECOL1(I,J),YACOL1(I,J)
FORMAT(5X, 'YHCOL1="',E25.5, 'YACOL1="',E25,5)
II=I+1

WRITE(6,222)II
WRITE(6,13)YHRS1(I+1,J),YARST1(I+1,J)
FORMAT(5X, 'YHRS1=",E25.5, 'YARS1=",E25,5)
CONTINUE

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

STOP :

END
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Figure XXXITT

Flow Diagram of Two-Column Process
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COMPUTER PROGRAM (Case 1) #II1. Two-Column Process.

10

20

15

151

DIMENS ION
1YHRS6(1,40),YARS6(1,40),YHRSI8(2,40),YARSILB(2,40)
DIMENSION

1YHRSR4( 2, 40) ,YARSR4( 2, 40) ,YHRSL6( 2, 40) ,YARSL6( 2, 40)
DIMENSION |
1YHRSL1§2,40§,YHRSL3§2,403,YHRSL5§2,40§,YHRSL722,403,
2YARSL1(2,40),YARSL3(2,40),YARSL5(2,40),YARSLT7(2, 40
DIMENSION
1YHCOL1§2,40§,YHCOL3§2,40§,YHCOL5§2,40),YHCOL7§2,403,
2YACOL1(2,40),YACOL3(2,40),YACOL5(2,40),YACOLT(2,40
DIMENSION
1YHRS1§3,40§,YHRSS§3,40§,YHRSB§3,40),YHRS7(3.40g,
2YARS1(3,40) ,YARS3(3%,40),YARS5(3,40),YARS7(3,40
DIMENSION
1YHRSR1§2,40),YHRSRB(2,40§,YHRSR5(2,40),YHRSR7£
2YARSR1(2,40) ,YARSR3(2,40) ,YARSR5(2,40) ,YARSR7
READ(5,10)M,NCYCL

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

3HAKP3 ,HCKP3,AAKP3,ACKP3

FORMAT(7F10.3)

YHRS1(1,1)=1.0

0

2,40),
2,40)

.l_l-\
OO0 OO0e

De o s o ¢ o o »

= O
® & .

feoXe o ERYoNoNe B

=0 -\

o

)
1
1
1
1
1
1
1
1
)
)

J=1
D0150 I=1,M
A=§—1)**I
IF(A)151,151,152
YHCOL3(1.,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)
YHRS?(I,J§=YHCOL3£I,J3

YARS3(I,J)=YACOL3(I,J
YHRSL3(I+1,J)=(YHRSL1(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 TO 150
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(CASE 1 continued)

152

150

251

33

252

250

351

XHCKP2*YHCOLA (I J))/(V+VDEAD+VB*HCKP3)
YACOL3(I,J)= (V+VDEAD)*YARSR1(I J)+VB*
XACKPQ*YACOL1(I J))/(V+VDEAD+VB*ACKP3)

YHRSRB%I Jg-YHc0L3(I ,J)

YARSR3(I,J)=YACOL3(I,J)

YHRS3(I+1,J)= (YHRS1(I+1 J ) *VDEAD+V*YHCOL1(I,J))/

YHCOL3(I,J)= é(V+VDEAD)*YHRSR1(I ,J)+VB*

X(V+VDEAD)
YARS3(I+1,J)=(YARS1(I+1,J)*VDEAD+V*YACOL1(1,J))/
X(V+VDEAD)

CONTINUE

DO 250 I=1,M

§ =1)*x*]
IF(A)251,251,252
YHRSRA{ 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)

YHRSB(I J)=(YHRS3(I,J)*VDEAD+V*YHCOL3(I,J)+F1*YHRSR4
X(1+1,3) 3/ (V+VDEAD+F1)

YARSS(I J)=(YARS3(I,J)*VDEAD+V*YACOL3(I,J)+F1*YARSR4
X(1+1,3) ) /(V+VDEAD+F1)

WRITE(6,3 )JYHRSS(I,Jd), YARSS(I J)

FORHAT(BX,‘YHRSS—' E25. 5, 1YARSS=" ,E25.5)
YHCOLS(I,J)= ((V+VDnAD)*YHRSR4(I+1 J)+VB¥HAKP2*YHCOL3
X(I,J))/(V+VDEAD+VB*HAKP3)

YACOLS(I J)=((V+VDEAD) *YARSR4(I+1,J)+VB*AAKP2¥YACOL3
X(1,J))/(V+VDEAD+VB*AAKP3

YHRSRSEI+1 ,J)=YHCOL5(I,J

YARSR5(I+1,J)=YACOL5(I,J

GO TO 250

YHRSL5(I,J)=YHRSL3(I,J)

YARSLS(I, J%-YARSLB(I ,J)
YHCOL5(I,J)=((V+VDEAD)*YHRS3(I+1,J)+VB*
XHCKP3*YHCOL3(I J))/(V+VDEAD+VB*HCKP2)

YACOLS(I,Jd)= g(V+VDbAD)*YARSB(I+1 yJ)+VB*
XACKPB*YACOLB I,J))/(V+VDEAD+VB*ACKP2)

YHRSS§I+1 Jg—YHCOLS(I Jg

YARS5(I+1,J)=YACOL5(I,J

CONTINUE

DO 350 I=1,M

( 1)**1

IF(A)351,351,352
YHCOL7EI ,J)= z€V+VDEAD)*YHRSB(I J) +VB*HARP3%
XYHCOL5(I,J))/(V+VDEAD+VB*HAKP2
YACOLT(I,J)=((V+VDEAD)*YARS5(I,J)+VB*AAKP3*
XYACOLS(I,J))/(V+VDEAD+VB*AAKP?

YHRS721 Jg_YHCOL7E1 Jg

YARST7(I,J)=YACOLT7(I,J

YHRSR7(I+1 J)= (YHRSR5(1+1 J)*VDEAD+V*YHCOL5(I,J))/

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

352

34
350

11

451

16

452

222

X(V+VDEAD) -
GO TO 350 '

YHRSL6éI ,J)=(F2%1, O+§V+VDEAD)*YHRSL5§I J))/(F2+V+VDEAD
I1,J))/(F2+V+VDEAD

YARSL6(I Jg £F2*1 0+ (V+VDEAD) *YARSLS
YHCOL7(I,Jd)=((V+VDEAD)*YHRSL6(I, J)+VB*HCKP2*YHCOL5
x(1, J))/(V+VDEAD+VB*HCKP1)
YACOL?(I J)=((V+VDEAD) *YARSL6(I,J)+VB*ACKP2*YACOL5
X(I, J))/(V+VDEAD+VB*ACKP1)
YHRSL?EI ,J)=YHCOL7(I, Jg
YARSL7(I,Jd)=YACOL7(I,J
YHRS?(I+1,J§ (YHRSS(I+1 J)*VDEAD+V*YHCOL5(I J)+F2*
XYHRSIL6(I,J) /§V+VDEAD+F2)
YARST(I+1,J)=(YARSS5(I+1,J)*VDEAD+V*YACOLS(I,J)+F2*
XYARSLs(I,Jg)/(V+VDEAD+W2)
WRITE(6,34)YHRST(I+1,J) YARS7(I+1 J)
FORMAT (5X, 'YHRS7="',E25.5, 'YARS7=" ,E25 5)
CONTINUE
L=J
J=J+1
WRITE(6,11)J
FORMAT (2X, '***xJ="' 110)
DO 450 I=1,M
A=(=-1)%*I
IF(A) 451,451,452
YHRS1(1I, J) (YHRS?(I L) *VDEAD+V*YHCOL7(I,L))/(V+VDEAD)
YARS1(I,J)=(YARST7(I,L)*VDEAD+V*YACOL7(I, L))/(V+VDEAD)
YHCOL1(I J)= (VDEAD*YHRSL:(I+1 L)+V*YHCOL7(I+1 L)+VB*
XHAKPZ*YHCOL7§I L))/(V+VDEAD+VB*HAKP1)
YACOL1(I,J)=(VDEAD*YARSL7(I+1,L)+V*YACOLT7(I+1,L)+VB
X*AAKPZ*YACOL7(I L))/(V+VDEAD+VB*AAKP1)
YHRSL1EI+1 J)~YHCOL1(I Jz
YARSLT (I+1 Jg—YACOL1§I ,J)
YHRSR1(I+1,J)=YHRSR7(I+1, Lg
YARSR1(I+1,J)=YARSRT7(I+1,L
WRITEé6 222)1
WRITE(6,13)YHRS1(I,J),YARS1(I,J)
I1I=T+1
WRITEEG ,222)11
WRITE(6,16)YHERSL1(I+1,J),YARSL1(I+1,J),YHRSR1(I+1,J),
XYARSR1€I+1 %R
FORMAT 1YfiRs11=",E20. 5,'YARSL1 ',E20.5, '"YHRSR1=
XE20,.5,'YARSR1="',E20. 5)
GO TO 450
YHCOL1(I,J)= ((V+VDEAD)*YHRS7(I+1 L) +VB*HCKP1
X*YHCOL7(I L))/ (V+VDEAD+VB*HCEKP2)
YACOL1€ g ((V+VDEAD)*YARST7(I+1,L)+VB*ACKP1#*
XYACOL7(I,L))/(V+VDEAD+VB*ACKP2)
YHRS1§I+1,J) YHCOL1§I Jg
YARST(I+1 J§-YACOL1 I,J
WRITE(6,222)1
FORMAT(2X, 'I=',I10)

3



(CASE 1 continued)

12

13
450

14

91

WRITE(6,12) YHCOL1(I,J),YACOL1(I,J)

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,T
FORMAT (5X, 'YHRS1="',£25.5, '"YARS1="',E25,5)
CONTINUE

IF(J-NCYCL)15,14,14

F2=F243.0

J=1.0

IF(F1.EQ.15)G0 TO 91

GO TO 15

STOP

END

85



Figure XXXIV

Flow Diagram of the Two-Column Process
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COMPUTER PROGRAM (Case 2) #III. Two-Column Process

DIMENSION
1YHRSR4(2,40) ,YARSR4(2,40) ,YHRSL6(2,40),YARSL6(2, 40) .

DIMENSION
1YHRS6(1,40),YARS6(1,40),YHRSL8B(2,40),YARSIL8(2, 40)
DIMENSION

2YARSR1(2, 40 ,YARSR5(2, 40) ,YARSR7( 2, 40

DIMENSION

,YARSR3(2, 40

YARSL5(2,40) ,YARSL7(2, 40

1YHRSR1é2,4og,YHRSR3§2,403,YHRSR5§2,402,YHRSR7§2,403,
2

87

1YHRSL1(2, 40; , YHRSL3 (2, 40;,YHRSL5§2 403 , YHRSL7 2,40;,

2YARSL1(2,40),YARSL3(2, 40
DIMENSION
1YHCOL1€2 ,40) ,YHCOL3(2,40) ,YHCOL5( 2, 4o§ YHCOL7§2 40)
2YACOL1(2,40), YACOL3(2 40), YACOL5(2 40) ,YACOLT7{2, 40)
DIMENSION
1YHRS1(3,40) ,YHRS3(3,40),YHRS5(3, 403 YHRS7é3,40),
2YARS1(3,40), YAR83(3 40), YAR85(3 40) ,YARS7(3,40)
READ(5, 10)N NCYCL

10 FORMAT(7I105
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)
YHARS1(1,1)=1.0

- N

OO0 O W~
S=o0

O niunnyy —-\-—*

)
1
1
1
1
1
1
1
1
)
)

I | I e ||

15 DO 150 I=1,M
é 1)%*%T
1F(A)151,151,152
151 YHCOL%(I,J)= ((V+VﬂFAD)*YHRS1(I J)+VB¥
XHAKP1*YHCOL1(I J))/(V+VDE AD+VB*HAKP2)
YACOL3(I,J)= ((V+VDEAﬁ)*YARs*(I J)+VB*
XAAKP1*YACOL1(I J))/(V+VDEAD+VB*AAKP?)
YHRS3(I, J)-YHCOLB(I J)
YARS3(I,J)=YACOL3(I,J)
YHRSL3(I+1 J)= (YHRoL1(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) a
GO TO 150
152 YHCOL3(I,J)=((V+VDEAD)*YHRSR1(I,J)+VB*
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(CASE 2 Continued)
XHCEKP2*YHCOL1(I,J))/(V+VDEAD+VB*HCKP3)
YACOL3(I,Jd)= (V+VDEAD)*YARSR1(I J)+VB*

XACKP2*YACOL1 (I J))/(V+VDEAD+VB*ACKP3)
YHRSR3£I J3—YH00L3€I Jg
YARSR3(I,J)=YACOL3(I,J
YHRS3(I+1,7)=(YHRS1(1+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
=(-1)**I

IF(A)251,251,252
251 YHRS5(I, J) (YHRSB(I J;*VDLAD+V*YHCOL3§I J;%/§V+VDEAD§
YARssgl ,J)=(YARS3(I,J ) *VDEAD+V*¥YACOL3(1,J))/(V+VDEAD
WRITE(6,33)YHRS5(I, J) YARSS(I J)
33 FORMATé 'YHRS5=", E25. 5, YARSB—' E25.5)
YHCOL5 =( V+VDEAD)*YHRSR3(I+1 J)+VB*HAKP2*
XYHCOL32 )/ (V+VDEAD+VB*HAKP3)
YACOL5(I,J)=((V+VDEAD) *YARSR3(I+1,J)+VB*AAKP2*YACOL3
X(1I, J))/(V+VDEAD+VB*AAKP3
YHRSR521+1 Jg-YHCOLSEI ,J

s 23
5%,
I, J
I,d

YARSR5(I+1,J)=YACOL5(I,J
G0 TO 250
252 YHRSIS(I, Jg-YHRSLa(I ,J)
YARSLsgl J)=YARSL3(I,J)
YHCOL5(I,d)= (V+VDLAD)*YHRS3(I+1 J)+VB#*
XHChP3*YHCOL3 I,J) )/(V+VDEAD+VB*HCKPZ)
YACOLS(I,J)= (V+VDBAD) ¥YARSET+1,J ) +VB*

XACKP3*YACOL3(I J))/§V+VDEAD+VB*ACKP2)
YHRSB(I+1,J%-YHCOL5 I,J)
YARSS5(I+1,J)=YACOL5(I,J)

250 CONTINUE
DO 350 I=1,M

A=é—1)**I

IF(A)351,351,352
351 YHRS6(1I, J%:((V+VDEAD§*YHR85(I J)+F1%1, O%/(V+F1+VDEAD)
YARS6(I,J =(§V+VDEAD *¥YARSS5(I,J)+F1%1.0)/(V+F1+VDEAD)
YHCOLT(I,T)=( (V+VDEAD) *YHRS6 (I, T )+ VB*HAKP3*
XYHCOL5(I.J))/(V+VDEAD+ VB¥HAKP2
YACOL7éI,J =( (V+VDEAD) ¥YARS6(I,J)+VB*AAKP3*
XYACOLS(T.J))/(V+VDEAD+VB*AAKP2)
YHRS?(I,J%: COL7§I Jg
YARST(I.J)=YACOLT(I,J
YHRSR7(I+1,J)=( YHRSR5({ I+1,J ) *VDEAD+V¥YHCOLS (I, J) +F1%
XYHRS6(I,J)5/(V+VDEADIF1)
YARSRT(I+1,J)=(TARSR5(I+1,J)*VDEAD+V*YACOL5(I,J)+F1%
XYARSG(I,J)5/(V+VDEAD+F1)
GO TO 350
352 YHCOLT(I,J)=((V+VDEAD)*YHRSLS5(I,J)+VE*HCKP2*¥YHCOLS
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(CASE 2 continued)
X(I,J3))/(V+VDEAD+VB*HCKP1)
YACOLT(I,Jd)=((V+VDEAD)*YARSLS5(I,J)+VB*ACKP2*YACOLS
X(1,J))/(V+VDEAD+VB*ACKP1)

YHRSL?(I,J§=YHCOL7(I,J§

YARSL7(I,J)=YACOLT7(I,J

YHRS7(I+1,J)=(YHRS5(I+1,J)*VDEAD+V*YHCOL5(T,J))/

X(V+VDEAD)

YARST7(I+1,J)=(YARSS5(I+1,J)*VDEAD+V*YACOL5(I,J))/

X(V+VDEAD)
WRITE(6,34)YHRST7(I+1,J),YARST(I+1,J)
34 TFORMAT(5X,'YHRS7=',E25.5,'YARS7=",E25.5)
350 CONTINUE

I=J

J=J+1

WRITE(6,11)J
11  FORMAT(2X, '¥¥¥J=',110)

DO 450 I=1,M
A=é-1)**1
IF(A)451,451,452
451 YHRSL8(1+1,LS:(F2*1.0+VDEAD*YHRSL7(I+1,L)+

XV*¥YHCOLT(I+1,L))/(F2+VDEAD+V)

YARSL8(I+1,L)=(F2%1,0+VDEAD*YARSL7(I+1,L)+

XV*YACOLT(I+1,L))/(F2+VDEAD+V)
YHRS1(I,J)=(YHRST(I,L)*VDEAD+V*YHCOL7(I,L)+F2*YHRSLS
X(T+1,1) §/(V4VDEAD+F2)

YARS1(I,J)=(YARST7(I,L)*VDEAD+V*¥YACOLT7(I,L)+F2*YARSLS

x(1+1,1) )/ (V4VDEAD+F2) |

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

X(I,L))/(V+VDEAD+VB*HAKP1)

YACOL1(I,J)=(VDEAD*YARSL8(I+1,L)+V*YARSL8(I+1,L)+VB

X*AAKPZ*YACOL?(I,L))/€V+VDEAD+VB*AAKP1)

YHRSL1€I+1,J3=YHCOL1 I,J)

YARSL1(I+1,J)=YACOL1(I,J)

YHRSR1§I+1,J§=YHRSR7 I+1,L)

YARSR1(I+1,J)=YARSRT7(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),YARST1(I+1,J),YHRSR1(I+1,J),

XYARSR1(I+1,J)
16 FORMAT(5X, 'YHRSL1=',820.5, 'YARSL1=',E20,5, 'YHRSR1=",
XE20.,5, '"YARSR1="',E20,5)

GO TO 450

452 YHCOL1(I,J)=((V+VDEAD)*YHRST7(I+1,L)+VB*HCKP1
X*YHCOL7(I,L))/(V+VDEAD+VB*HCKP2)
YACOL1(I,J)=((V+VDEAD)*YARST(I+1,L)+VB*ACKP1
X*YACOL?(I,L%)/(V+VDEAD+VB*ACKP2)
YHRS1(I+1,J =YHCOL1§I,J§
YARS1(I+1,J)=YACOL1(I,J



(CASE 2 continued)

222
12

13
450

14

91

WRITE(6,222)I

FORMAT(2X, 'I=',I10)
WRITE(6,12)YHCOL1(I,J),YACOL1(I,J)
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)
FORMAT(5X, '*YHRS1=',E25.5, 'YARS1="',E25,5)
CONTINUE

IF(J-NCYCL)15,14,14

F1=F1+3.,0

F2=F2+3.0

J=1

IF(F1.EQ.15)G0 TO 91

GO TO 15

STOP

END

90
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COMPUTER PROGRAM (Case 3) #IV.
Two-Column Process

DIMENSION
1YHRS4§3,40),YARS4§3,40§,YHRSL8§2,403,YARSL8§2,402,
2YHRS8(3,40),YARS8(3,40) ,YHRSR4(2,40) ,YARSR4(2,40

DIMENSION
1YHRSR1(2, 40; YHRSR3€2,40g , YHRSR5( 2, 40;,YHRSR7§2 » 40)
2YARSR1(2,40),YARSR3(2,40),YARSR5(2,40),YARSR7(2,40)

DIMENSION 2

92

1YHRSL1§2 40§,YHRSL3(2 ,40) ,YHRSI15(2, 40) ,YHRSL7(2, 403,

2YARSIL1(2,40),YARSL3(2,40), YARSL5(2 40) ,YARSL7(2, 40
DIMENSION
1YHCOL1§2,40§ YHCOL3§2 ,40), YHCOL5§2 4og YHCOL7£2,40§
2YACOL1(2,40),YACOL3(2,40),YACOLS5(2,40),YACOLT7(2,40
DIMENSION
1YHRS1§3 40; ,YHRS3(3,40), YHRSS§3 , 40) ,YHRS'I(3,40),
2YARS1(3,40),YARS3(3,40),YARS5(3,40), YAFS?(% 40)
READ(5, 10)M NCYCL

10 FORMAT(7I105
READ(5,20)YHAO,YAAO,YHCO,YACO,V,VDEAD, VB,
1HAKP1,HCKP1,AAKP1,ACKP1,
2HAKP2,HCKP2,AAKP2,ACKP2,
3HAKP3,HCKP3,AAKP3,ACKP3

20 FORMAT(7F1O 3)
YHRS1(1,1
YARS1(
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1
h
1
1
1
1
1
1
)
)

J=1
15 D0150 I=1,M
A=(=- 1)**1
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,d)= ((V+VDEAD)*YARS1(I J)+VB*
XAAKP1*YACOL1(I J))/(V+VDEAD+VB*AAKP2)
YHRS3(I, J)-YHCOLS(I J)
YARS3(I,J)=YACOL3(I,J)
YHRSL3(1+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)

1
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(Case 3 continued)
GO TO 150

152 YHCOL3(I,J)=((V+VDEAD)*YHRSR1(I,J)+VB*
XHCKPZ*YHCOL1(I J))/(V+VDEAD+VB*HCKP3)
YACOL3(I,J)= ((V+VDEAD)*YARSR1(I J)+VEB¥
XACKPZ*YACOL1(I J))/(V+VDEAD+VB*ACKP3)
YHRSR3EI J;-YHCOL3€I Jg
YARSR3(I,J)=YACOL3(I,J
YHRSB(I+1 J)= (YHRS1(I+1 J) *VDEAD+V*YHCOL1(1,J))/
X(V+VDEAD)
YARS3(I+1,J)=(YARS1(I+1,J)*VDEAD+V*YACOL1(1,J))/
X(V+VDEAD)

150 CONTINUE

DO 250 I=1,M
E ~1)**]
IF(A)251,251,252
251 YHRS4(I+2 J)= ((V+VDEAD)*YHR63(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+VDEAIHF1
YARSR4(I+1,J)=(P1*YARS4(I+2,J)+VDEAD*YARSR3(I+1,J)
X+V*YACOL3(I+1 J))/(V+VDEAD+F1
YHRSS5(I,J)= (YHRSB(I J)*VDEAD+V*YHCOL3(I,J)+F1*
XYHRSR4(I+1 J))/(V+VDLAD+F1)
YARSS(I,J)=(YARS3(I,J)*VDEAD+V*YACOL3(I,J)+F1*
XYARSR4(I+1 J))/(V+VDEAD+F1)
WRITE(6,33) YHRS5(I,T), YARSS(I, )

33 FORMAT§5X 'YHRS5=" ,325 5, 1YARS5=" ,E25.5)
YHCOLS(I,J)= ((V+VDEAD)*YHRSR4(I+1 J) +VB*HAKP2*¥YHCOL3
X(1, J))/(V+VDnAD+VB*HAKP3)

YACOLE(I J)=((V+VDEAD) *YARSR4(I+1,J)+VB*¥AAKP2*YACOL3
X(1, J))/(V+VDEAD+VB*AAKP3§

YHRSR5(I+1,J)=YHCOL5(I,J

YARSR5(I+1,J)=YACOL5(I,J)

GO TO 250

252 YHRSL5 I,Ji—YHRSL3é 3
YARSLS5(I,J)=YARSL3(I,J
YHCOL5(I,J ((V+VDEAD)*YHRS4(I+1 J)+VB*

XHCKPB*YHCOLB(I J))/(V+VDLAD+VB*HCKP2)
YACOIL5(1I, J)—((V+VDLAD)*YARS4(I+1 J)+VB*
XACKPB*YACOLs(I J))/ V+VDEAD+VB*ACKP2)
YHRS5€I+1 Jg YHCOLS I,J)
YARSS5(I+1,J)=YACOL5(TI, J)

250 CONTINUE

DO 350 I=1,M
é ~1)%*]
IF(A)351,351,352
351 YHCOLT7(I, J) f V+VDEAD) *YHRS5(I,J)+VB*HAKP3*
XYHCOLB%I Ji)/ V+VDEAD+VB*HAKP2

YACOLT(I,J)=((V+VDEAD) *YARS5(I,J)+VB*AAKP3*
XYACOLS(I,J))/(V+VDEAD+VB*AAKP2
YHRST7(I, J)-YHCOL7(I J)



94

(CASE 3 continued)
“YARST(I,J)=YACOLT7(I,J)
YHRSR7(I+1 J)= (YHRSR5(1+1 J)*VDEAD+V*YHCO015(1,J))/
X(V+VDEAD)
YARSR7(I+1,J)=(YARSR5(I+1,J)*VDEAD+V*YACOLS(I,J))/
X{V+VDEAD)
GO TO 350
352 YHCOLT(I,J)=( (V+VDEAD)*YHRSLS(I,J)+VB*HCKP2*YHCOLS
x(1, J))/(V+VDEAI»VB*HCKP1)
YACOL?(I J)=((V+VDEAD)*YARSLS5(I,J)+VB*ACKP2*YACOLS
x(1, J))/(V+VDEAD+VB*ACKP1)
YHRSL7§I Jg—YHCOL7éI Jg
YARSLT7(I,J)=YACOL7(I,J
YHRS7§I+1 o J)= (YHRSB(I+1 J ) *VDEAD+V*YHCOL5(I,J))/(V+
XVDEAD
YARS7§I+1,J)=(YARSS(I+1,J)*VDEAD+V*YACOL5(I,J))/(V+
XVDEAD
WRITE(6, 34)YHRS7(I+1 J),YARS7(I+1,J)
34 TFORMAT(5X, 'YHRST=" ,E25 5, 'YARST=',E25.5)
350 CONTINUE
I=J
J=J+1
WRITE(6,11)J
11 FORMAT(ZX,'***J-—' 110)
DO 450 I=1,M
é -1)¥*T
IF(A)451,451,452
451 YHRSB(I+2 L)=((V+VDEAD)*YHRS7(I+2,L)+F2%1.0)/
X(F2+V+VDLAD
YiRS8(I+2,L)=( (V+VDEAD) *YARST(I+2,1)+F2%1,0)/
X(F2+V+VDEAD
YHRSL8(1+1 L)=(VDEAD*YHRSL7(I+1,L)+V¥YHCOL7(I+1,L)
X+F2*YHRSS(I+2 L))/(V+F2+VDEAD)
YARSL8(I+1,L)=( VDEAD*YARSL7(I+1,L)+V*YACOL7(I+1,L)
X+F2*YAR88(I+2 L))/ (V+F2+VDEAD)
YHRS1(I,Jd)= (YHRS7(I L) *VDEAD+V*YHCOL7(I,L)+F2*YHRSIS
X(1+1,1) )/ (V+VDEAD+F2)
YARS1(I J)=(YARST(I,L)*VDEAD+V*YACOL7(1,L)+F2*YARSLS
%(1+1,1) 5/ (V+VDEADLF2)
YHCOL1(I J)=((V+VDEAD)*YHRSL8(I+1,L)+VB*¥HAKP2¥YHCOL7
X(1, L))/(V+VDLAD+VB*HAKP1)
YACOL1(I J)=(VDEAD*YARSL8(I+1,L)+V*¥YARSL8(I+1,L)+VB
X*AAKPZ*YACOL?(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 Lg
YARSR1(I+1,J)=YARSRT(I+1,L
WRITE(6, 222)1
WRITE(6,13)YHRS1(I,J),YARS1(I,J)
II=T+1
WRITE§6 ,222)11
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(SX 'YARSL1=',E20.5, 'YARSL1=',E20.5, 'YHRSR1=",
XE20.5, TYARSR1=" »E20.5)
GO TO 450
452 YHCOL1(I,J)=((V+VDEAD)*YHRS8(I+1,L)+VB*HCKP1
X*YHCOL7(I L)) /(V+VDEAD+VB*HCKP2)
YACOL121 Jg (§V+VDEAD)*YAR88(I+1J;)+VB*ACKP1*
XYACOLT(I,L))/(V+VDEAD+VB*ACKP2)
YHRS1§I+1 ,J)=YHCOL1(I, Jg
YARS1(I+1,J)=YACOL1(I,J
WRITE(6, 222)1
222 FORMAT(ZX 'I=',110)
WRITE(6, 12) YHCOL1(I J) YACOL1(I J)
12 FORMAT(SX '"YHCOL1=" E25 5, YACOL1—',E25 5)
II=T+1
WRITEé6 ,222)I1
WRTTE(6,13)YHRS1(I+1,J), YARS1(I+1 J)
13 FORMAT(SX 'YHRS1="', E25 5.'YARS1 ,E25 5)
450 CONTINUE
IF(J-NCYCL)15,14,14
14 F1=F1+3.0
Fo=r2+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)

DIMENS ION
1YHRSL1(2,40§,YHRSL3§2,40),YHRSL5(2,40),YHRSL7(2,40;,
2YARSL1(2,40),YARSL3(2,40),YARSL5(2,40) ,YARSL7(2,40

DIMENSION
1YHCOL1§2,40§,YHCOL3(2,403,YHCOL5§2,40§,YHCOL7(2,40),
2YACOL1(2,40),YACOL3(2,40),YACOL5(2,40),YACOLT7(2,40)

DIMENSION
1YHRS1$3,40),YHRS§§3,40),YHRSS(3,40),YHRS7§3,40),
2YARS1(3,40),YARS3(3,40) ,YARS5(3,40),YARST7(3,40)

DIMENSION -
1YHRSR1£2,40§,YHRSR3§2,40),YHRSR5§2,403,YHRSR7§2,40§,
2YARSR1(2,40),YARSR3(2,40),YARSR5(2,40) ,YARSRT7(2,40
READ(5,10)M,NCYCL
FORMAT(7110)

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

FORMAT (7F10.3)
YHRS1§1,1)=1.0
YARS1(1,1)=1.0
YHCOL1{1,1)=0.76
YACOL1(1,1)=0.81
YM&R%QJ =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)=O.87
YARS1(3,1)=1.0
F1=0.0

F2=0.0

J=1

DO 150 I=1,M
A=é—1)**I _
IF(A)151,151,152

YHCOL3(I,J)=((V+VDEAD)*YHRS1(I,J)+VB*
XHAKP1*YHCOL1(I,J))/(V+VDEAD+VB*HAKP2)
YACOLB(I,J)=§(V+VDEAD)*YARS1(I,J)+VB*
XAAKP1*YACOL1(I,J))/(V+VDEAD+VB¥AAKP2)
YHR83§I,J§=YHCOL3 I,J;

YARS%(I,J)=YACOL3(I,J
YHRSL3(I+1,J)=(YHRSL1(I+1,J)*VDEAD+V*
XYHCOL1(I,J})/(V+VDEAD)
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(...Case 4 continued)

YARSL3(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¥YHCOL1( T J))/(V+VDEAD+VB*HCKP3)
YACOL3(I,J)= (V+VDEAD)*YARSR1(I J)+VB*
XACKP2*YACOL1(I J))/(V+VDEAD+VB*ACKP3)
YHRSRBEI Jg-YHCGLB 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)**xI
IFr(A)251,251,252
251 YHRS4(I+2 J)=((V+VDEAD)*YHRS3(I+2,J)+F1%1.0)/
X(V+VDEAD+F1
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(1+1 J))/(V+VDEAD+F1)
YARSR4(I+1, J5 =(F1*YARS4(I+2,J )+VDEAD*YARSR3(I+1,J)+
XV*YACOL3(1+1 7)) /(V+VDEAD+F1)
YHRSS(I, J% YHR83 I, J%*VDEAD+V*YHCOL3(I ,J))/(V+VDEAD)
YARSS§ YARS3(I,J)*VDEAD+V*YACOL3(I,J))/(V+VDEAD)
WRITE(6, 33)YHRSS(I J) YARSS(I,J)
33 FORMAT(SX,'YHRSS— 425 5, "YARSH=", ,725.5)
YHCOL5(I,J)= ((V+VDEAD)*YHRSR4(I+1 J)+VB*HAKP2*YHCOL3
X(1, J))/(V+VDEAD+VB*HALP3)
YACOLS(I J)=((V+VDEAD)*YARSR4(I+1,J)+VB*AAKP2*YACOL3
X(1, J))/(V+VDEAD+VB*AAKP3§
YHRSR5( I+1 J§~YHCOL5(I J
YARSRS5(I+1,J)=YACOLS(I,J)
GO TO 250
252 YHRSL5(I,J)=YHRSL3(I,J)
YARSLS5(I,J)=YARSL3(I,J)
YHCOL5(I,J)= ((V+VDEAD)*YHRS4\I+1 J)+VB*
XHCKPS*YHCOLS(I J))/(V+VDEAD+VB*HCKP2)
YACOLS5(I,J)= ((V+VDEAD)*YARS4(I+1 J)+VB*
XACKPB*YACOLB(I J))/(V+VDAAD+VB+ACKP2)
YHRS5(I+1, Jg-YHCOLs(I Jg
YARS5(I+1,J)=YACOLS(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(1I,

J))/(V+VDEAD+F2)
© YARS6(I,J)=(F2*1.0+(V+VDEAD)*YARS5(I,J))/(

V+VDEAD+F2)
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(o « .Case 4 continued)

YHCOLT(I, Jg =((V+VDEAD) *YHRS6(I,J)+VB*HAKP3*
XYHCOLS(T.J9)/(V+VDEAD+ VBXHAKP2 )
YACOL7(I, Jg =((V+VDEAD)*YARS6(I,J)+VB*AAKP3*
XYACOIL5(I,J))/(V+VDEAD+VB*AAKP2
YHRST(I, J%—YHCOL?(I ,J)
YARST(I,J)=YACOLT(I,J)
YHRSR7( I+1 J)—(YHRSRS(I+1 J)*VDEAD+V*YHCOL5( I, J)+F2
X*¥YHRS6(T,d))/(V+VDEAD+F2)
YARSRT7 141, =(YARSRS5(I+1,J)*VDEAD+V*YACOLS(I,J)+F2
X*YARS6(T,d}) / (v+VDEAD+F2)
GO TO 350
352 YHCOL7(I,J)=((V+VDEAD)*YHRSL5(I,J)+VB*HCKP2¥YHCOLS
x(1, 7))/ (V+VDEAD+VB*HCKP1)
YACOL7(I,J) ((V+VDEAD)*YARSL5(I,J)+VB*ACKP2*YACOL5
X(1,J))/(V+VDEAD+VB*ACKP1)
YHRSL7(I J%-YHCOL?(I yJ)
YARSL7(I,Jd)=YACOLT7(I,J)
YHRS7(I+1 J)= (YHRSS(I+1 J ) *VDEAD+V*YHCOIL5(I,J))
X/ (V+VDEAD)
YARST(I+1,J)=(YARSS(I+1,J)*VDEAD+V*YACOL5(I,J))/
X(V+VDEAD)
WRITE(6,34)YHRST7(I+1,J), YARS?(I+1 J)
34 FORNAT(BX, 'YHRST=" ,B25.5, 'YARS7=",E25.5)
350 CONTINUE
I=J
J=J+1
WRITE(6,11)J
11 FORMAL(ZX 1ex%J=",110)
DO 450 I=1,M _
A=(=1)%*I ,
IF(A) 451,451,452
451 YHRS1€I Jg éYHRS?(I L)*VDEAD+V*YHCOL7%I Lg)/(V+VDnAD)
YARS1(I,J)=(YARST7(I,L)*VDEAD+V*YACOL7(I,L))/(V+VDEAD)
YHCOL1(I J)= (VDEAD*YHRSL7(1+1 L)+V#*
XYHCOL7(1+1 L)+VB*HAKP2*YHCOL7(I L)) /(V+VDEAD+VB*HAKP1)
YACOL1(I, JS =(VDEAD*YARSL7(I+1, L5+V*YACOL7(I+1 L)+VB
X*AA¢>2*YACOL7(I L))/(V+VDEAD+VB*AAKP1)
YHRSL1§I+1 ) -YHCOL1(I J)
YARST1(I+1,J _YAO0L121 J)
YHRSR1(I+1,J)=YHRSR7(I+1, L;
YARSR1(I+1, J)~YARSR7(I+1 L
WRITE(6, 222)1
WRITE(6,13)YHRS1(I,J),YARS1(I,J)
II=I+1
WRITL§6 ,222)I1
WRITE(6,16)YHRSL1(I+1,J),YARST1(I+1,J),YHRSR1(I+1,J),
XYARSR1§I+1 ,J)
16 FORMAT(5X, 'YHRSL1=',E20.5,'YARSL1="',E20,.5, 'YHRSR1=
XE20,5, 'YARSR1=",E20,5)
GO TO 450
452 YHCOL1(I,J)=((V+VDEAD)*YHRS7(I+1,L)+VB*HCKP1
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(. « .Case 4 continued)

222
12

13
450

14

91

XYACOLT

X*YHCOLT7(I,L))/(V+VDEAD+VB*HCKP2)

YACOL1 éI,J§=( V+VDEAD) *YARST(I+1,L)+VB*ACKP1*
I,L))/(V+VDEAD+VB*ACKP2)
YHRS1(I+1,J)=YHCOL1 I,Jg
YARS1(I+1,J)=YACOL1(I,J

WRITE(6,222)1

FORMAT(2X, 'I=',I110)

WRITE(6,12) YHCOL1(I,J),YACOL1(I,J)
FORMAT (5X, 'YHCOL1=",E25.5, 'YACOL1=",E25,5)
II=I+1 ‘

WRITE(6,222)11
WRITE(6,13)YHRS1(I+1,J),YARS1(I+1,J)
FORMAT(5X, 'YHRS1="',E25,5, '"YARS1=",E25,5)
CONTINUE

IF(J-NCYCL)15,14,14

F1=F1+3,0

F2=F2+3%,0

J=1

IF(F1.EQ.15)G0 TO 91

GO TO 15

STOP

END



Figure XXXVII
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COMPUTER PROGRAM( Case 5)(#VI ) 2-Column Process

DIMENSIUN
1YHRSR2(2,40),YARSR2(2,40) ,YHRSL8(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(2 405
DIMENSION

1YHRSL1(2, 40) ,YHRSL3(2, 40) ,YHRSL5(2,40),YHRSL7(2, 40),
2YARSL1(2,40), YARSL3(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(3,40),YHRS7(3, 40),
2YARS1(3,40) YARSB(3 40), YARS5(3 40), YARS7(3 40)

READ(5, 10)M NCYCL

FORMAT ({71103
READ(5,20)YHAO,YA40,YHCO, YACO,V,VDEAD,VB,
1HAKP1, HCKP1 AAKP ACKP1,

2HAKP?2, HCKPZ AAKP2 ACKP2,
3HAKP3,HCKP3,AAKP3,ACKP3

FORMAT(7F1O 3)

YHRS1(1, o

YARS1(

]
_u...s
- O

qommqoomq
R g

)=
)
1
1
1
1
1
1
1
g

I | IR N NN N 2

=Oi L nuuwunn

J=1

DO 150 I=1,M
A=(- 1)**T

IF(A)151 151,152

151 YHCOL3(I,d)= ((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+VDnAD+VB*AAKP2)

YHRS3(I, J)~YHCOL3§I oJ)

YARS3(I,Jd)=YACOL3(I,J)

YHRSL3(1+1 J)= (YHRSL1(I+1,J)*VDFAD+V*YHCOL1(I J))/
X(V+VDEAD)
YARSL3(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+F1)

YHCOL3(1I, Jg =((V+VDEAD)*YHRSR2(I,J)+VB*HCKP2*
XYHCOL1(I,J))/(V+VDEAD+VB*HCKP3)
YACOL3(I,J)=((V+VDEAD)*YARSR2(I,J)+VB*ACKP2#*
XYACOL1(I, Jg)/(V+VDEAD+VB*ACKP3)
YHRSR3(I,J)=YHCOL3(I,J

YARSR3(I, J)—YACOLB(I J

YHRS§(I+1 Jg (YHRS1(I+1 J)*VDEAD+V*YHCOL1(I,J)+F1
X¥YHRSR2(I,J )/(V+VDEAD+F1)

YARS3(I+1, Jg =(YARS1(I+1,J ) *VDEAD+V*YACOL1(I,J)+F1
X*YARSR2(I,J )/(V+VDEAD+F1)

150 CONTINUE

251

33

DO 250 I=1,M
_(-1)**1
IF(A)251,251,252
YHRssgl J) (YHRS3(I J)*VDEAD+V*YHCOL3§I J%)/(V+VDEAD)
YARSS(I,J)=(YARS3(I,J)*VDEAD+V*YACOL3(I,J))/(V+VDEAD)
WRITE(6,33)YHRS5(I, I, YARS5(I,J)
FORMAT(SX 'YHRS5=" ,E25 5, 1YiRS5= ', E25,.5)
YHCOL5(1I, J) (VDEAD*YHRSRB(I+1 J)+VB*HAKP2*YHCOL3(I J)
X+V*YHCOL3(I+1 J))/(V+VDEAD+VB*HAKP3)
YACOLS(I,J)= (VDEAD*YARSR3(I+1 J)+VB*AAKP2*¥YACOL3(I,J)
X+V*YACOL3(I+1 J))/(V+VDEAD+VB*AAKP3)
YHRSR5(I+1, J%-YHCOLS(I J;
YARSR5(I+1,J)=YACOL5(I,d
GO TO 250

YARSLS(I,J)=YARSL3(I,d)

252 YHRSL5(I, JE—YHRSLS(I ,J)

YHCOLS5(I,d ((V+VDEAD)*YHRS“(I+1 J)+VB*
”CKP3*YHCOL3(I J)}/(V+VDEAD+VB*HCKP2)
YACOLS(I,J)= g(V+VDbAD)*YAR03(I+1 ,J ) +VEB*
XACKPB*YACOLB I1,J7))/(V+VDEAD+VB*ACKP2)
YHRSS(I+1, J)—YHCOLB(I J)

YARSS(I+1, J) =YACO0L5(1I, J)

250 CONTINUE

351

DO 350 I=1,M
A=(=1)*¥*]I

17(4)351,351,352

YHCOL?&I Jg (§V+VDEAD)*YHRSS(I J)+VB*HAKP3*
XYHCOLS(I,J))/(V+VDEAD+VB*HAKP2

YACOL7€I ,J)=((V+VDEAD)*YARSS5(I J)+VB*AAKP3*
XYACOLS(I.3))/ (V+VDEAD+VE*AAKP2)

YHRS7EI J)—YHCOL7§I ,J)

YARST7(I,J)=YACOLT(I,J)

YHRSR7(1+1,J) (YHRSR5(1+1 J)Y*VDEAD+V*YHCOL5(I,J))/
X(V+VDEAD)

YARSRT(I+1,J)= (YARSRS(I+1 J)*VDEAD+V*YACOLS(1,J))/
X{(V+VDEAD)

GO TO 350

352 YHCOLT7(I,J)=((V+VDEAD)*YHRSL5(I,J)+VB*HCKP2*YHCOLS

X(1, J))/(V+VDEAD+VB*HCKP1)
YACOL7(I J)=((V+VDEAD) *YARSTLS5(I,J)+VB*ACKP2*¥YACOLS5
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(Case 5 continued)
X(1,J))/(V+VDEAD+VB*ACKP1)
YHRDLY(I J)=YHCOL7(I,J)
YARSL7(I,J)=YACOL7(I,J)
YHRS7(1+1 J)= (YHRS5(I+1 J) *VDEAD+V¥YHCOL5(I,J))
X/(V+VDEAD)
YARST(I+1,J)=(YARSS5(I+1,J)*VDEAD+V*YACOLS(I,J))
X/ (V+VDEAD)
WRITE(6,34)YHRST(I+1,J), YARQ7(1+1 J)
34 FORMAT(BX '"YHRS7=", E25 5,'YARs7_ ,£25.,5)
350 CONTINUE
L=J
J=J+1
WRITE(6,11)J
11  FORMAT(2X, '*%*J=',110)
DO 450 I=1,M
A=(=1)**]
IFP(A) 451,451,452 : :
451 Y&RSLB(I+1 L) (F2*1,0+VDEAD*YHRSLT7(I+1,L)+V*
XYECCLT7(I+1 L))/(V+VDLAD+F2)
YAR>L8é1+1 ,L)=(F2%1,0+VDEAD*YARSL7(I+1,L)+V*
XYACCLT(I+1 L))/(V+VJDAD+;2)
YHRS1(I,Jd)=(YHRST7(I,L)*VDEAD+V*YHCOL7(1I, L)+F2*
XYHRSL8(1+1 L))/(V+VDEAD+F2)
YARS1(I,J)=(YARST(I,L)*VDEAD+V*YACOL7(I,L)+F2*
XVARSL8(1+1 L))/(V+V)LAD+F2)
YHCOL1(I J) ((V+VDEAD)*YHRSL8(I+1,L)+VR*¥HARP2*YHCOL7
X(1,1))/( V+VQEAD+VP*WAKP1)
YACOu1(I J)=(VDEAD*YARSL8(I+1,L)+V *YARSL8(I+1,L)+VB
X*AAYPZ*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) YdRoR7(I+1 Lg
YARSR1(I+1, J) =YARSR7(I+1,L
WRITE(6, 222)1
WRITE(6,13)YHRS1(I,J),YARS1(I,J)
II=T+1
WRITE(6,222)1II
WRITE(6,16)YHRSL1(I+1,J),YARSL1(I+1,J),YHRSR1(I+1,J),
XYARSR1(I+1 J)
16 FORPAT(SX 'YHRSL1 ',520.5, "YARSL1=",E20.5, '"YHRSR1=",
XE20,5, 'YARSR1=",E20.5)
GO TC 450
452 YHCOL1(I,J)=((V+VDEAD)*YHRST7(I+1,L)+VB*HCKP1
X*YHCOL7(I L))/ (V+VDEAD+VB*HCKP?2)
YACOL1(I, J) ((V+VDEAD)*YARST(I+1,L)+VB*ACKP1*
XYAcoL7(I,L))/(V+VDEAD+VE*ACKP2)
YHRS1(I+1 J)=YHCOL1(I,J)
YARS1(I+1,J)=YACOL1(I,J)
WRITE(6, 222)1
222 FORMAT(ZX 'I=',110)
WRITE(6, 12)YHCOL1(I J), YACOL1(I J)
12 FORVAT(SX '"YHCOL1=" E25 5, YACOL1=' E25.5)
II=1I+1



(Case 5 continued)

13
450

14

91

WRITE§6,222)II
WRITE

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

F2=F2+3,0

J=1

IF(F1.EQ.15) GO TO 91
G0 TO 15

STOP

END

6,13)YHRS1(I+1,J),YARS1(I+1,J)
FORMAT(5X, 'YHRS1=',E25,5,'YARS1=',E25,5)

105



FigureXXXVIII

Flow Diagram of Two-Column Process
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COMPUTER PROGRAM (CASE 6) #VII,

Two- Column Process

DIMENSION

1YHRS1L8(2,40),YARSIL8(2,40),YHRSL6(2,40) ,YARSL6(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; YHRSL7§2 ,40),

2YARSL1(2,40), YARSL3(2 40) YARSLS(Z 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)

DINMENSION

1YHPS1§3 ,40), YHR83§3 40% , YHRS35(3,40), YHRS7§3 40%

2YArRS1(3,40),YARS3(3,40),YARS5(3,40),YARST(3, 40

READ(S5, 10)% NCYCL

FORBAW(7I10)

READ(5,20)YHAO,YAAO,YHCO,YACO,V,VDEAD, VR,

1HAKP1,HCKP1, AAKP1, ACKP1,

2HAYP2,HCKP2,AAKP2, ACKP2,

3HAYP3,HCKP3,AAKP3, ACKP3

VORNAT(?F1O 3)

YHRS1(1,1)=1.0

YARS1T(1

YHCOL(

YACOL1(

YHRSR1(

YARSR1§
(
(
3
3

- N

YHRSTA
YARSIL1
YHCOLI
YACQL1

~OWV-JOO W
~J - O

o nnnunny —-‘—‘

) 1)
1,1
1,1
2,1
2,1
2,1
2,1
2,1
2,1
v 1)
»1)

I | NS N N g ||

1
)
’
y
’
’
’
’
’
1
1
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(CASE 6 continued)

15

151

XHAKP1*YHCOL1

J=1
30150 I=1,M

g ~1)%*T
IF(A)151,151,152
YHCOL3(1I, J) (V+VDEAD)*YHRS1(I,J)+VB*
I, 7))/ (V+VDEAD+VB*HAKP2)
YACOL3(I,J)= (V+VDEAD)*YARS1(I J)+VB*
XAAKP1*YACOL1(I J))/(V+VDEAD+VB*AAKP2)

YHRSBEI J%-YHCOLB(I Jg

YARS3(I,J)=YACOL3(I,J

YHRSL3(1+1 J)= (YHRSL1(I+1 J)*VDEAD+V*YHCOL1(I,J))/
X(V+VDEAD)
YARSL3(I+1,J7)=(YARSL1(I+1,J)*VDEAD+V*¥YACOL1(1,J))/
X(V+VDEAD)

GO TO 150

152 YHCOL3(I,J)=((V+VDEAD)*YHRSR1(I,J)+VB*

XHCKPZ*YHCOL1(I J))/(V+VDEAD+VB*HCKP3)
YACOL3(I,Jd)= ((V+VDEAD)*YARSR1(I J)+VB*
XACKPZ*YACOL1(I J))/(V+VDEAD+VB*ACKP3)
YHRSRBEI J%~YHCOL3§I , J)

YARSR3(I,J)=YACOL3(I,J)
YhRSB(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

251

33

DO 250 I=1,M
2 -1)*x%]

IF A)251,251,252

YHRS5(1I, J) (YHRS3(I J)*VDEAD+V*YHCOL3(I,J))/(V+VDEAD)

YARssgl ,J)=(YARS3(1,J)*VDEAD+V*YACOL3(I,J))/(V+VDEAD)

WRITE(6,33)YHRSS(I, J) YARSS(I J)

FORMAT(SX '"YHRS5=", £25., 5, YARSS—' E25.5)

YECOL5(1T, J) (VDLAD*YHRSRB(I+1 J)+VB*HAKP2*YHCOL3(I J)

X+V*YHCOL3(I+1 J))/(V+VDLAD+VB*HAKP3)

YACOLS(I,J)= (VDEAD*YARSR3(1+1 J)+VB*AAKP2*YACOL3(I,J)

X+V*YACOL3(T+1, 7)) 7 (V+VDEAD+ VB*AAKP3 )

YHRSR5(I+1, J)—YHCOLS(I J)

YARSR5(I+1,J)=YACOL5(I,J)

GO TO 250

252 YHRSL5(I,J)=YHRSL3(I,J)

YARSL5(1I, Jg_YARSLB(I 'J)
YHCOL5(I,Jd)=((V+VDEAD)*YHRS3(I+1,J)+VB*
XHCKP3*YHCOL3 (T, J))/(V+VDEAD+VB*HCKP2)
YACOLS5(I,J)= ((V+VDEAD)*YARSB(I+1 J)+VB*
XACKPB*YACOLB(I J))/(V+VDEAD+VB*ACKP2)
YHR8521+1 J)-YHCOLSEI Jg
YARS5(I+1,J)=YACOLS(I,J

250 CONTINUE

DG 350 I=1,M
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(CASE 6 continued)
A_g —-1)%%*I
IF(A)351,351,352
351 YHRSL6(I+1,J)=( (V+VDEAD)*YHRSL5(I+1,J)+F1%1,0)/
X(V+VDEAD+F1)
YARSL6(I+1,J)=((V+VDEAD) *YARSLS5(I+1,J)+F1*1.0)/
X(V+VDEAD+F1)
YﬁCOL?EI Jg =((V+VDEAD)*YHRS5(I,J)+VB*HAKP3#*
XYHCOL5(I,J))/(V+VDEAD+VB*HAKP2
YACOL7€I Jg (§V+VDEAD)*YARSB(I J)+VB*AAKP3*
XYACOLS(I.J))/(V+VDEAD+VE*AAKP2)
YHRS7£I J)—YHCOL?(I J)
YARST(I,Jd)=YACOLT7(I,J)
YHRSR?(I+1 J)= (VHRSR5(1+1 J) *VDEAD+V*YHCOLS(I,J))/
X(V+VDEAD)
YARSR7(I+1,J)=(YARSR5(I+1,J)*VDEAD+V*YACOL5(I,d))/
X(V+VDEAD)
GO TO 350
352 YHCOLT(I,J)=((V+VDEAD)*YHRSL6(I,J)+VB¥HCKP2*YHCOL5
X(1, J))/(V+VDEAD+VB*HCKP1)
YACOL?(I J)=((V+VDEAD)*YARSL6(I,J)+VB*¥ACKP2*¥YACOL5
X(1, J))/(V+VDEAD+VB*ACKP1)
YHRSL?éI ,J)=YHCOL7(TI, J;
YARSL7(I,J)=YACOL7(I,J
YHRS7(I+1 J)= (YHRS5(1+1 J)*VDEAD+V*YHCOLS5(I,J)+F1*
XYHRSL6(1I, J);/(V+VDEAD+F1)
YARST(I+1,J)=(YARSS5(I+1,J)*VDEAD+V*YACOLS(I,J)+F1*
XVARSL6(I,J§)/(V+VDbAD+F1)
WRITE(6,%4)YHRS7(I+1,J) YARS7(I+1 J)
34  FORP AT(SX,'YHRS?- , E25,5,'YARST=",E25.5)
350 CONTINUE
L=J
J=J+1
WRITE(6,11)J
11 FORNAT(ZX '%x%J=' T10)
DO 450 I=1,M
)**I
IF(A)451 451,452
451 YHRSL8(1+1 LS (F2%1,0+VDEAD*YHRSL7(I+1,L)+V*YHCOL7
X(I+1, L))/(V+VDbAD+F2)
YARSL8(1+1 L)=(F2%1,0+VDEAD*YARSL7(I+1,L)+V*YACOL7
X(I+1, L))/(V+VDJAU+F2)
YHRST(T,J) =(YHRST7(I,L)*VDEAD+V*YECOL7(I,L)+F2*¥YHRSLS
X(1+1,1) )/ (V+VDEAD+F2)
YARS1(I J)=(YARST(I,L)*VDEAT+V*YACOL7(I,L)+F2*YARSL8
%(1+1,1) ) /{V4VDEAD+F2)
YHCOL1(I,J)=((VDEAD+V)*YHRSLS8(I+1,L)+VB*HAKP2*YHCOL7
X(1,1))/(V+VDEAD+VB*HAKP1)
YACOL1(I,J)=((V+VDEAD)*YARSL8(I+1,L)+VB*¥AAKP2*YACOL7
X(I,L))/(V+VDEAD+VB*AAKP1)
YHRSL1(I+1 J)=YHCOL1(I,J)
YARSL1(I+1,J)=YACOL1(I,J)
YHRSR1§I+1 yJ —YHRDR7(I+1 L)
YARSR1(I+1,J)=YARSR7(I+1, L)
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(Case 6 continued)

16

452

222
12

13
450

14

91

WRITL26 ,222)1
WRITE(6,13)YHRS1(I,J),YARS1(I,J)

ITI=T+1

WRITE(6,222)11
WRITE(6,16)YHRSL1(I+1,J),YARSL1(T+1,J),YHRSR1(I+1,),
XYARSR1(I+1 J)

FORMAT (5X, 'YHRSL1=',E20.5,'YARSL1=',E20.5,'YHRSR1=',
XEZO.S,'YARSR1=',EZO.5)

GO TO 450
YHCOL1(I,J)=((V+VDEAD)*YHRS7(I+1,L)+VB*HCKP1
X*YHCOL?(I,L))/(V+VDEAD+VB*HCKP2)
YACOL1(I,Jd)={({(V+VDEAD)*YARS7(I+1,L)+VB*ACEP1
X*¥YACOLT7(I,L))/(V+VDEAD+VB*ACKP2)

YHRS1(I+1,d ~YHCOL1EI ,J)
YARS1(I+1,J)=YACOL1(I,J)

WRITE(6,222)I

FORNAT(ZX 'I=1,110)

WRITE(E, 12)YHCOL1(I J), YACOL1(I J)
FORDAT(BX '"YHCOL1="! F25 5, YACOL1~',EQ5 5)
II=T1+1

WKITLE6 ,222)11

WRITE(6,13)YHRS1(I+1,J), YARS1(I+1 J)
FORPAL(SX '"YHRS1="', L25 5, YARS1=',E25,.5)
CONTINUE

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

F1=F1+3%.0

F2=F2+3,0

J=1

IF(F1.EQ.15)G0 TO 91

GO TO 15

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) ,YARSRT7(2,40)
DIMENSION
,1YHRSL1§2,4O§,YHRSL3(2,4O),YHRSL5(2,40),YHRSL7(2,40),
2YARSL1(2,40) ,YARSL3(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),YACOLT(2,40)
DIMENSION
1YHRST(3,403,YHRSB(3.4O):YHRSS§3,4O§.YHRS7(3.4O):
2YARS1(3,40),YARS3(3,40),YARS5(3,40),YARS7(3,40)
READ(5,10)¥,NCYCL
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10 .FORMAT(7I10)
READ(5,20)YHAO,YAAO,YHCO,YACO,V,VDEAD, VB,
1HAXP1,HCKP1,AAKP1,ACKP1,
2HAKP2,HCKP2,AAKP2, ACKP2,
3HAKP3,HCKP3,AAKP3,ACKP?

20 FORMAT(7F1O 3)
YHRS1(1 1

YACOL1

YHRSR1
(2
>
P

QO
. O
- N

-

YARSR1
YHRSTLA

NC Qo

H O s e it |
Oty y-—=

¢« e OO0

Qe o ¢ ¢ o =
~OOWW~IO O~

1
1
1
1
1
1
1
1
)
)

J=1
15 DO 150 I=1,M
A=(=1)%*I
IF(A)151 151,152
151 YHCOL3(I,J)= ((V+VDLAD)*YHRS1(I J)+VB*
YHAKP1*YHCOL1(I J))/(V+VJLAD+VB*HAKP2)
YACOL3(I,J)= ((V+VD?AD)*YARS1(I J)+VB*
XAAKP1*YAQOL1(I J))/(V+VDLA)+VB* AKP?2)
YHRS3(I,J) YHCOu3(I J)
YARS3(I,J)=YACOL3(I,J)
YHRSL3(1+1 J)= (YHRQL1(I+1 J)*¥VDEAD+V*YHCOL1(I,J))/
X(V+VDEAD)
YARSL%(I+1,J)=(YARSL1(I+1,J)*VDEAD+V*YACOL1(I,J))/
X(V+VDEAD)
GO T0 150
152 YHR§R2(I,J)=(F2*1.0+(V+VDEAD)*YHRSR1(I,J))/(V+VDEAD
X+F2
YAR§R2(I ,J)=(F2%1,0+(V+VDEAD) ¥ WRSR1(I,J))/(V+VDEAD
X+F2
YHCOL3(I,J)=((V+VDEAD)*YHRSR2(1I, J)+VB*HCKP2*YHCOL1(I J
X))/(V+VDLAD+VB*HCKP3)
YACOL3(I,J)=((V+VDEAD)*YARSR2(I,J)+VB*
XACKPZ*YACOL1(I J))/(V+VDLAD+VB*ACKP3)
YHRSR3(I,J) YHCOLB(I J)
YARSR3(1,J)=YACOL3(I,J)
YHR53(1+1 J)= (YHRS1(I+1 J)*VDEAD+V*YHCOL1(I,J)+F2
X*YdRSRZ(I J )/(V+VDEAD+F2§
YARS3(I+1,d)=(YARS1(I+1,J)*VDEAD+V*YACOL1(I,J)+F2
X*YARSR2(I,d )/ (V+VDEAD+F¥2)
150 CONTINUE
DO 250 I=1,M
A=(=-1)*x]
IF(A)251,251,252
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(Case 7 continued)
251 YHRSR4(I+1,J)=(F1%1.0+VDEAD*YHERSR3(I+1,J)+V*
XYHCOL3(I+1, J))/(V+VDEAD+F1)
YARSR4(I+1,J)=(F1%1,0+VDEAD*YARSRS(I+1,J)+V¥
XYACOL3(I+1, J))/(V+VDLAD+F1)
YHRS5(I,J) ~(YHR83(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(1+1 J))/(V+VDLAD+F1)
WRITE(6,33) YHRSS(I,J), YARS5(1,9)
33 FORMAT(SX,'YHRSS—' E25 5 YARSE +E25.5)
YHCOL5(I,J)= ((V+VDEAD)*YHRSR4(I+1 J)+VB*HAKP2*
XYHCOL3(1,J))/(V+VDEAD+VB*HAKP?3)
YACOL5(I,J )=((V+VDEAD)*YARSR4(I+1, J)+VB*AAKP2*
XYACOL3(I,J))/(V+VDEAD+VB*AAKP3)
YHRSR5(1+1 J)=YHCOL5(I,J)
YARSR5(I+1,J)=YACOLS(I,J)
GO TC 250
252 YHRSLBEI J3~YHRSL3(I ,J)
YARSLS5(I,J)=YARSL3(I,J)
YHCOL5(I,d)= ((V+VDEAQ)*YHR83(I+1 J)+VB*
XHCKPB*YHCOLB(I J))/(V+VDEAQ+VB*HCKP2)
YACOLS(I,J)= ((V+VDLAD)*YARS3(I+1 J)+VB*
XAGKPB*YACOLB(I J))/(V+VuEAn+VB*ACKP2)
YHRSS(I+1,J) YHCOLS(I J)
YARSS5(I+1, J)-YACOLS(I J)
250 COKTINUE
DO 350 I=1,M
( 1)**1
Ir(A)351 351,352
%351 YHCOL7(I,d)= ={ {(V+VDEAD) *YHRS5 (I
XYHCOL5(1.3))/ (V+VDEAD+VE*HAKP2)
YACOLT(I,J)=( (V+VDEAD)*YARSS (I, J)+-Vi* A PT*
CYACOLS(I, J))/(V+VDEAD+VB*AAKP2)
YHRST7(I, J)—YHCOL?(I J}
YARST(I,J)=YACOL7(I,J
YHRSR7(1+1 J)= (YHRSR5(1+1 J)*VDEAD+V*YHCOL5(I,Jd))/
X (V+VDEAD)
YARSRT7(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*YHCOLS
X(1, J))/(V+VDLAE%VB*HCKP1)
YACOL7 1,J)=((V+VDEAD)*YARSL5(I, J)+VB*ACKP2*YACOL5
x(1, J))/(V+VDLAD+VB*ACKP1)
YHRSL7(I J§~YHCOL7(I Jg
YARSL7(I,J)=YACOLT7(I,d
YHRS7(1+1 J)= (YHRSS(I+1 J)*VDEAD+V*YHCOLS5(1,J))/
X(V+VDEAD)
YARST7(I+1,J)=(YARSS5(I+1,J)*VDEAD+V*YACOLS5(I,J))/
X(V+VDEAD)
WRITE(6,34)YHRS7(I+1,J). YARS7(I+1 J)
34 FORMAT(SX 'YHRST7="', E25., 5, 'YARS7="',E25.5)
350 CONTINUE

J)+VB*¥HAKP?*
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(case 7 continued)

11

451

16

452

222
12

13
450

14

91

L=J
J=J+1

WRITE(6,11)J

FORMAT(ZX THAKT = 110)

DO 450 I=1,M

A=(~ 1)**1

If(A)451,451,452

YHRS1(I, J) (YHRS?(I L) *VDEAD+V*YHCOL7(1I, L%)/(V+VDEAD3
YARS1(I,J)=(YARST(I, L)*VDEAD+V*YACOL7(I L))/(V4+VDEAD
YHCOL1(I J)= (VDEAD*YHRSL7(I+1 L)+V*YHCOL7(I+1 L)
X+ VE*HAKP2*YHCOLT (I, 1))/ (V+VDEAD+ VB*HAKP1)
YACOL1(I,J)= (VDEAD*YARSL?(I+1,L)+V*YACOL7(I+1,L)
X+VB*AAKP2*YACOLT(I,L))/(V+VDEAD+ VB*AAKP1)
YHRSL1€I+1 ,J —YHCOL1éI ,J
YARSL1(I+1,J)=YACOL1(I,d
YHRSR1§I+1,J =YHRSR7£I+1,L§
YARSR1(I+1,J)=YARSRT(I+1,L

WRITE§6 222)1

WRITE(6,13)YHRS1(I,J),YARS1(I,J)

II=T+1

WRITE(6,222)II
WRITE(6,16)YHRSL1(I+1,J),YARST1(I+1,J),YHRSR1(I+1,J),
XYARSR1(I+1 J)

FORMAT (5%, 'YHRSL1=‘,E20.5,'YARSL1=',E20.5,‘YHRSR1=',
XEZO.S,'YARSR1=',E20.5)
70 450

YhCOL1(I J)=((V+VDEAD)*YHRST7(I+1,L)+VB*HCKP1
X*YHCOL7(I L))/ (V+VDEAD+VB*HCKP?2)

YACOLA(1I, J) ((V+VDEAD)*YARST7(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)1

rORIAT(ZX 'I=1,110)

WRITE(6, 12)YHCOL1(I,J),YACOL1(I J)

FORMAL(SX 'YHCOL1=',E25,5, 'YACOL1—' £25.5)

IT=T+1

WRITE(6,222)II

WRITE(6,13)YHRS1(I+1,J), YARS1(I+1 J)
FORMAT(5X,'VW‘C“—' b25 , "YARS1="',E25, 5)

CONTINUE

IF(J-NCYCL)15,14,14

F1=F1+3%.0

F2=F2+3%,0

J=1

IF(F1.EQ.15)G0 TO 91

<0 T0 15

STOP

END
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COMPUTER PROGRAM #IX

Three-Column Batch Process

DIMENSION
1YHRSL1(3,40),YHRSL2(3,40),YHRSL3(3, 40) ,YHRSL4(3,40),
2YHRSLS(3, 40),YHRSL6(3,40), YHRSL7(3 40) ,YHRSL8(3,40),
ZYARSL1(3, 40;,YARSL2(3 ,40), YARQL3(3 40), YARSL4(3 40),
4YARSL5(3,40),YARSL6(3,40), YARSL7(3 40), YARSL8(3 40)

DIMENSION
1YHCOL1(3, 40) ,YHCOL2(3,40),YHCOL3(3,40), YPCOL4£3 40),
2YHCOLS5(3%,40), YHCOL6(3 40) ,YHEOL7(3, 40% YHCOL8(3, 40
3YACOL1§3 40; YACOL2(3 40% ,YACOL3(3%,40),YACOL4(3,40
4YACOL5(3%,40) ,YACOL6(%,40),YACOLT7(3,40), YACOL8(3 40

1YHRS2(4,40) ,YHRS4(4,40), YHRS6§4 403 YHRSS 4,40),
2Y4RS2(4,40), YARS4(4 40) ,YARS6(4,40) ,YARS8(4,40
3YHRS1(4, 40% YHR53(4 40 YHRS5(4 40) ,YHRS7(4, 40
4YARS1(4,40),YARS3(4,40 YAR65(4 40) , YARS7(4 40
DIMENSION

1YHRSR1(3,40) ,YHRSR2(3,40) ,YHRSR3(3,40),YHRSR4(3,40),
2YHRSR5(3,40),YERSR6(3,40), YHRSR7(3 40; YHR0R8(3 40),
3YARSR1(3%,40), YARsﬁz(B 40), YARQPB(B 40) ,YARSR4(3,40),
4YARSRS5(3,40),YARSR6(3,40), YARSR7(5 40), YARSR8(3 40)
READ(S, EO)u 1CYCL

rORMPT(7I1O

READ(5,20)YHAO,YAAO,YHCO,YACO,V,VDEAD, VB,

1:1AKP1, HCKP1 AAkP1 ACKP1

2HAKP2,HCKP2,AAKP2,ACKP2,
ZUAKP3,HCKP3, AAKP3, ACKP3

FORMAT (7F10.3)

YHRS1(1, 1)=1.0

YARS1(
YHCCLA

DIMEKSIOHN

OOD-‘O
~J

1
(
1
2
2
(
YACOLA (
YHRSL1§
(
(
(
(
4
4

- O\ =t O\

YARSTA
YHRSR1
YARSR1

\]OE)]OOO)\](D\) ~N O

aonnununuuéouuAA
2 20220000, ¢« 2O.

L | I oy | B T RN |
Qe o o o &« s o

)
1
1
)
)
1
1
1
1
1
1
1
1
)
)
=1

oM
( 1)**1
IF(A)251 251,252
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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
X(I,J)*ACKP2)/(VDEAD+V+VB*ACKP1)
YHRssél,Jg=YHCOL3§I,J
YARS3(I,J)=YACOL3(I,J
YHCOL3(I+1,J)=(YHCOL1(I,J)*V+VB*YHCOL1(I+1,J)*HAKP1+
XVDEAD*YHRS1(I+1,J))/(V+VDEAD+VB*HAKP?2)
YACOL3(I+1,J)=(YACOL1(I,J)*V+VB*YACOL1(I+1,J)*AAKP1+
XVDEAD*YARS1(I+1,J))/(V+VDEAD+VB*AAKP?2)

GO TO 250

YHRSB(I,J)=YHCOL3(I,J§

YARS3(I,J)=YACOL3(I,J
YHCOL3(I+1,J)=((V+VDEAD)*YHRSR1(I+1,J)+VB*YHCOL1(I+1,
XJ)*HCKP2) /(V+VDEAI+VB*HCKP3)
YACOL3(I+1,J)=((V+VDEAD)*YARSR1(I+1,J)+VB*YACOL1(I+1,
XJ)*ACKP2)/(V+VDEAD+VB*ACKP3)
YHRSR3(I+1,J)=YHCOL3(I+1,dJ)
YARSR3§I+1,J):YACOL3(I+1,J)

I+1,Jd)=(YHRSL1(I+1,J)*VDEAD+V*YHCOL1(1,J))/

X(V+VDEAD)
YARSL3(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*YHCOL1(I+1,J))/
X(V+VDEAD)

YARS3(I+2,J)=(YARS1(I+2,J) ¥VDEAD+V*YACOL1(I+1,J))/
X(V+VDEAD)

CONTINUE

DO 450 I=1,HM
A=§—1)**I

IFP(A)451,451,452 ,
YHRS5(I,J)=(YHRS3(I,J)*VDEAD+V*YHCOL3(1,J))/(V+VDEAD)
YARS5(I,J)=(YARS3(I,J)*VDEAD+V*YACOL3(I,J))/(V+VDEAD
YHCOLS(I,J)=(V*YHCOL3(I+1,J)+VB*YHCOL3(I,J)*HCKP1
X+VDEAD*YHR83(I+1,J))/§V+VDEAD+VB*HCKP2)
YACOLS(I,J)zEV*YACOLB I+1,J)+VB*YACOL3(I,J)*ACKP1
X+VDEAD*YARS3(I+1,J))/(V+VDEAD+VB*ACKP2)
YHCOLS(I+1,J)=(VB*YHCOL3(I+1,J)*HAKP2+
X(V+VDEAD) *YHRSR3(I+2,J) )/ (V+VE*HAKP3+VDEAD)
YACOLS(I+1,J)=( VB*YACOL3(I+1,J)*AAKP2+
X(V+VDEAD)*YARSR3(I+2,J)3/(V+VDEAD +VB*AAKP3)
YHRSS(I+1,J§=YHCOL5(I,J ,
YARSS5(I+1,J)=YACOL5(I,J)

YHRSRB(I+2,J)=YHCOL52I+1,J
YARSR5(I+2,J)=YACOL5(I+1,J
YHRSLS(I+2,J)=YHRSL3€I+2,J
YARSL5(I+2,J)=YARSL3(I+2,J)

GO TO 450

YHCOLS(I+1,J):((V+VDEAD§*YHR83(I+2,J)
X+VB*YHCOL3( I+1,J)*HCKP3)/(VDEAD+V+VB¥HCKP2)

YACOLS5 (I+1,J)=((V+VDEAD)*YARS3(I+2,J)
X+VB*YACOL3(I+1,J)*ACKP3)/(VDEAD+V+VB*ACKP2)
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YHRS5(I+2, J§-YHCOL5(I+1 Jg

YARSS5(I+2,J)=YACOL5(I+1,J
CONT INUE
DO 650 I=1,M

g ~1) %]
IF(A)651,651,652
YHCOL7(I,J)= ((V+VDEAD)*YHRSS(I J)+
XVB*YHCOLS(I J)*HCKPZ){(V+VDEAD+VB*HCKP1)
YACOLT7(I,J)=((V+VDEAD)*YARSS5(I,J)+
XVB*YACOLS(I J)*ACKPZ)/(V+VDEAD+VB*ACKP1)
YHCOLT7(I+1, J) (YHCOLS5(I,J)*V+VB*YHCOL5(I+1,J
X*HAKP3+VLFA)*YHRSS(I+1 J)%/(V+VDEAU+VB*HAKP2
YACOLT7(I+1,J)=(YACOL5(I,J)*V+VB*YACOLS(I+1,J
X*AAKP3+VDFAD*YARSS(I+1 J) /(V+VDEAD+VB*AAKP2)
YHRS7(I+1 J)-YHCOL?(I+1 J

YARST(I+1 J) =YACOL7(I+1,J

YHRST(T, J)=¥HC0T7( T, Jg

YARST(I J) YACCLT(I,J
GO TO 650

HCOL7(I+1 J)=((V+VDEAD
X+VB*YHCOL5ZI+1 J)*HCKP2 /(V+VDWAD+VB*HCKP1)
YACOLT7(I+1,J)= ((J+VD;AD *YARSLS(I+1,J)
X+VB*YACOL5(I+1 J)*ACKPZ)/(V+VﬁLAD+VB*ACFP1)
YHRSL7(I+1,J)= VHCOL7(I+1 J;
YARSL7(I+1,J)=YACOL7(I+1,J

YHRSRT7(I+1,J)= (YHRSRS(I+1 J)*VDEAD+V*YHCOLS5(TI,Jd))/

*YHRSLS(I+1,J)

X(V+VDEAD
YAhSR7(1+1,J):(YARSRS(I+1,J)*VDEAD+V*YACOLS(I,J))/
X (V+VDEAD)

YHRST7(I+2,Jd)=(YER55(I+2,J) ¥VDEAD+V*YHCOLS(I+1,J))/
X(V+VDEAD)
YARST(I+2,J)=(YARSS(I+2,J)*¥VDEAD+V*¥YACOLS(I+1,J))/
X(V+VDEAD)

CONTINUE

L=J

J=J+1

WRITE(6,3333)J

“OTVAT(QX Pxx#%J="' T10)

'o 850 I=1,M

(=1)%*1

IF(A)851 851,852

YHRS1(1I, Jg (YH?S7(I L) *VDEAD+V*YHCOLT7(I,1))/(V+VDEAT)
YARS1(I,Jd)=(YARST7(I,L)*VDEAD+V*YACOLT(TI, L))/(V+VrVAJ
WRITE(6, 1010)VHR°1(I J),YARS1(I,J)

YPCOL1(I J)= (V*YHCOL7QI+1 L)+VR*YHCOL7(I L)*HCKP1+
XV“EAD*YHRS7(1+1 L))/(V+VB*{CKP2+VD>AN)

YACOL1(I,J)= (YARD7(I+1 L)*¥VDEAD+V*YACOL7(I+1,L)
X+VB*ACKP1*YnCOL7(I L))/(V+VB*ACKPQ+VDFAD)
YHCOL1(I+1,J)= (V*YHCUL7(1+2 L)+VB*YHCOL7(I+1,L)*HAKP2
X+VDLAU*YHASL7(I+2 L))/(V+VDEAD+VB*HAKP1)
YACOL1(I+1,Jd)= (V*YALOL7(1+2 L)+VB*¥YACOLT7(I+1,L)¥AAKP2
X+VJLAJ*YARQL7(I+2 L))/(V+VDLAD+VB*AAKP1)
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YHRS1(I+1,J)=YHCOL1(I, J)
YARS1(I+1,J)=YACOL1(I,J)
YHRSL1(I+2 J)~YHCOL1(I+1 J)
YARST1(I+2, Jg-YACOL1(I+1 J)
YHRSR1(I+2,J)=YHRSRT7(I+2,L)
YARSR1(I+2,J)=YARSR7(I+2,L)
II=1+2
HRITE26 ,2222)I1
WRITE(6 1009%YHRSL1(1+2 »J),YARSL1(1+2,J),
XYHRSR1(1+2, ), YARSRT (142, T)
1009 FORNMAT(5X, 'YHRSL1=',E20,. 5,'YARQL1—‘,E2O.5,
X'YHRSR1="',E20.5, '"YARSR1=",E20,5)
I7=11-1
WRITE(6, 2222)11
2222 FORWAT(2X 'I=1,110)
WRITE(6, 85YHRS1(I+1 J),YARS1(I+1,J)
8 WORPAW(SX 'YHRS1=", E25 5,'YAhS1~',E25 5)
G0 TO 850
852 YHCOL1(I+1,J)=(VB*¥YBCOL7(I+1,L)*HCKP1+
(V+VDLAD)*VHR 7(I+2, L))/(V+VB*HCKP2+VD 3AD)
YACOL1(I+1,d)= (VB*YACOL7(I+1 oL ) ¥ACKP1+
X(V+VJLAD)*YARS7(I+2 L))/(V+VB*ACKP2+VDEAD)
YHRS1(I+2, Jg YHCOL1(I+1 J)
YARS1(I+2,J)=YACOL1(I+1,J)
I11=I+2
WRITHE(6,2222)I1
WRITE(6,1010)YHRS1(I+2,J),YARS1(I+2,J)
1010 FORMAT (SX 'YHRS1=',E25.5, 'Y4951—' £25, 5)
850 CONTINUE
I7(J-NCYCL)15,14,14
14  STOP
END
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Computer Program (Three Column Process- Case 1) #X.

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), YARSL2(3 40) ,YARSL3(3,40) ,YARSL4(3, 40),
4YARSI5(3,40), YARSL6(5 40) ,YARSL7(%,40) ,YARSL8(3,40)
DIMENSION
1YHCOL1(3,40),YHCOL2(3,40), YHCOL3§3 ,40) ,YHCOL4(3, 40;
2YHCOL5§3 ,40), YHCOL6(3 40),YHCOLT7(3 40% , YHCOL8( 3,40
3YACOL1(3,40) YACOL2(3 40) ,YACOL3(3%,40) ,YACOL4(3, 40),
4YACOL5(3,40), YA00L6(3 40), YACOL7(3 40),YAC0L8(3,40)

DIMENSION
1YHRS2( 4, 40; ,YHRS4(4,40) ,YHRS6( 4, 40;,YHR88(4,40),
2YARS2(4,40),YARS4(4,40), YARS6(4 40) ,YARS8(4 403
3YHRS1(4,40), YHRS3§4 ,40), YHRSS(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, 403 YHRSR4(3,403,
2YHRSRS(3,40),YHRSK6(3,40), YHRSR7(§ 40) ,YHRSR8( 3, 40
3YARSR1(3,40),YARSR2(3,40),YARSR3(3,40),YARSR4(3,40),
4YARSR5(3,40),YARSR6(%,40),YARSR7(%,40) ,YARSR8(3,40)
READ(S5, 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, AAKP?, ACKP3

20 FORMAT(T7F10.3)

YHRS1(1, .0

YARS1(
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F2=0,0
15 DO 250 I=1,M
(=1)%%I
IF(A)251 251,252
251 YHCOL3(I,J)= (VDEAD*YFRS1(I J)+V*¥YHRS1(I,J)+VB*YHCOL1
X(I J)*HCKPZ) /(VDLAD+V+VB*HCKP1 )
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(Case #1 continued)
YACOL3(I,J)=(VDEAD*YARS1(I,J)+V*YARS1(I,J)+VB*YACOL1
X(1, J)*ACKPZ)/(VDEAD+V+VB*ACKP1)
YHRS3§I Jg_YHCOL3§ g
YARS3(I,J)=YACOL3(I,J
YHCOL3(1+1 J)= (YHCOL1(I J)#V+VB*YHCOL1(I+1,J ) *HAKP1+
XVDEAD*YHRQ1(I+1 J))/(V+VDLAD+VB*HAKP2)
YACOL3(I+1,d)= (YACOL1(I J)*V+VB*YACOL1(I+1,J)*AAKP1+
XVDEAD*YARS1(I+1 J))/(V+VDﬁAD+VB*AAKP2)
GO TO 250
252 YHRS3(I, J;-YHCOL3§I ,J)
YARS3(I,J)=YACOL3(I,J)
YHCOL3(1+1 J)= ((V+VDEAD)*YFRSR1(I+1 J)+VB*YHCOL1(I+1 J
X)*HCKPZ)/(V+VDEAD+VB*HCKP3)
YACOL3(I+1,J)=((V+VDEAD)*YARSR1(I+1,J)+VB*YACOL1(I+1,J
X)*ACKP2)/(V+VDLAD+VB*ACKP3)
YHRSR3(I+1,J)=YHCOL3(I+1,J)
YARSR3(I+1, Jg—YACOLB(I+1 yJ)
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)
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)%*T
IF(A) 451,451,452
451 YHKSR4(I+2 J) (F1%1.0+VDEAD¥YBRSR3(I+2,J)+V*¥YHCOL3
X(1I+2, J))/(F1+V+VD AD)
YARSR4(I+2 J)=(F1%1.,0+VDEAD*YARSR3(I+2,J)+V*YACOL3
X(I+2, J))/(F1+V+VDEAD)
YHRSS(I J)=(YHRS3(TI,J)*VDEAD+V*YHCOL3(1,J)+F1*YHRSR4
X(1+27 J)i/(F1+V+VDEA3)
VEPSH 1,7)=(YARS3(I,J)*VDEAD+V*YACOL3(I,J)+F1*YARSRY
X(1+2,J3))/(F1+V+VDEAD)
YHCOL5(I J)=(V*YHCOL3(I+1,J)+VB*YHCOL3(I,J)*HCKP1
X+VDLA3*YHR83(I+1 J))/(V+VJ SAD+VB*HCKP2)
YACOLS(1,J)= (V*YACOLD(I+1 J)+VB*YACOL3(I,J)*ACKP1
x+VDEAD*YARSB(I+1 J))/(V+Vﬂ JAD+VB*ACKP2)
YHCOLS(I+1,J)= (VB*YHCOL3(1+1 J) *HAKP2+
X(V+VDEAD)*YHRDR4(I+2 J))/(V+VD*HAKP3+VDLAD)
YACOL5(I+1,J)= (VB*YACOL3(1+1 J)*AAKP2+
(V+VDEAD)*YARSR4(I+2 J))/(V+VDEAD+VB*AAKP3)
YHRSS(I+1,J§=YHCOL5(I,J%
YARSS5(I+1,J)=YACOL5(I,J
YHRSRB(I+2,J§=YHCOL5CI+1,J)
YARSRS5(I+2,J)=YACOL5(I+1,J)
YHRSL5(I+2,J )=YHRSL3(I+2,J)
YARSL5(I+2,J)=YARSL3(I+2,J)
GO TO 450
452 YHCCLS5(I+1,J)=((V+VDEAD)*YHRS3(I+2,J)



(Case #1 continued)
X+VB*YHCOL3(I+1,J) *HCKP3)/(VDEAD+V+VB*HCKP2)
YACOLS5(T+1,J)=( (V+VDEAD)*YARS3(I+2,J)
X+VB*YACOL3(I+1,J)*ACKP3)/(VDEAD+V+VB*ACKP2)
YHRSSEI+2,J§=YHCOL5£I+1,J;
YARS5(I+2,J)=YACOL5(I+1,J
450 CONTINUE
DO 650 I=1,M
A=(=1) %%
IF(A)651,651,652
651 YHCOL7(I,Jd)=((V+VDEAD)*YHRSS5(I,J)+
XVB*YHCOL5(I,J)*HCKP2)/(V+VDEAD+VB*HCEP1)
YACOLT7(I,J)=((V+VDEAD)*YARSS(I,J)+
XVB*YACOLS5(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,J) /(V+VDEAD+VB*HAKP2§
YACOLT7(I+1,J)=(YACOL5(I,J)*V+VB*YACOL5(I+1,J
X* AAKP3+VDEAD*YARSS5(I+1,J))/(V+VDEAD+VB*AAKP2)
YHRS7{I+1,J)=YHCOL7(I+1,J
YARST7(I+1,J)=YACOLT7(I+1,J)
YHRS?&I,J3=YHCOL7§I,Jg
YARST7(I,J)=YACOLT(I,J
GO TO 650
652 YHRSL6(I+1,J)=(F2%1,0+(V+VDEAD)*YHRSL5(I+1,J))/
X{F2+V+VDEAD)
YARSLO6(I+1,J)=(F2%1,0+(V+VDEAD)*YARSL5(I+1,J))/
X(F2+V+VDEAD)
YHCOLT(I+1,J)=((V+VDEAD
X+VBXYHCOL5(I+1,J)*HCKP2)/(V+VDEAD+VB*HCKP1)
YACOLT7(I+1,J)=((V+VDEAD)*YARSL6(I+1,J)
X+VB*¥YACOLS(I+1,J)*ACKP2) /(V+VDEAD+VE¥*ACKP1)
YHRSL7(1+1,J)=YHCOL7§I+1,J)
YARSLT7(I+1,J)=YACOL7(I+1,J)
YHRSRT7(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*YACOLS(I,J))/
X(V+VDEAD)
YHRS7(I+2,J)=(YHRS5(I+2,J)*VDEAD+V*YHCOLS5(I+1,J)+
XP2*YHRSL6(I+1,J))/(V+VDEAD+F2)
YARST(I+2,J)=(YARSS5(I+2,J)*VDEAD+V*YACOL5(I+1,J)+
XP2*7iRSL6(T+1,3))/(V4VDEAD+F2)
650 CONTINUE
L=J
J=J+1
WRITE(6,33%33)J
3333RORMAT ( 2X, ' ***J=",110)
DO 850 I=1,M
A=(~=1)%%I
1r(4)851,851,852

*¥YHRSL6(I+1,J)

124

851 YHRS1(I,J)=(YHRS7(I,L;*VDEAD+V*YHCOL7(I,Lg;/(V+VDEAD2

YARS1(I,J)=(YARST7(I,L)*VDEAD+V¥*YACOL7(I,L

WRITE(6,1010)YHRS1(1,J),YARS1(I,J)

YHCOL1(I,J)=(V*YHCOL7(I+1,L)+VB*YHCOL7(I,L)*HCKP1+
XVDEAD*YHRST7(I+1,L))/(V+VB*HCKP2+VDEAD)

/(V+VDEAD
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(Case#1 continued) :
YACOL1(I,J)=(YARS7(I+1,L)*VDEAD+V¥*YACOLT7(I+1,L)
X+VB*ACKP1*YACOL7(I,L))/éV+VB*ACKP2+VDEAD)
YHCOL1(I+1,J)=(V*YHCOL7(I+2,L)+VB*YHCOL7(I+1,L)*HAKP2
X+VDEAD*YHRSL7(I+2,L))/(V+VDEAD+VB*HAKP1)
YACOL1(I+1,J)=(V*YACOL7(I+2,L)+VB*YACOL7(I+1,L)*AARKP2
X+VDEAD*YARSL7(I+2,L))/(V+VDEAD+VB*AAKP1)
YHRS1§I+1,J§=YHCOL1$I,J
YARS1(I+1,J)=YACOL1(I,J
YHRSL1(I+2,J )=YHCOL1(I+1,J
YARSL1(I+2,J§=YACOL1§I+1,J
YHRSR1(I+2,J)=YHRSRT7(I+2,L
YARSR1(I+2,J)=YARSR7(I+2,L)
II=1I+2
WRITE(6,2222)I1
WRITE(6,1009§YHRSL1(I+2,J) YARSL1(I+2,J),
X7HRSR1(I+2,J ,YARSR1(I+2,J3
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=',110)
WRITE(6,8) YHRST(I+1,J),YARST(I+1,J)
8  FORMAT(5X, 'YHRS1=',E25.5,'YARS1="',E25,5)
GO TO 850
852 YHCOL1(I+1,Jd)=(VB*YHCOLT7(I+1,L)*HCKP1+
X(V+VDEAD)*YHRST7(I+2,L))/(V+VB*HCKP2+VDEAD)
YACOL1(I+1,J)=(VB*YACOL7(I+1,1)*ACKP1+
X(V+VDEAD) *YARST7(I+2,L) )/ (V+VB*ACKP2+VDEAD)
YHRS1§I+2,J)=YHCOL1§I+1,J§
YARST1(I+2,Jd)=YACOL1(I+1,J
II=I+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
Fe=F2+%,.,0
J=1
IF(F1.EQ.15)G0 T0 91
GO T0 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€3 403 YARSL2(3 40), YARSL3(3 40), YARSL4(3 403
4YARSLS(3, 40) ,YARSL6(3,40), YARSL7(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), YHCOLB(B 40),
3YACOL1(3, 40; YACOL2(3 40), YACOL3(3 40), YACOL4(3 40),
4YACOL5(3, 40) , YACOL6(3, 40) , YACOL7(5, 40), YACOL8(3 40)

DIMEKSION
1YHRS2(4,40) ,YHRS4(4,40), YHRS6£4 ,40) ,YHRS8( 4, 40),
2YARS2(4,40), YARS4(4 40) ,YARS6(4,40), YAR88(4 40),
ZYHRS1( 4, 40; YHRS3(4 40), YHRSS(4 40), YHRS7(4 40),
4YiRS1(4,40),YARS3(4,40), YAR85(4 40), YARS7(4 40)

DIMENS ION
1YHRSR1§3,40),YHRSR2(3,4O , YHRSR%(3%,40),YHRSR4(3,40),
2YHRSR5(3,40) ,YHRSR6(3,40), YHRSR7€3 40; YHRSR8(3 40;,
3YARSR1§3,4O ,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,
1HAEKP1,HCKP1,AAKP1, ACKP1,
2HAKP2,HCKP2, AAKP2,ACKP2,
3HAKP3 ,HCKP3, AAKP3,ACKP3,

20 FORMAT(7F10.3

YHR31(1,
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=On it -=0oH1n --‘--\

F2=0,0
15 DO 250 I=1,M

A=(=1)%*I

IF(A)251,251,252
251 YHCOL3(I1,J)= zVDLAD*YHRS1(I J)+T*YHRS1(I,J)+VB*YHCOL1
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(Case 2 continued)
X(1,J)*HCKP2)/(VDEAD+V+VB*HCKP1)
YACOL3(I,J)=(VDEAD*YARS1(I,J)+V*YARS1(I,J)+VB*YACOL1
X(I,J3)%ACKP2)/(VDEAD+V+VB*ACKP1)
YHRSB(I,Jg=YHCOL3§I,J§
YARS3(I,J)=YACOL3(I,J
YHCOL3(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*¥YARST1(I+1,J) )/ (V+VDEAD+VB*AAKP2)
GO TO 250
252 YHR§R2(I+1,J)=(F1*1.0+(V+VDEAD)*YHRSR1(I+1,J))/(V+VDEAD
X+F1 '
YAR§32(I+1,J):(F1*1.O+(V+VDEAD)*YARSR1(I+1,J))/(V+VDEAD
X+F1
YHRSE(I,J§=YHCOL3§I,J§
YARS3(I,J)=YACOL3(I,J
YHCOL3(I+1,J)=((V+VDEAD)*YHRSR2(I+1,J)+VB*YHCOL1(I+1,J)
X*HCKP2)/ (V+VDEAD+VB*HCKP3)
YACOL3(I+1,J)=((V+VDEAD)*YARSR2(I+1,J)+VB¥YACOL1(I+1,J)
X*ACKP2) /(V+VDEAD+VB*ACKP3)
YHRSRB(I+1,J%=YHCOL3(I+1,J)
YARSR3(I+1,J)=YACOL3(I+1,J) v
YHRSL3(1+1,J%:EYHRSL1§I+1,J%*VDEAD+V*YHCOL1(1,J§§/(V+VDEAD§
YARSL3(I+1,J)=(YARSL1(I+1,J)*VDEAD+V*YACOL1(I,J))/(¥+VDEAD
YHRSB(I+2,J)=(YHRS1(1+2,J§*VDEAD+V*YHCOL1(I+1,J)+F1*
XYERSR2(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,HM
A=§—1)**I
IF(A)451,451,452

451 YHRSSéI,J%z(YHRSBéI,J%*VDEAD+V*YHCOL3(I,J))/€V+VDEADg
YARSS(I,J)=(YARS3(I,J *VDEAD+V*YACOL3(I,J)§/ V4+VDEAD
YHCOLS5(I,J)=(V¥YHCOL3(I+1,J)+VB*YHCOL3(I,J)*HCKP1

YACOL5(I,Jd)=(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*¥YECOL3(I+1,J)*HAKP2+
XVDEAD¥YHRSR3(I+2,J)+V*¥YHCOL3(I+2,d))/(V+VB¥HAKP3+VDEAD)
YACOL5(I+1,J)=(VB*YACOL3(I+1,J)*AAKP2+
XVDEAD¥YARSR3(I+2,J)+V*VACOT3(I+2,J))/(V+VB*AAKP3+VDEAD)
YHRSS5(I+1,J)=YHCOL5(I,J)

YARS5(I+1,Jd)=YACOL5(I,J)

YHRSRB(I+2,J§=YHCOL5(I+1,J)

YARSR5(I+2,J)=YACOLS(I+1,J)

YHRSL5(I+2,J )=YHRSL3(I+2,J)

YARSL5(I+2,J)=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) / (VDEAD+V+VB*HCKP2)

X+VDEAD*YHRSBEI+1,J))/§V+VDEAD+VB*HCKP2)
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(Case 2 continued)
YACOL5(I+1,J)=((V+VDEAD)*YARS3(I+2,J)
X+VB*YACOL3({ I+1,J ) ¥ACKP3 )/ ( VDEAD+ V4 VB*ACKP2)
YHRSS§I+2,J§=YHCOL5§I+1,J)
YARSS5(I+2,J)=YACOL5(I+1,J)
450 CONTINUE
DO 650 I=1,M
A=(=1)%*I
IF(4)651,651,652
651 YHCOL7(I,J)=((V+VDEAD)*YHRS5(I,J)+
XVB*YHCOLS(I,J)*HCKPZ){(V+VDEAD+VB*HCKP1)
YACOLT(I,J)=((V+VDEAD)*YARSS(I,J)+
XVB¥YACOL5(I,J)*ACKP2)/(V+VDEAD+VB*ACKP1)
YHCOLT7(I+1,J)=(YHCOLS(I,J)*V+VB*YHCOL5(I+1,J)
X*HAKP3+VDEAD*YHRSS(I+1,J);/(V+VDEAD+VB*HAKP2)
YACOL7(I+1,J)={YACOL5(I,J)*V+VB*YACOL5(I+1,J)
X*AAKP3+VDEAD*¥YARSS5(I+1,J) )/ (V+VDEAD+VE*AAKP2)
YHRS7§I+1,J%:YHCOL7§I+1,J3
YARST(I+1,J)=YACOL7(I+1,J
YHRS?éI,J%:YHCOL?(I,J)
YARST7(I,Jd)=YACOLT(I,J)
GO TO 650
652 YHRSL6(I+1,J)=(F2%1.0+(V+VDEAD)*YHRSL5(I+1,J7))/
X(F2+V+VDEAD)
YARSL6(I+1,J)=(F2%1,0+(V+VDEAD) *YARSLS(I+1,J))/
X(F2+V+VDEAD)
YHCOLT7(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*YACOLBZI+1,J)*ACKPZ)/(V+VDEAD+VB*ACKP1)
YHRSL7(1+1,J3=YHCOL7(I+1,Jg
YARSLT(I+1,J)=YACOLT(I+1,J
YHRSRT7(I+1,J)=(YHRSR5(I+1,J)*VDEAD+V*YACOLS(I,J))/
X(V+VDEAD) .
YARSRT7(I+1,J)=(YARSR5(I+1,J)*VDEAD+V¥YACOLS5(I,J))/
X(V+VDEAD)
YHRST7(I+2,J)=(YHRS5(I+2,J ) ¥*VDEAD+V*YHCOLS(I+1,J )+
XF2*YHRSL6(I+1,J))/(V+VDEAD+F2)
YARST(I+2 J)=(YARS5(I+2,J)*VDEAD+V*YACOL5(I+1,J)+
XF2XYARSL6(T+1,3) )/ (V+VDEAD+F2)
650 CONTINUE
L=J
J=J+1
WRITE(6,3333)J
3333FORMAT ( 2X, ' #¥**J="' 110)
DO 850 I=1,M
A=§-1)**I
Ir(A)851,851,852 v
851 YHRS1éI,J;:éYHRS7(I,L)*VDEAD+V*YHCOL7(I,L))/(V+VDEAD)
YARS1(I,J)=(YARST(I,L)*VDEAD+V*YACOL7(I,L))/(V+VDEAD)
)*

WRITE(6,1010)YHRS1(I,J),Y4RS1(I,J)
YHCOL1(I,J)=(V*YHCOL7(I+1,L)+VB*YHCOLT7(I,L)*HCKP1+
XVDEAD*YHRST7(I+1,L))/(V+VB*HCKP2+VDEAD)
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(Case 2 continued)
YACOL1(I,J)=(YARST(I+1,L)*VDEAD+V*YACOLT(I+1,L)
X+VB*ACKP1*YACOL7(I,L))/§V+VB*ACKP2+VDEAD)
YHCOL1(I+1,J)=( V*YHCOL7(I+2,L)+VB*YHCOL7(I+1,L)*HAKP2
X+VDEAD*YHRSLT7(I+2,L))/(V+VDEAD+VB*HAKP1)
YACOL1(I+1,J)=(V*YACOL7(I+2,L)+VB*YACOLT7(I+1,L)*AAKP2
X+VDEAD*YARSLT(I+2,L))/(V+VDEAD+VB*AAKP1)
YHRS1(I+1,J§=YHCOL1 I,J)
YARS1(I+1,J)=YACOL1(I,J)
YHRSL1(I+2,J )=YHCOL1(I+1,J
YARSL1(I+2,J)=YACOL1(I+1,J
YHERSR1(I+2,J =YHRSR7%I+2,L
YARSR1(I+2,J)=YARSR7
I1=T42
WRITE(6,2222)I1
WRITE(6,1009)YHRSL1(I+2,J),YARSL1(I+2,J),
XYHRSR1(T+2,J),YARSR1(T+2,J)
1009FORMAT (5X, 'YHRSL1=',E20.5, 'YARSL1="',E20.5, 'YHRSR1=",
XE20.5, '"YARSR1="',E20.5)
IT=I1~1
WRITE(6,2222)I1
2222F0ORMAT(2X,'I=",110)
WRITE(6,8) YHRST(I+1,J),YARST(I+1,J)
8  PFORMAT(5X, 'YHRS1=',E25.5, 'YARS1="',E25.5)
GO TO 850
852 YHCOL1(I+1,J)=(VB*YHCOL7(I+1,L)*HCKP1+
X(V+VDEAD)*YHRST7(I+2,L) )/ (V+VB*HCKP2+VDEAD)
YACOLA(I+1,J)=(VB*YACOL7(I+1,L)*ACKP1+
X(V+VDEAD)*YARST7(I+2,L) )/ (V+VB*ACKP2+VDEAD)
YHRS1£I+2,J3=YHCOL1(I+1,J

I+2,L

YARS1(I+2,J)=YACOL1(I+1,J
II=1+2
WRITE(6,2222)I1

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

F2=F2+3.0

J=1

IF(F1.EQ.15)G0O TO 91

GO T0 15
91 STOP

END
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COMPUTER PROGRAM(Three Column Process- (Case 3) AXII,

10

20

DIMENSION
1YHRSL1(3,40), YHRSL223,40) ,YHRSL3(3,40),YHRSL4(3,40),
2YHRSL5(3%,40) ,YHRSL6(3,40),YHRSL7(3,40), YHRSL8(3 40),
3YARSL1(3,40),YARSL2(3, 403 , YARSL3(3,40), YARSL4(3 40),
4YARSILS5(3,40), YARSL6(3 40) ,YARSL7(3,40), YARQL8(3 40)

DIMENSION
, YHCOL3(3,40),YHCOL4(3,40),

1YHCOL1%3 y40), YHCOL2g3 40§
2YHCOL5(3,40),YHCOL6(3,40) ,YHCOLT(3,40), YHCOLBEB y40),

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),
2YLRS2(4,40), YARS4§4 »40) JYARS6(4,40) ,YARSS(4,40),
3YHRS1(4,40),YHRS3(4,40), L YHRS5(4,40) YhRS7(4 40),
4YARS1(4,40),YARS3(4,40), YARS5(4 40), YARb7(4 40)
DIMENSIOK

1YHRSR1(3,40) ,YHRSR2(3,40) ,YHRSR3(3,40) ,YERSR4(3,40),
2YHRSR5(3,40),YHRSR6(3,40), YHRSR7§3 ,40), YHRSR8§3 ,40),
3YARSR1(3,40), YARSR2(3 40) ,YARSR3(%,40),YARSR4(3,40),
4YARSR5(3,40), YARSR6(3 40) ,YARSRT7(3,40), YARSR8(3 40)
READ(5, 10)N NCYCL

FORMAT(7I105
READ(5,20)YHAO,YAAQ,YHCO,YACO,V,VDEAD, VB,
1HAKP1,HCKP1,AAKP1,ACKP1,

2HAKP2,HCKP2,AAKP2,ACKP2,

3HAKP3,HCKP3, AAKP3, ACKP3

FO?MAT(7F1O 3)

YHRS1E

-
OO

YARS1
YHCOL1

Uil 1
- O i
OO o 2O
e o o o O o
-3

= O\ - ON

1)
1)
s 1
s 1
1)
1)
y 1
o 1
y 1
) 1
o 1
s 1
IER
!
1)
1)

[ I | B R P N 2

O i uny

F2=O'O
D0250 I=1,M
1)%x1

15

¢ 2 O0=m=00

Qe o

.

-

-

\JOE)]OOOD\ICO-\] ~NO o

IF%A)251 251,252

251 YHCOL3(I,J)= (VDLAD*YHR&1(I J)+V*YHRS1(I,J)+VB*YHCOL1
x(1, J)*HCKPZ)/(VDEAD+V+VB*HCKP1)

YACOLB(I J)=(VDEAD*YARS1(I,J)+V*YARS1(I,J)+VB¥YACOL1
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(Case 3 continued)
X(I,J)*ACKP2)/(VDEAD+V+VB*ACKP1)
YH38321,Jg=YH00L3(I,J
YARS3(I,Jd)=YACOL3(I,J
YHCOL3(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 YHRSR2(I+1,J)=(F1%1.0+(V+VDEAD)*YHRSR1(I+1,J))/
X(V+VDEAD+F1)
YARSR2(I+1,d)=(F1%1,0+(V+VDEAD)*YARSR1(I+1,J))/
X(V+VDEAD+F1)
YHRSB(I,J)=YHCOL3(I,J§
YARS3(I,J)=YACOL3(I,J
YHCOL3(I+1,J)=((V+VDEAD)*YHRSR2(I+1,J)+VB*YHCOL1(I+1,
XJ)*HCKP2)/ (V+VDEAD+VB¥*HCKP3)
YACOL3(I+1,Jd)=((V+VDEAD)*YARSR2(I+1,J)+VB*YACOL1(I+1,
XJ)*ACKP2) / {V+VDEAD+VB*ACKP3 )
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,J7)=(YARSL1(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,Jd)=(YARS1(I+2,J) ¥*VDEAD+V*YACOL1(I+1,J)+F1*
XYARSR2(I+1,J))/(V+VDEAD+F1)
250 CONTINUE
DO 450 I=1,H
A=(=1)**I
IF(A)451,451,452
451 YHRSR4(I+2,J5=(F2*1.0+VDEAD*YHRSR3(I+2,J)+V*YHCOL3(1+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(I,J)=(YARS3(I,J)*VDEAD+V*YHCOL3(I,J)+F2*¥YHRSR4
x(1+2,3) 5/ (V+VDEAD+F2)
YARS5(I,J)=(YARS3(I,J)*VDEAD+V*¥YACOL3(I,J)+F2*YARSR4
X(1+2,3) 5/ (V+VDEAD+F2)
YHCOLS(I,J)=§V*YHCOL3 I+1,J)+VB¥YHCOL3(I,J)*HCKP1
X+VDEAD*¥YHRS3(I+1,J))/(V+VDEAD+VB*HCKP2)
YACOLS(I,J)=(V*YACOL3(I+1,J)+VB¥YACOL3(I,J)*ACKP1
X+VDEAD*YARS3(I+1,d))/(V+VDEAD+VB*ACKP2)
YHCOL5(I+1,J)=(VB*YHCOL3(I+1,J)*HAKP2+
X(V+VIDAD) *YHRSR4(I+2,J) ) /{ V4 VB*HAKP3+VDEAD)
YACOLS5(I+1,J)=(VB*YACOL3{I+1,J) ¥AAKP2+
X(V+VDEAD) *YARSRA(I+2,J)) /(V+VDEAD+VB*AAKP3)
YHRSB(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)=YACOLS5(I+1,J)
YHRSL5(I+2,J)=YHRSL3(I+2,J)
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(Case 3 continued)
YARSLS5(I+2,J)=YARSL3(I+2, J)
GO TO 450
452 YHCOL5(I+1,J)=((V+VDEAD)*YHRS3(I+2,J)
X+VB*YACOL3 { I+1 ,J ) *¥HCKP3) /( VDEAD+ V+VB*HCKP2)
YACOLS5(I+1,d)= ((V+VDEAD)*YARS3(I+2 J)
X+VB*YACOL3 (141, ) *ACKP3 )/ (VDEAD+ V+VB*ACKP?2)
YHRSSEI+2 J)—YHCOLB(I+1 Jg
YARSS(I+2,J)=YACOL5(I+1,J
450 CONTINUE
DO 650 I=1,M
A=(=1)**T
IF(A)651 651,652
651 YHCOLT7(I,J)= ((V+VDEAD)*YHRSS(I J)+
XVB*YHCOL5(I J)*HCKPZ}/(V+VDLAD+VB*HCKP1)
YACOL7(I,J)=((V+VDEAD)*YARSS(I,J)+
XVB*YACOLS(I J)*ACKPZ)/(V+VDEAD+VB*ACKP1)
YHCOLT7(I+1, J) (YHCOL5(I,J)*V+VB*YHCOL5(I+1,J)
X*HAKP5+VD“AD*YHRSS(I+1 J);/(V+VD&AD+VB*HAKP2g
YACOL7(I+1,J3)=(YACOLS(I,J)*V+VB*YACOL5(I+1,J
X*AAYP3+V EAD*YARSS(I+1 J)%/(V+V LAD+VB*AAKP2)
YHRST7(I+1,J)=YHCOLT(I+1,J
YARS?(I+1 J)-YAOOL7(1+1 J)
Yﬂdo7§l LIS =ymcorn7(1, Jg
YARST7(I,Jd)=YACOLT(I,J
GC TO 650
652 YHCOLT(I+1,J)=((V+VDEAD)*YHRSL5(I+1,J)
X+VE*YHCOL5(I+1 J)*HCLPZ)/(V+VDLAJ+VB*HCKP1)
YACOL7(I+1,d)= ((V+VJLAD)*YARSL5(I+1 J)
X+VD*YALOL5(I+1 J)*ACKF 2)/(V+VDLAD+VB*ACKP1)
YERSLT7(I+1,J) YHCOL?(I+1 J)
YARSL7(I+1,J)=YACOLT(I+1,J)
YHRSR7(I+1, J) (YHRSR5(1+1 J)¥VDEAD+V*YHCOL5(1,J))/
X(V+VDEAD)
YARSRT(I+1,J)=(YARSR5(I+1,J)*VDEAD+V*YACOLS(I,J))/
X(V+VIEAD)
YHRST(I+2,J)=(YHRS5(I+2,J)*VDEAD+V*YHCOLS5(I+1,J))/
X(V+VDEAD)
YARST(I+2,J)=(YARSS5(I+2,J)*¥VDEA+V*¥YACOLS(I+1,J))/
X(V+VDEAD)
650 CONTINUE
L=J
J=J+1
WRITE(6,33%%)J
3333FORRAL(2X txx%J=1 T710)
)O 850 I=1,M
( 1)**1
1F(A)851,851,852
851 YHRS1(I, J) (YhRo7(I L) *VDEAD+V*YHCOL7(I,L))/(V+VDEAD)
YARS1§I ,J)= (YARS?(I L)*VDEAD+V*YACOL7(I,L))/(V+VDEAD)
WRITE(6 1O1O)YHKQ1(I J),YARS1(I,J)
YHCOL1(I J)= (V*YHCOL7(I+1 L)+Vb*YHCOL7(I L)*HCKP1+
XVDEAJ*YHRD?(I+1 L))/(V+VB*HCKP2+VDLAD)



(Case 3 continued)

YACOL1(I,J)=(YARST7(I+1,L)*VDEAD+V*YACOL7(I+1,L)
X+VB*ACKP1*YACOL7(I L))/(V+VR»AC£92+VDEAD)
YHCOL1(I+1,J)= (V*YHCOL7(1+2 L)+VB*YHCOL7(I+1,L)
X*HAKP2+VDEAD*YHRSL7(I+2 L))/(V+VDEAD+VB*HAKP1)
YACOLA(I+1,J)= (V*YACOL7(I+2 L)+VB*YACOL7(I+1,L)
X*AAKP2+VDLAD*YARSL7(I+2 L))/(V+VDEAD+VB*AAKP1)
YHRS1§I+1 Jg-YHCOL1§I J§
YARS1(I+1,J)=YACOL1(I,J
YHRSL1(I+2,J uYHCOL1%I+1 ,J
YARSL1(I+2,J)=YACOL1(I+1,d
YHRSR1(I+2,J)=YHRSR7(I+2,L
YARSR1(I+2, J)~YARSR7(I+2 L
II=1I+2
WRITE§6 2222;11
WRITE(6,1009)YHRSL1(I+2,J),YARSL1(I+2,J),
XYHRSR1(I+2,3),YARSR1(1+2,J)
1009FCRMAT(5X, "YHRSLA="' ,E20.5,'YARSL1=",E20.5,
X'YHRSR1=',E20.5,'YARSR1=',E20.5)
I1=I1I-1
WRITE(6, 2222)11
2222FCRMAT(2X ,I10)
WRITE(6, 85YHRS1(I+1 J),YARST(I+1,J)
8 FORMAT(BX '"YHRS1="', E25. 5,'YARS1="',E25.5)
G0 TO 850
852 YHCOL1(I+1,J)=(VB*YHCOL7(I+1,L)*HCKP1+
X(V+VDEAD)*YHRS7(I+2 L))/(V+VB*HCKP2+VDEAD)
YACOLY(I+1,d)= (VB*YACOL7(I+1 L) *ACKP1+
X(V+VDLAD)*YARS7(I+2 L))/(V+VB*ACKP2+VD“AD)
YHRST(TI+2, J;—YHCOL1$I+1 J;
YARS1(I+2,J =YACOL1(I+1,J
II=I+2
WRITE(6,2222)II
WRITE(6, 1010)YHRD1(I+2 J),YARS1(I+2,J)
101OFOﬁ“AT(5X '"YHRS1=',E25.5, 'YARS1=" 325 5)
850 CONTINUE
IF(J=-NCYCL)15,14,14
14 F1=F1+3.0
F2=F2+43.0
J=1
IF(F1.£Q.15)G0 TO 91
GO T0 15
91 STOP
END
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$ENTRY :
YHRSS= N.11969F 01YARSS= 0.,94062F 00
YHRS7= 0,89542F O0YARST= 0GR ISTE 00 e
A%k J= 2
1= 1 '
YHRS1= N l16B8E OAYARSLS o O TASYUE 00,
I= 2 :

0.95409E 00

YHARSL 1= N0,73165E O00YARSL 1= 0.8%R95F QU0YHRSRI= N,10010E UIYARSRI=

1= Pd ¢
YHCOL 1= 0,77912F 00YACOLLl= e el RU0E DY e e e e et ot e e+ ot e e e o e e, < i

YHRS1= 0,77912E 00YARSI= 0,11640F 01

__YHRSS= 0.13250F 01YARSOHZ o T O8O O et e e o e i e+
YHRST7= N,RZ22H0E 0OYARST= U,13R42F 01

TR 3

I= 1 e e e e et e e e e e e
YHRS1= D0.,12751F 01YAKS1= 0.68876E 00

YHRSL1= 0.7143SE GOYARSLIS ... U.xT082E QOYHRSRl=_.. .. .. 0.10007E O1YARSRI= ____ 0.89753E 00

YHCOL 1= 0.71945E 00YACOH 1= | G.12791F 01

YHRSI= 0.,71948FE 00YAKS1I= 0,12791F 01

YHRSS= : 0,1408AF Q1YARSSH= 0,72502F 00

YHRS7= 0,77446F 0Q0YARSI= N DL I0B48IE 0%
Ak k= 4
I= 1

YHRS1= N.I3487TF (Q1YARSI= . 0,.60582F 00 e i}

I= 2 .
| YHRSL 1= 0,70363E GOYARSLI= 0.87270F NDOYHRSRI= 0,10000E 01YARSR1= 0.85890E 00

: 1= 2 B} e e o
i YHCOL 1= ' 0.6B030FE QoYACOL1= 0,13489F 01

YHRS1= N, AROZ0F Q0YARSL= e DL13489F 0L e
YHRS8S/= N,14635E 01YARSS= 0.68922F 040
YHRST= N.T4283E QOYARST= 0,14936F 01
kA% 1= 5 »
I= 1
YHRStT= n,13920E O1YARS1= 0,97834F 00
1= 2
YHRSL 1= 0,69690F O00YARSL1= 0,87218E DOYHRSR1= 0,99918E OO0YARSRIi=
1= 2 :
YHCOLLS 0,.65460F 00YACOL1S 0.13891F 01
I= 3
YHRS1= N,65460F Q00YARSt= 0.,13891F 01
YHRSSS ‘ 0,.14999F Q1YARSS= 0.A2016E 00
YHRS§7= 0.72198E O00YARS7= 0,15209F 0t
kxkJ= 6 e
i i= 1 :
j YHRS1= N.14224E 01YARSI1= 0.56363F 00

0.83601E 00
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.

YHRSL 1= 0.69265E 00YARSL 1= » 0.87133E QOYHRSR1= __ ____ _ 0.99B40FE (QOYARSKRI= .. 0.82312E 00 _

YHCOL 1= 0,63770E O00YACCL 1= 0,14117F 01

1= 3 o e e e e e e et et e e et o o e e e
YHRS1= NGA3TTNE OO0YARSI= J.t4117F 01
YHRSS= N0,159233F 01YARSSH= ) .69978E 00

I, YHRST=S D L,T0823E Q0YARST= R 0 18364 O .
' xrxJ= 7
I= 1

YHRS1= e D JAA28E QIYARSLE e U BRSB0E . O - -

L YHRSE 1= 0,A83993E O0YARSL 1= U RTOALF ODOYHRSR]= N.,99776E 00YARSRI= 0.816015 00

I - 2 S e e e e e e e e e -
,62697E 0OOYACOL1= 0.14244E 01

YHCOL 1=

I= 3
YHRS1= N,APASTE ONDYAKST= 0,148244F 01
YHRPSS= 0.15389E 01Y4K35= - - 0.65405F 00 .
YHRST7= N,A9916F O0OYARST= 0,15450F 014
xxkk = 3
L I= 1. et e et e+ e e e e e e e e e eeeememeenn R -

YHRS1= N.14556F O1YARS]= 0.55117€ 00

1= 7
YHRSL1= — 0,ARRI19E 00YARSLIZ  0.87016F 0D0YHRSRI= . 0,9972kt QOYARSRI= =~ 0.81216E 00

I= 2
YHCOL 1= 0,61924E 00YACOL1= 0,14315F 01
1= 3 ,
YHRS1= N.61924E 00YARS1= 0,14315F 01
YHRSS= N,15493E 01YARSS=E 0.pS08KE N0
YHRST7= N ohR931HKE OOYARST?= N.15499F 01
*Akx = 9
1= 1 ,
! YHRS1= 0,14643FE 01YARS1= - . 0.54871F 00

YHRSLI= N.ARTOTE ODYARS| 1= U JRAYALF OO0YHRSR1= 0.99A89: Q0YARSRI1= 0,80996E 00

1= 2 e .
YHCOL L= 0.61440E 00YACHLL= 0.14355E 01

YHRS1= 0,A1440F QOYARSE= 0., 14355F 01
YHRSS= ND,155A1E O01YARSH= 0.60906F 00
YHRST= 0.A8920F 00YARST= 0,158%27F 01
*kx ]2 10 ’
I= 1
YHRS1= N.14700F 01YARSL= 0.54733F 00

YHRSL1= D.hB8634E 00YARSL L= V.86965E O0YHRSR1= 0.99662E 00YARSRI= 0.,80877E 00

YHCOLL=S 0.61120E 00YACOLL= 0,18377€ 01

YHRS1= 0.61120E QO0YARS1= 0.14377E 01
YHRSS= 0.,15607E 01YARSS= 0.64805E 00
YHRST= 0.68657TE O0YARST= 0,15542€E 01

*An]= 11 ' .. . -
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v

YHRS1= 0.14739€ 01YARS1= 0 .S4655F 00

I= 2
_YHRSL1= 0,ABSBTF (OOYARSI 1=  0.8K9S3E OUGYHRSRI=  0,99643E QOYARSR1= . 0,80812F 00

YHCOL 1= 0,6080RE OOYACDL L= U,ldSHQF 01

YHRSI = D.60908E QOYARSI= 0. 143589F 01
YHRS5= 0.15A37F 01YARSS= 0,64T48F 0Q
YHRST7= L NLBBAB3F OOYARST= o UQISDSEFE 0L
kkx. = 12
1= 1
YHRS1= DL AT RAE OVYARSLIS O AR Y E 00 e
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AAKP1

AAKP2

AAKPS

ACKP1

ACKP2

ACKP3

BR

B1
B2
B3

F1
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NOMENCLATURE

The protein component, Albumin,
The anionic equilibrium separation factor
for albumin at a pH level of P1.

The anionic equilibrium separation factor
for albumin at a pH level of PZ'

The anionic equilibrium separation factor
for albumin at a pH level of P3.

The cationic equilibrium separation factor
for albumin at a pH level of P1.

The cationic equilibrium separation factor
for albumin at a pH level of Py

The cationic equilibrium separation factor
for albumin at a pH level of P3'

The bottom reservoir.,

The x-y point on the k;1 equilibrium line
which marks the steady state concentration
of the bottom reservoir after many cycles
have elapsed.

The x-y point on the k;1 equilibrium line
which represents the concentration of the
bottom reservoir during each cycle.(S1t0S3)
The dead volume of the liquid phase, cm3.

The first feed stream in a continuous

separation process.
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The second feed stream in a continuous

F2 =
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.

HAKP?3 = 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 Py

HCKF3 = The cationic equilibrium separation factor
for hemoglobin at a pH level of P3'

I = The isoelectric point.

IA = The isoelectric point of Albumin.

IH = The isoelectric point of Hemoglobin,

dJd = The variable in the computer programs
representing which cycle it is performing.

k = The equilibrium separation factor.

k;ﬁ = The anionic equilibrium separation factor
at a pH level of Pyo

k;2 = The anionic equilibrium separation factor

at a pH level of P2.
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k;3 = The anionic equilibrium separation factor at
a pH level of P3.

k;1 = The cationic equilibrium separation factor at
a pH level of P1.

kgz = The cationic equilibrium separation factor at
a pH level of P2.

k;3 = The cationic equilibrium separation factor at
a pH level of P3.

M = The constant used for DoLoop calculations.

n = The number of cycles. (In the Figures)

NCYCL = The number of cycles. (In the Computer Pro-
grams.)

P4=Py = The high pH level (pH=8.0).

P5=D, = The middle pH level (pH=6.0).

Pz=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,
Pro%ein = Albumin,
B
Q = The feservoir disPIacément rate.(cmB/sec)
R™ = A cationic ion exchange column,
rR* = An anionic ion exchange column,
R1 = The top reservoir,

R3 = The bottom reservoir. (Two-column process)



RL2

RR2

S1 to S4
71 to T3

-3
ey

=3
w2

X=X

i
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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

which represents the coicentration 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;2 equilibrium line
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, cma.

The volume of an ion exchanger in the
column, cm3. (Same as V)

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.



CI

CII

CIII

CIV

XACOLE(I,J)=

XHCOLK(I,J)=

el
1
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The concentration of a given protein in the
s0lid phase for the one~column process (Fig-
ure III)- Stage 4, Cycles 1 and 2,respective-~
ly.

The concentration of Protein A in the one-
column process (Figure II)- Stage I (Column).
The concentration of Protein A in the column
of the one-column process (Figure II)-StageII.
The concentration of Protein A in the coluﬁn
of the one-column process (Figure II)-Stage
III.

The concentration of Protein A in the column
of the one-column process (Figure II)- Stage
IV.

The concentration of Albumin in the solid
phase of column I, stage K, cycle J,.

The concentration of Hemoglobin in the solid
phase of column I, stage K, cycle J.

The concentration of a protein in the solid
phase, initially.

The concentration of a given protein in the
solid phase for the one-column case (Figure
III)~- Stages 2 and 3, Cycles1 and 2. (xT1-
Cycle 1, xp,- Cycle 2).

The concentration of a given protein in the
solid phase if the process were continued an

infinite number of cycles.
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y=Y = The concentration of a protein in the fluid
phase,
IB1 = The concentration of a given protein in the

fluid phase for the one-column cuse (Figure
III)- First Cycle- (Bottom Reservoir- Stage
1 and 2, Column- Stage 3).

= The concentration of a given protein in the

I52 =
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)

Y33 = The concentration of a given protein in the

fluid phase for the one-column case (Figure
I11)~- SecondCycle-(Column-Stage 4), Third
Cyvcle-(Bottom Reservoir- Stage 1 and 2,
Column~- Stage 3)
YeRTIT = The concentration of Protein A in the one-~
Bottom

column case (FigureII)- Stage III.(Reservoin

= The concentration of Protein A in the one-

JERIV
column case (Figure I)- Stage IV,(Bottom
YAAO Reservoir ).
YACC
YHAO Not used in the computer programs.
YHECO
YACOIK(I,J) = The concentration of Albumin in the liquid
phase of column I, stage X, cycle J,.
YHCOLK(I,J) = The concentration of Hemoglobin in the ligquid

phase of column I, stage K, cycle J.
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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.
YARSIX(I,J) = The concentration of Albumin in the liquid
phase of the left reservoir I, stage K,
cycle J.
YHRSLK(I,J) = The concentration of Hemoglobin in the
liquid phase of the left reservoir I, stage
X, cycle J.

The concentration of Albumin in the

]

YARSRE(I,J)
ligquid phase of the right reservoir I,
stage K, cycle J,

YHRSRK(I,J) = The concentration of Hemoglobin in the
liquid phase of the right reservoir I,
stage K, cycle J.

7 = The concentration of a given protein ini-
tially in the fluid phase,

= The concentration of a given protein in the

I71
fluid phase for the one-column case (Figure
III)- Cycle I- (Column- Stage 2, Top
Peservoir- Stages 3 and 4), Second Cycle-
(Column -Stage 1).

Yo = 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-Col«S31
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= The concentration of Protein A in the one-

IrrI
column process (Figure II)- Stage I, (Top
Reservoir).

YpRIT = The concentration of Protein A in the one-
column process (Figure II)- Stage II, (Top
Reservoir). |

SYMBOLS

+ = anion.

- = cation.

« = 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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