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ABSTRACT

A computer program is presented for the optimization of a
two-column distillation system involving a two-component mixture.
The economic reflux ratios in each‘column are determined using
the McCabe-Thiele Method. Activity coefficients are computed by
either the Wilson equation, the Margules equation, or both. The
program is general and may be used for any binary system where
the assumption of constant molal overflow is valid.

Options in the program permit use of either column in
separate calculation schemes.

While the optimization effort was prepared in general terms,
- the initial work was directed toward thé acetone~-water system.
Full data for this system are included in the program, but this

specialty can be bypassed.
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T INTRODUCTION

Distillation of binary mixtures is a common problem in
chemical engineering. Ho&ever, problems can arise when the more
volatilé component must be obtained at high purity levels. In
the acetone-water system, for example, the shape of the vapor-
liquid equilibrium curve is such that separations are very easy
for modest purity levels, but the separation becomes very
difficult for high-purity product. One possibility for such
separations is the use of two columns in series. The problem
then becomes one of coupling together two separate designs in the
most advantageous way. This "most advantageous way" is open to
many choices: minimum trays, equal trays in each column,
proportioned external feflux conditions, minimum cost per pound
of products, etc.

In this thesis this criterion will be economic minimization
of cost per pound of product. This optimization is done by computer
and the thesis work included development of the computer programs,
development. of suitable convergence procedures, development of cost
criteria, development of options, and print-out forms so as to
permit general use of the program with many binary systems. The
systems that can be used must be reducible to McCabe-Thiele
conditions.

The method of fictitious molecular weights proposed by Petersl4

is a procedure to extend the applicability of the McCabe-Thiele



method to systems whefe the assumption of constant molal overflow
is invalid. This technique has not been included in the present
work but should be kept in mind for future modification of the
pngram;

The flow scheme understudy is shown in Figure 1. An example
run is included in Appendix I. Appendix II contains a listing of
the program. The flow chart for the program appears in Appendix

IIT along with a dictionary of program variables.



FIGURE 1 SYSTEM FLOW DIAGRAM
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II THERMODYNAMIC RELATIONSHIPS FOR VAPOR-LIQUID EQUILIBRIA

The thermodynamic study of vapor-liquid equilibria has
continued over many years. The aim of these studies was to predict
vapor-liquid equilibria from minimal experimental data. The most
common equations in use are: Van Laar, Margules, Redlich-Kister,
and Wilson.

The system of initial interest in the present work was acetone-
water. This is a relatively non-ideal system which caused some

difficulty in applying the above equations. The equations have the

following form:

l. Van lLaar:

R Ay,
log ¥1 = 117 A1 ,X /A, %) 2
R Ay

2. Marguies:

log X1

log y2 = (221,

(2877 - A1p)Xp% + 2(a15 - Ap1)X)3

i

2 . _ 3
A1) X e + 2(Ay) - RAp)Xy

. 3. Redlich-Kister:

+ D(1

2X7) (1 - 8X3Xp) + ...



4, Wilsons
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The data used in this study were those of Brunjes and Banrt;7
Attempts were made to fit these data by various equations to predict
activity coefficients for this unusual system over the entire
composition range. These efforts were only partially successful.

The acetone-water equilibrium diagram becomes concave upward
at high acetone concentrations. This means that where high purity
acetone is desired (say 99.99 percent) a high reflux ratio
‘accompanied by a large number of stages is required. Because of
the asymptotic nature of the diagram, the number of calculated
stages is very sensitive to the position of the equilibrium curve
and its extrapolation to high concentrations becomes extremely
critical.

The curve fitting téchnique for determihing the Margules
constants indicated that it was manifestly impossible to fit the
equilibrium curve with a singlé Margules Equation.b A plot of
LQg"(l/Xz2 vs X, is normally a straight line whose intersection
with the Line X, = 1 is the Margules constant Al2. For the
acetone~water system, however, a plot of these parameters yields
two straight lines which intersect at a 100-degree angle at about
90 percent acetone. The best Wilson equation tried yielded an

equilibrium curve which fit well above 40 percent and below



2 percent but had a marked negative deviation in between.

In view of these factors, it was decided to use two equations
to fit the X-Y diagram rather than compromise accuracy at the
higher concentrations in order to fit the curve with a single
equation.

Excellent results were obtained using the Wilson Equation above
40 percent acetone and the Margules Equation for the lower
concentration ranges. The constants are:

Wilson Equation = 0.597754

>
e
[

|

Ayqy = 0.767919
Margules Equation Ay, = 0.9400
| Ayp = 0.7293
The equilibriﬁm'éurve calculatea'by thig procedure appears in
Figure 3. Tabulation of the computer(genérated equilibrium points

appears in Table I.
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ITIT SYNOPSIS OF THE PROGRAM

A computer program is presented for the calculation of the
optiﬁum diétillation conditions for a binary mixture in a dual
column process. Figure 1 depicts the flow scheme. The program is
entirely general and may be used for any two component system where
the assumption of constant molal overflow is acceptable. The
Wilson Equation, the Margules Equation, or both are employed for
the calculation of activity coefficients. An option is available
which calculates one portion of the equilibrium diagram via the
Wilson Equation; then switches to the Margules Equation for the
remainder of the curve. Either equation, however, could be used
for the entire X-Y diagram. Since the program calculates
'equilibrium relationships internally, nc K valﬁeé’nééd bg;sqpplied.
The program is written in General Electric, Mark II, Timesharing
Fortran and uses the McCabe-Thiele method for calculating the
number of stages. Some salient features are itemized below.

1. Activity Coefficients: These are éalculated by either
the Wilson Equation or the Margules Equation as described
previously. The appropriate constants.for these equations
must appear in the input data.

2. Cost Equations: Methods suggested by Aries and Newtonl
were used to develop the cost relationships. Multiple
regression analysis was used, whereAneéégééry; to curve

fit the equipment cost data presented by Page.2 Costs
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were developed based upon carbon steel equipment. A
material factor multiplier is included, however, to
accoﬁnt for the additional cost of materials other than
carbon steel. A cost index multiplier is supplied to
account for inflation.

Tower Option: A single column system, rather than a

dual column process can be analyéed by a simple adjustment
of the input variables.

Feed Quality: The degree of saturation of the feeds to
both columns may be specified through the "q" variable.
This allows either a partial or total condenser to be used
on either column.

Process Variables: The process variables which must ke
specified in the input are:

a. Feed compositioﬁ to Column 1, XF1

b. Overhead composition from Column 2, XD2

c. Bottoms composition from Column‘l,,XBl

d. Bottoms composition from Column 2, XB2

e. Overhead product rate from Column 2, D2

f. Intermediate product rate, P

g. Overhead composition from Column 1, XDl

These variables are sufficient to define the material
balances for the entire system. Note that reflux ratios
are not required to fix the material balance for the

process. That is, the reflux ratios may be varied
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independently of the material balance. This important
point allows each column to be optimized seéarately and
coupled to each other by means of the Column 1 overhead
cémposition, XD1l. This discussion is expanded in a
subsequent section.

The process variables which are calculated by the computer

-to complete the material balance are:

a. Feed rate to Column 1, Fl

b. Bottoms rate from Column 1, Bl

c. Overhead rate from Column 1, D1

d. Feed rate to Column 2, F2

e. Intermediate product composition (same as XD1)

Vapor Pressure: ' Vapor pressures are calculated by the
Antoine Equation. The constants must be supplied in the
input. Since the acetone-water system was chosen as an
example, there are special vapor pressure equations;3r4
For these two components and the Anéoine constants need
not be supplied for this case.

Tray Efficiency: An overall tray efficiency may be
supplied in the input data to account for the imperfect
equilibrium on the trays. Values of overall tray
efficiencies are readily obtained from the literature.”s®
Column Design: The Souders-Brown Equation is used to
determine the maximum allowable velocity for the top and

the bottom tray. The smailer value is chosen and a safety
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factor (specified by the programmef) is applied. The
Souders~-Brown Equation is valid for sieve trays as well
as for bubble caps. Consequently, the program is suited
for the optimization of either column type. The constant
for this equation must be supplied in the input data.

’These values are tabulated in the literature® for both
sieve tray and bubble cap columns.

This is a brief treatment. Specific detailé are considered
more fully as part of the "Discussion of the Program" in a

later section of this thesis.
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IV BASIC EQUATIONS USED IN THE PROGRAM

The equations used in the equilibrium and optimization
calculations of the program include vapor pressure, cost, design,
material balance, McCabe-Thiele and activity coefficient equations.

‘These are described in the following sections.

A. Vapor Pressure Equations

Three vapor pressure equations are available in the program.
If the system components are neither water nor acetone, the Antoine
Equation may be used for both components. If the components are
water and/or acetone special equations3r4 may be used for vapor
pressure. The three equations are:

1. BAntoine Equation:

B
P=A-
Log ATty
where P = mmHg
t = ©C

An excellent source for the Antoine constants is Dreisbach.8
They may also be readily determined by an appropriate plot

of vapor pressure data.

2. Water Equation:3

a' +‘b‘X'+‘c'X3

1+ 4d'x

- Pc X
Log 5 = 1

i

where P vapor pressure in Int atm

P = 218.167 Int atm'

C

T t°c + 273.16
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X = (T, - T)
‘a' = 3.2437814

b' = 5.86826 x 107

c' = 1.1702379 x 1078

3

at 2.1878462 x 10~

T
o

647.27

3. Acetone Eguation?

where A = 22.57411
B = 2312.5
C = 5.0325

B. Cost Egquations

The equation used for the determination of unit product cost
is:

(A) C = 0.595 P/r + 1.4M" + 3.05L' + 1.22(U' 4+ R")

where c = total cost of overhead product ($/#)
L' = direct labor cost ($/# product)
M' = direct maintenance cost ($/# product)

U' = utilities cost ($/# product)

P = purchased equipment cost (§)
r = annual overhead production (# product/yr)
R' = raw materials cost ($/# product)

The program is set up to calculate the cost/# of overhead

product from Column I and use this value as the raw materials
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cost for Column II. Derivation of the terms used in the equation
presented above will now be discussed.
Step One is the determination of Fixed Capital Expenses.

These are based upon purchased equipment cost curves presented by

Pége.2 Fixed Capital Expenses are broken down as follows:
Purchased Equipment H P ($)
Instrumentation 0.2pP
Foundations 0.07p
Platforms and Supports - 0.11P
Installation . 0.25p
Piping 0.5P
Electrical ~0.1P
.Insulation ..0.08P
Total Physical Plant Cost ' 2.31p (%)

Engineering (30 percent of Physical Plant Cost) 0.693P ($)

Total Direct Cost - 3.003P (%)
Contractor's Fee (10 percent of Direct Cost) 0.30P
Contingency (15 percent of birect Cost) - - 0.45P
Total Fixed Capital (F) : | - 3.754P  (§)

Step Two is the computation of operating cost:
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Fixed Capital Related Costs

Depreciation 0.10F ($/¥Yr)
Property Taxes 0.02F

Insurance 0.01F

Total Fixed Capital Related Costs  0.13F ($/Yr)
Conversion to $/# product is‘accomplished by dividing by r
the annual overhead production (#/Yr)

Total Fixed Capital Related Cost = 0.13 F/r ($/#%)

Labor Related Costs

Direct Labor L ($/Hr)
Supervision 0.10L
PaYroll Overhead 0.20L
Laboratory 0.20L

Plant Overhead L

Total Labor Related Cost  2.5L ($/Hr)

Conversion to $/# product is accomplished by dividing by

the hourly overhead product rate L' = L - product rate in #/Hr
Maintenance Related Costs

Direct Maintenance Cost M' ($/#)

Plant Supplies 0.15M"

Total Maintenance Related Costs 1.15M"'  ($/#)
The program computes the maintenance cost for each piecé of
equipment by methods suggested on Page 165 of Aries and

Newton.l
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d. Utilities; U
These are steam, cooling water, and electricity costs in
($/4#)

e, Raw Material'Costs in ($/#% of Product}); R'

Combination of a, b, c, a,_and e leads to the following
equation for Operating Cost:

(B) O = 2.5L" + 1.15M"+ 0.13F/r + U' + R’

In addition to the above operating expenses are General
Expenses which include costs for Administration, Sales, Research,
and Finance. Aries and Newton suggests that these expenses be
taken as 22 percent of the operation cost. Multiplying equation

(B) by 1.22 and substituting 3.754P for F leads to equation (A).
| It is appropriate to note at this point that the equation for
bubble cap column diameter vs cost was obtained by a least squares
fit of the curve presented in Page.2 The equation has the form:
Log (Total Column Cost per Tray) = A + B Log (D) + C Log (D) 2
where A, B, and C are constants and D is the column diameter
This function plots as a parabola on Logarithmic paper. The
- constants for the above equation have been included in the program
for bubble cap columns. A column diameter vs cost curve could not
be located for a sieve tray column. If it is desired to optimize
sieve tray columns, the operator has two choices:
1. A factor has been included in the program which allows

the sieve tray column cost to be computed as a percentage
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of a bubble cap column cost. Chilton’recommends a value of
0.6 to 0.7 for this factor.

2. When a sieve tray cost curve becomes available, it may be
fit with an equation of the above form and a set of constants
determined. The program is designed to accept these

constants should they become available.

C. Design Equations

The column is sized by use of the Souders-~Brown Equation for
maximum velocity. The reboiler and condenser are sized in the
standard manner with the heat transfer coefficients being obtained

from input data. The Souders—-Brown Equation states:

U max = qu/ jiL@?;Shl

Thé>value for the constant is obtained from the input data. The
maximum velocity is determined for the top and bottom trays and
the lesser value is used as a design basis. The ideal gas law, as
recomménded QyiPerry,lo is used to calculate the vapor densities.
A safety factor, obtained from input data, is applied to U max and

the column is sized based uponvthis reduced velocity.

b. Material Balances

The following equations are used to determine the material
balances for the dual column system, illustrated in Figure 1. The

equations were obtained by simultaneous solution of the individual -

balances.



(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

B2

F2
F1l
51
D1

vl

V2

L1

L2

Values for

input data

20

D2 (XD2-XF2)
(XF2-XB2)

= B2 + D2

XB1l (B2+P+D2) - (XB2) (B2) - (XD1) (P)~(XD2) (D2)
(XBl1l) - (XF1)

(XF1) (F1) - (XB2) (B2)-(XD1) (P)~(XD2) (D2)
(XB1)

= F1-Bl

D1

.._;':"'{;I;_i‘”
_1:’"[‘:%'2""'

Li
- B

& e

XFl, XDl, XD2, XBl, XB2, D2, and P are obtained from

and the preceding equations are applied sequentially to

complete the material balance. ©Note that if all Column 2 variables

are set equal to zero, the equations will reduce to those of a

single column.

" E. McCabe~Thiele Equations

The program is set up for a single feed stream to each column.

The standard operating line equations were used for the stripping

and enriching sections. The intersection of the "g" line with the

operating line was used to determine the optimum feed location.
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These equations are described below.

1. Operating Line Enriching Section:

< |t

¥n = 7 Xn+l + DX,/V

2. Operating Line Stripping Section:

|E2

Ym = o7 Xm+l - BXg/V'

<

- 3. "g" Line Equation:

=9 x . X
Y q-1 X &:g

where V' =V - (1-gq)F
L' =L + gF
q = heat to convert 1 mole of feed to saturated vapor

molar heat of vaporization
The "g" line equation and the operating line equation are solved

simultaneously to find the optimum point to switch operating lines.

F. Activity Coefficients

The Wilson Equation, the Margules Equation, or both, may be
used to calculate activity coefficients. These equations have been
described previously in “"the section of this thesis entitled

"THERMODYNAMIC RELATIONSHIPS FOR VAPOR-LIQUID EQUILIBRIA".
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V  DISCUSSION

Two different convergence procedures were used in the
calculations. The procedure used in the computation of
equilibrium relationships was developed especially for this
thesis. The procedure used to converge the economic optimization,
on the other hand, is a modification of the classical half-
interval search technique. Both methods are described in the
succeeding sections‘along with the general approach to the

optimization.

A. General

Inspection of the material balance equations previously
‘listed indicates that the material baiance can be completely
defined by the specification of XFl, XDl, XD2, XBl, XB2, D2, and
P without specifying the internal reflux ratio in either column.
(See Figure 1.) That is, the external stream rates are completely
independent of the internal reflux ratios in either column. Let
us look at a typical industrial problem for a moment in order to
~gain some insight into the nature of the variables which must be
bspecified. We shall return to the subject of the independence of
reflux ratios later.

Assume we have a production quota and a product specification
to meet. Two product streams are involved: the intermediate
product stream, (P), and the overhéad product from Column 2, (D2).

These restrictions fix P, XP, D2, and XD2. However, since Stream
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P has the same éomposition as the overhead from Column 1 we have
fixed XD1l. Now assumé that the recovery of the more volatile
component has been specified>by setting XBl and XB2. Lastly,
assume that the feed concentration, (XF1l), has been fixed by a
previous unit in the production train. Now a sufficient number of
variables have been fixed or specified to allow the calculation of
B2, F2, Fl1, Bl, and D1 via the material balance equations on: page
20. The only process variables remaining to be épecifigd for the
optimization procedure are the internal reflux ratios for each
column. This being the case, we can optimize each column
independently since the L/V ratios will not affect the material
balance. We can find the optimum L/V for Column 1 using the
-variables Fl, XFl, Bl, XBl, D1, and XPl. Then using XDl as the
feed composition to the second column, along with the additional»
ﬁariables F2, B2, XB2, D2, and XD2 the optimum L/V may be found

for Column 2. It should be emphasized that by splitting up the

two columns we do not sacrifice rigor. The optimum reflux ratios

" obtained by this procedure will be the true optimum values for the

" combined system.

The computer program is set up to calculate the optimum
reflux ratios for the situation stated above. The program in part
requires input data consisting of the compositions XF1l, XBl, XDl1,
XD2, and the flow rates Bl, P, and D2. An estimate of the miniﬁum
L/V is desirable, although not essential, in order to avoid

. .wasting computer time. The program calculates the remaining
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variables, and finds the optimum reflux ratios in each column.
Note that the two columns are coupled through the XDl variable.
Although the program calls for XFl, Bl, XB1l, P, XD1l, D2, and
XD2 as input, the programmer can specify any process variables he
wishes (as long as he specifies a sufficient number of variables
to define the system), and can hand calculate the remaining
variables required for the input data. Conéider the following
example.
Assume that a production rate of 1000 #/hr of 99.99 percent

acetone has been specified by the sales department. This fixes
- the overhead rate, (D2), and the overhead composition, (XD2), for
Column 2. Since the bottoms product is being discharged into a
nearby stream the maximum concentration of acetone in the botioms
has been set at 0.1 mole percent. This specifies XBl and XB2.
Suppose that 15,130 #/hr of a byproduct stream is available as
feed and has a 10 percent acetone concentration. Fl and XFl have
now been specified. The engineer realizeé that he needs a value for
the flow rate of Stream P in order to use the computer program so
he refers back to the material balance equations given on page 20.
The variables D2, XD2, F1l, XFl, XBl, and XB2 have been fixed at
this point. A total of seven process variables are necessary to
define the system ana we thus fa; have only six, so the Column 1
overhéad composition, (XDl), is arbitrarily specified as 50 percent.

. (Note that this is not necessarily the most advantageous choice for
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XD1 and that the system must be analyzed for several values of
this variable.)

B2 can now be calculated from Equation (1) on page 20
noting that XF2 = XDl. F2 can be calculated from Equation (2) on
page 20. Since Fl was specified, Equation (3) on page 20 may be
solved for P. Once P is determined, no other hand calculations
are required, since the computer will calculate the remaining
kvariables. The requiredlvariables (Xrl, B1, XB1l, P, XD1l, D2, and
XD2) are now known and a computer run may be made.

Recall that XDl was chosen arbitrarily. In order to truly
optimize the system, that value of XDl must be found which yields
the lowest cost per pound for the product. This is accomplished
 by feeding in several values of XDl to the computer. 1In a single
run, the computer will calculate optimum reflux ratios for the dual
column system, for as many values of XDl as desired. The computer
will yield a cost per pound for each value of XD1 fed in. The
programmer need only choose the XD1 which gives the least cost per
pound. This is best accomplished by plotting cost/# against XD1
and taking the minimum.

Thus in this example, instead of inputting‘a single value of
XD1l, many values, say, 20 percent, 30 percent, 40 percent, 60
percent, etc, could have been fed in at one time.

When the optimum is determined, it will represent the optimizea
cost for the intermediate product P as well as for the D2 stream.

This is true because the columns were optimized individually.
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A complete material balance for this example is shown in
Figure 2. A summary of the important points covered in this
section appears below.

1. Any seven process variables may be specified to define
the system. The programmer must, however, hand calculate
values for XFl, Bl, XBl, P, XD1l, D2, and XD2 if not
specified.

2. If XDl has not been fixed by process conditions, several
values must be fed in as input. The correct value of XD1
is the one which yields the minimum cost per pound.

,3._ When an optimum has been computed, it will be the optimum -
cost per pound for both the intermediate product P and the

Column 2 overhead product.

B. Iteration Schemes

1.) Equilibrium calculations No K values are required to use

the program. Each X-Y point is calculated as the stages are stepped
off. This might seem, at first, to be a rather extravagant approach
but beér in mind the following points:

é. The program was formulated around the acetone-water system
where the extrapolation of equilibrium data is extremely
critical. It was desired to extrapolate the data to
extremely high acetone concentrations, ie, 99.99 percent.
Decent data was available only up to 97 percent.

b. The program is designed for general application. This

eliminates curve fitting of a specific equilibrium curve.
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c. The program is workable with knowledge of only a single X-Y

point. From one point the Wilson or Margules constants may
be determined and the opﬁimization run using these constants.
The starting point in any McCabe-Thiele calculation is the
vapor composition leaving the top stage, Yy. Since a vapor
composition is supplied to the computer, rather than a liquid
composition, the calculation of the activity coefficient is autrial
and error. The calculation of a single X-Y point would proceed as
follows.
1. Assume a bubble point temperature.
2. Calculate Plo’ the vapor pressure of Component 1 at this
temperature.
. 3. Specify Yn,l' the liquid composition on Tray n, for
Component l.'
— 4, Guess an Xn,l’ the liquid composition on Tray n, for
Component 1.
5. Compute the activity coefficient fof Component 1 using
the trial value of xn,l'

6. Compute Y, 1 for Component 1 from
r

X, P,0

—7. Check to see if Yn computed in Step 6 agrees with the

Pl

value of Yn specified in Step 3. If not, guess a new

i1

Xn,l and repeat Step 4. If Yn,l specified = Yn,l computed,

~go onto Step 8.
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8. Compute X = (1 - Xn,l)
9. Compute X 2

10. Compute Yn,z from

X P,0
n,2

——11. Check to see if Y + Y = 1.0. TIf not, guess a new
n,lL n,2 :

temperature and repeat Step 1.

In the McCabe-Thiele calculation a new Yn+l
r

2 would be
computed via the operating line and the entire procedure repeated
until the bottoms product specification was met.

The convergence procedure for the two loops shown above is
rather unique. Let us look at the inner loop. A Function @ is
‘defined as: (Y specified - Y calculated). An initial guess for X
is used to compute a value for Y calculated. g is determined and
its sign is noted. The computer next increments X by an arbitrary
amount: TOL. Thus, the new guess for X is X new = X old + TOL.

A new value of Y calculated is computed and a new value of §
determined. The object of the convergence, of course, is to have
g = 0. Thé computer now checks two things:

1. Do g old an@ # new have the same sign.

2. isithe’aBSOlﬁfé'value of @ new greater or less than # old.

If # old and g new both have the same sign, and @ new is less
than § old, this means we are heading in the correct direction,
toward g = 0. That is, Y calculated is closer to Y specified for
trial two than it was for triél'one. For the next trial X is again

. incremented by +TOL.
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If @ old and g new both have the same sign but # new is
~greater than # éld, this means we are heading in the wrong
direction, away from g = 0. That is, Y.calcﬁlated is further
away from Y specified for trial two than it was for trial one.
For the next trial we want to decrease the guess for X. In order
to avoid repeating the previous trial, X is incremented by -2*TOL.
If we incremented by -TOL, we would be using the same guess for X
that was used for trial one.

If @ new has a different sign from @ old, this means that we
have overshot the goal of § = 0. In this case we reverse direction
and proceed half the disﬁance in the opposite direction. That is,
X new = X old - 0.5*TOL. |

The process is continued from trial to trial. Each time
there is an overshoot the direction is reversed and one half the
distance is travérsed in the opposite direction.

The advantages of this convergence procedure are:

1. It is mathematiéally impossible for.this procedure to
diverge for unimodal, real systems.

2. The method is relatively insensitive to the initial guess.
Convergence is assured regardless of the initial choice of
sign for the variable TOL. The choice of the magnitude of
TOL will, of course, affect the number of iterations
required. However, TOL may be chosen as large as desired

.in order to attain rapid convergence without inducing’

instability.
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This convergence scheme is the extension of a suggestion by

Dr John McCormick.

"2.) Optimization calculations The convergence scheme used

to locate the optimum reflux ratio is the half-interval search

(sequential dichotomous search) described by Kuo.ll

The technique
is limited to unimodal functions and the solution must be known to
lie between two extremes. The method hasvbeen modified to
calculate slopes rather than points on a curve. The initial reflux
ratios specified in the input, say A and B, must be chosen such
that they bracket the optimum L/V. For the latter to be true the
slope of the cost versus L/V curve must be negative at A (the
smaller initial L/V), and positive at B (the larger initial L/V).
;(See Figure 4.) If this condition is satisfied, a new L/V, (C),
is chosen by the computer halfway between A and B and the slope
determined at this point. If the slope at C is positive as in
Figure 4, the optimum must lie between A and C. A new L/V, (D),
is chosen halfway between A and C. If thé slope ad D is negative
as in Figure 4, the optimum must lie between C and D. This
procedure is continued until the interval has been narrowed to
that specified by the programmer. The computer will print the
optimum L/V and other design information and then move on to a
new case.

Boasl? shows that‘if the solution is known to lie within a
'given span, then after 14 trials the interval will have been

narrowed to 1 percent of the original span.
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- 3.) General convergence discussion Many methods have been

developed in chemical engineering which eére so convenient and
simple to use that they are applied mechanically with little, if
any, théught_given to the principles upon which they are based.
The McCabe-Thiele diagram is such a methcd. Consider the situation
represented in Figure 5. At first glance it appears that the
overhead composition XD can be attained using the XF and L/V shown
in the diagram. This is not the case. The situation depicted in
Figure 5 has no physical significance. For a saturated liquid
feed having a composition of XF, the lowest value for the overhead
composition is XD'. This is true because the vapor in equilibrium
with the feed would have the composition XD' (= ¥YD'). Since XD'

is greater than XD, the specification of XD as the composition

of
the overhead product is impossible.

If a feed having a composition of XF were introduced into a
column having zero reflux, the overhead composition would be XD'.
For a finite amount of reflux the overheaa composition would be
_greater than XD'. Consequently, all possible values for the
overhead composition lie between XD', (oktained by drawing a
horizontal line through the intersection of the g line with the
equilibrium curve), and 1.0.

This discussion has been included tc caution the programmer
against specifying a situation similar tc thevone which exists in
Figure 5. For each feed composition there exists a minimum

overhead composition XD'. If an attempt is made to optimize a
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column where the overhead composition is less than this minimum,
the computer will respond by asking for lower and lower values of
L/v. It will not identify the condition specifically as an error.
It should be noted that the possibility of encountering this
difficulty is much more pronounced in the acetone-water system than
in other binary systems. This is due to the extremely high
relative volatility of acetone and the peculiar hump in the system
equilibrium curve.

"Another convergence problem was encountered during the debugging
of the subroutine for calculating the number of trays. The
difficulty has since been resolved but a discussion of the problem
and its solution may prove to be of some interest.

The initial version of the subroutine treated the number of
trays as an integer variable, which is physically the case. This
procedure introduced discontinuities into the cost versus L/V curve
as shown in Figure 6. The numbers represent the integral number
of trays required for the separation. Consider the situation where
the cost/# is calculated at Points a and b. The L/V was not
increased enough in going from a to b to reduce the integral number
of trays fequired, ie, 18. Consequently, there was no reduction
in the fixed capital, but rather an increase since the reboiler and
condenser had to be larger at b to accommodate the higher reflux.
The operating cost at b was also higher than at a. Since a greater

- quantity of steam and cooling water was required to attain the
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the higher refiux at b. The result was that the slope calculated
in the vicinity of a and b was positiﬁe. The computer interpreted
the positive slope to mean the optimum was located the left of a
and b aﬁd decreased the L/V for the next trial. Inspection of
Figure 6 indicates that the "macroscopic" slope in the vicinity of
a and b was negative, and that the optimum lay to the right no?
the left. The computation, obviously, could never have converged.
The problem was rectified by redefining the number of trays
as a floating point (rather than a fix point) variable. The
fractional number of stages was defined in the standard manner by

the equation:

X2 - XB
X2 - X1

stages = integral number of trays +
where thé’values of X1, X2, and XB are as shown in Figure 7
If the assumption of unimodality is wvalid, then all points to
the left of the optimum must héve a negative slope and all points
to the right a positive slope. Defining the equilibrium stages as
aboveAeliminates the discontinuities in the cost curve and assures
convergencé for a unimodal function. The assumption of.unimodality

is usually valid for a distillation optimization of the type

presented in this thesis.
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IV INPUT INSTRUCTIONS

A general discussion of input prbcedures is presented in the
following sections. These topics include the choice of initial
reflux fatios and several important programming options. Following
the general discussion are given the specific, detailed input

instructions.

A. General Considerations

1.) Initial reflux ratios As indicated previously, the

convergence procedure used by the program requires that the
optimum reflux ratio be known to lie within a specific interval,
Certainly, the optimum L/V for any column must lie between the
minimum reflux ratio and total reflux. Experience narrows the
interval even further. Robinsonl3 notes that in most cases the
optimum reflux ratio lies very close to the minimum reflux ratio.
The usual factor of 1.3 applied to the minimum external L/D is
employed to yield a design which is less sensitive to slight
inaccuracies in the equilibrium data. The actual optimum lies
even closerlto the minimum L/D than this.

The input data requires two initial values of L/V in each
column for each XDl considered. Say the minimum reflux was
determined graphically, for the first column in the system, to be
0.40. A good set of initial L/V ﬁalues for Column I would be 0.41
and 0.7. Note that the lesser L/V, (0.41), is chosen slightlyA

~greater than the minimum. The programmer should avoid picking a
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reflux ratio too close to the minimum since this could result in

’ a‘pinch if there was an inaccuracy in the determination of the
miﬁimum L/V. The larger reflux ratio, (0.7), should be chosen

at a distance approximately halfway between the minimum reflux
ratio and total reflux. 1If, however, the optimum L/V is known to .
lie within a narrower interval, then by all means the initial L/V's
corresponding to the narrower interval should be used.

In case a pinch should be encountered, there exists an
internal safeguard which prevents the computer from going through
endless iterations. The computer will signify a pinch by the
following message, then terminate execution:

A PINCH HAS BEEN ENCOUNTERED
THE STAGE TO STAGE CALCULATIONS APPEAR BELOW

The computer would then proceed to print the stage to stage
calculations which led to the pinch.

When this error message is printed the programmer has either
specified a reflux ratio which is below the minimum or has
attempted some other proceduré which has resulted in a pinch.
Another condition which results in a pinch is the specification
of too low a "g" value for the feed. It is best at this point - to
plot the operating line and the "g" line to find out exactly what
is causing the pinch.

The programmer will not always bracket the optimum L/V in

the first try. The computer will signify this by the message:



. 38

THE VALUES CHOSEN FOR THE INITIAL L/V'S IN COLUMN (AA) ARE TOO
(BBBB) .
THEY DO NOT BRACKET THE OPTIMUM L/V.
THE SLOPE AT L/V.= (ccee) 1s:
(DDDD)
THE SLOPE AT L/V = (EEEE) IS:
(FFFF)
FOR THE NEXT RUN CHOOSE THE (GGGG) iNITIAL L/V = (HHHH)
- where AA is the column number (I or II)
BBBB (HIGH or LOW)
cccce is the input value of the lower L/V plus a
small increment
- DDDD is the slope of the cost vs L/V curve at
L/V = CCCC
EEEE is the input value of the higher L/V plus a
small increment
FFFF is the slope of the cost vs L/V curve at
L/V = EEEE
GGGG (LARGER or SMALLER)
HHHH The programmer should use this as the larger
or smaller (depending upon GGGG) initial L/V
for the next run
Execution woﬁld then be terminated.
A typical output for the case where the initial L/V's were

chosen too high in Column II is given below:
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THE VALUES CHOSEN FOR THE INITIAL:L/V'S IN COLUMN II ARE TOO
HIGH.
THEY DO NOT BRACKET THE OPTIMUM L/V.

THE SLOPE AT L/V

7.0025000E-01 is:
7.9646545E-03

THE SLOPE AT L/V

It

8.0025000E-01 IS:
1.8656216E-02
FOR THE NEXT RUN CHOOSE THE LARGER INITIAL L/V = 7.0025000E-01
The initial L/V's used in the input data which led to the
~ above result were 0.7 and 0.8. Note that the L/V's stated in the
message, (0.70025000 and 0.80025000), differ from the input values
by 0.00025. The discrepancy is a result of a procedure for
.Jdetermining the slope of the cost vva/V curve and need not
- concern the programmer.
| The message states that the initial choices for L/V were too
high and suggests a value of the higher L/V to be used in the next
“run. A reasonable set of L/V's for the next run would be 0.65
and 0.70025, assuming of course that the minimum L/V was less than
0.65. The program would be run with these new values of initial
L/V's. 1If the new set of L/V's were still too high, the error
message would appear once more, this time suggesting a larger
initial L/V of 0.65. The programmer would choose a new set of

L/V's and repeat the procedure until the optimum L/V was bracketed.
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When the initial L/V's are chosen too low, the appfopriate
error message would bebprinted along with a suggestion for the
smaller L/V in the next run.

When the initial L/V's are properly chosen to bracket the
optimum L/V, the optimization will continue to the degree of
accuracy specified by the "OUT" variable. (See the section of this
thesis entitled "Escape Options".) The computer will print the
optimum L/V for the current XD1, the cost per pound of product,
the accuracy of the convergence, details of equipment design and
costs, the tray to tray célculétions for the optimuﬁ L/v and»the
material balances for the two column sfstem. An example of the
';output is given in Appendix I.

In some cases the optimum L/V may lie so close to the minimum
L/V that it becomes difficult to bracket it. One case was
investigated where the optimum L/V was within 0.002 of the minimum
L/V. The minimum L/V for this example was determined graphically
to be approximately 0.33. The optimum L/V was finally computed to
be 0.340125. An analysis of the approach used in this problem will
now be presented. The table below indicates the input L/V'é and

the computer responses.
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SMALLER L/V LARGER L/V COMPUTER RESPONSE
0.36000 | 0.60000 L/V's too high
0.33000 0.36000 Pinch was encountered
0.34025 0.36000 L/V's too high
0.33800 0.34025 Pinch was encountered
0.33950 0.34025 Optimization executed

OPTIMUM L/V = 0.340125

In the computation of the optimum five distinct computer runs

were required. (It should be emphasized that this is an unusually

severe case since the optimum L/V was located extremely close to

the minimum. Normally, if the minimum L/V is known from graphical

methods the optimum L/V can be bracketed on theffirst try.)

Run 1:

Run 2:

The input values for L/V (0,36 and 0.60) were tco high.
They did not bracket the optimﬁm. The computer
suggested that 0.36 be used for the larger L/V in the
next run. The choice of the smaller L/V is up to the
discretion of the programmer. The input tape was
modified to specify 0.33 and 0.36 as the L/V's for the
next run.

The computer encountered a pinch during the stage to
stage calculations for L/V = 0.33. The appropriate
message was printed and execution terminated. The
choice of L/V = 0.33 was obviously below the minimum
L/V so the smaller initial L/V was increased to 0.34025.

The input tape was modified to specify 0.34025 and 0.36

for the next run.
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Run 3: The values of L/V were too high. We conclude that
the optimum is less than 0.34025 but more than 0.33.
The larger L/V for the next run is set equal to
0,34025. The smaller L/V is set equal to 0.33800.

Run 4: A pinch was encountered. This means the value chosen
for the smaller L/V (0.338) was too low. The optimum
is now known to lie between 0.338 and'0v34025. The
value of the smaller L/V is chosen as 0.3395 for the
next trial.

Run 5: The optimum L/V has finally been bracketed by L/V =
0.3395 and L/V = 0.34025. The computer calculates the
optimum L/V = 0.340125.

Note that graphical estimate of the minimum L/V was 0.33 but
the minimum L/V implied by the above calculation was greater than
0.338 (since a pinch was encountered at 0.338). 1In a normal
‘Situation the minimum L/V need not be known to this degree of
accuracy.. The difficulty illustrated by ﬁhe above analysis was
caused by the close proximity of the optimum L/V to the minimum L/V.

When a situation such as the one described in this example is
investigated, it is desirable to analyze the system one column at
a time. The analysis is facilitated by the use of the variable
"NUMBER". (See the section of this thesis entitled "Tower Options".)

2.) Escape options There are two escape options written into

the program to allow for exiting when the optimum reflux has been

attained.
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The first of these is simply the specification of the slope
of the cost vs reflux ratio curve at which the computations are to
be terminated. Mathematically this value should be zero. Since a
slope of zero would be obtained only under the most fortuitous
situations a tolerance is allowed (to be specified by the programmer).
This option is rather inconvenient to use since a prior knowledge
of the unit product cost is required to set an intelligent value for
the tolerance. Also if the optimum is very shallow, the computer
might terminate execution before the optimum L/V has been determined
to any degree of accuracy. If the cost per pound is about 5 cents,
a reasonable value for this escape tolerance is 0.0001. A value of
zero may be used for this tolerance to essentially negate the effect
‘of this option.

A far more useful escape procedure is available. This is
instrumented through the variable "OUT". If the initial set of
L/V's were 0.42 and 0.7, the interval between the two L/V's would
be approximately 0.300. If the variable "OUT" were set equal to
- 0.01, the iterations would continue until the value of the optimum
reflux ratio was known to within 1 percent of the original
interval. That is, the value of the optimum reflux ratio would be
known to +0.003, which is 0.0l x 0.300. The ratio of the current
- interval to the original interval is calculated after each point
on the cost curve has been computed. When the value of the ratio

falls below the specified value for "OUT", execution is terminated.
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3.) Tower options The program may be used to optimize a

single column as well as a two column system. This is accomplished
through the specification of the variable "NUMBER". The normal
value is zero which should be used in the two column analysis. If
a single column system is to be analyzed, a vélue of 1 is assigned
to the variable "NUMBER". This causes control to "skip over" the
Column II section of the program. When using this option, dummy
variables must be supplied in the input for Column II, even though
they will never be used. These are variables such as Column IT
reflux rate, stream compositions, stream rates, and so on. They
must be included to satisfy the request for input. Any values
could probably be used for these Column II variables, but it is
isafest to assign them numbers having a reasonable order of
magnitude for the variable. Perhaps the easiest way to specify
these is to use the same values which are used for the Column I
variables. The Column I optimization will be carried out for as
many values of the variable XD1 (the overhead composition from
Column I) as are s?ecified in the input.

It is also possible to have control "skip over" the Column I
section and proceed directly to Column II. This instruction is
implemented by setting the value of "NUMBER" equal to 2. In order
to appreciate the utility of this last option, let us imagine the
programmer at the console. He has graphically determined the
minimum L/V required in Column I and the minimum L/V required in

Column II. He enters a set of initial L/V's for each column and
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begins the run. Say the initial L/V set for Column I did, indeed,
bracket the optimum L/V for Column I, The optimization of Column
I would continue until the desired interval were reached; then‘the
computer would move on to Column II. Suppose that the L/V set used
for Column II was too high to bracket the optimum. The computer
would print the error message stating that the optimum had not been
bracketed by the initial set of L/V's and stop. The programmer
would then prepare a new input tape with a new set of L/V's for
Column II. Also he would change the value of the variable "NUMBER"
from its original value of zero to a new value of two. He must
include the same Column I variables as used in the first run. 1In
this second run the Column I section of the program would not be
.executed. Contrel would jump directly to the Column II portion of
the program. As soon as execution begins, the following message
will be printed:
TYPE IN COST PER LB FOR COL I OVERHEAD?

The programmer should enter the cost per pound obtained for
tﬁe optimum L/V in the first computer run. (See "Example Run" .
section for an illustration.) The computer will then proceed to
optimize Column II for as many values of XDl as are specified in
the input.

This may seem like a rather clumsy and complicated procedure,

but it has been included to save precious computer run time.
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B. Specific Input Instructions

Here is a list of the input variables with a brief description

of how to specify them. They are listed in the order in which they

appear in the input statements on lines 36100 through 37600

inclusive.

XFl

XBl

XB2

D2

' NXD1.

DELTA

(See Appendix II.)

Is the mole fraction of the lighter component in the
feed to Column I

Is the mole fraction of the lighter component in the
overhead from Column IT

Is the mole fraction of the lighter component in the
bottoms product from Column I

Is the mole fraction of the lighter component in the
bottoms product from Column II

Is the flow rate in moles per hour of the overhead
product from Column II

Is the flow rate in moles per hour of the intermediate
éroduct stream (See Figure 15

Is the number of values for XDl to be tried. If it

is desired to investigate 10 different values of XDl1,
NXD1 should be set = 10. This is an integer variable.
Is a convergence parameter which establishes the width
of the "differential" slice used to determine the
slopekof the cost vs L/V curve.

RECOMMENDED VALUE: = 0.0005




TOLSLP

LOOPKN

NLOOPN

WMB1

WMT2

WMB2

Ccv -

' SF
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Is an escape tolerance. It is the slope tolerance
discussed in the "Escape" section of this thesis.

RECOMMENDED VALUES:

1. If escape based upon slope is desired - 0.0001
2. If escape based upon slope is not desired - O
Is a loop delimiter. It appears in the statement

"DO 17 K = 1, KOOPKN". This is an integer variable.

" RECOMMENDED VALUE: 20

Is a loop delimiter. It appears in the statement

"DO 9 N = 1, NLOOPN". This is an integer variable.

" RECOMMENDED VALUE: 20

Is the average molecular weight of the bottoms
product from Column I

Is the average molecular weight of the overhead
product from Column II

Is the average molecular weight of the bottoms
product from Column II A |

Is the constant for the Souders-Brown Equation. See
reference 6 for recommended values. Note that the

value of CV for a bubble cap column is not the same

~as that for a sieve tray column

Is the factor of safety to be applied to the maximum

velocity used to calculate the column diameter

- RECOMMENDED VALUE: 0.6 - 0.7
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RHOLT1 Is the liquid density of the overhead product from
Column I k#/ft3). Note that if several XDl values
grewinvestigated, an average value may be taken for
the liquid density of the various concentrations.
This is not a critical variable and the averaging
procedure will cause only a small error in the
determination of column diameter. The same comment

applies to all physical properties of the Column I

overhead.

RHOLB1 Is the liquid density of the Column I bottoms product
(#/£¢%)

RHOLTZ2 Is the liquid density of the overhead product from

Column II (#/£t3)

RHOLBZ2 Is the liquid density of the bottoms product from
Column II (#/£ft3)

DCA Is the fraction of column area to be allowed for the
downcomer

RECOMMENDED VALUE: 0.10

FUDGE" This is a factor to be applied, if desired, to
-approximate the cost of a sieve tray column. For
further description see the section of this thesis
entitled "Cost Equations". If the programmer
supplies his own cost curve for sieve tray columns,
this variable should be set equal to 1.0

RECOMMENDED VALUE: 0.6 — 0.7




OAEFF

CINDEX

FACMAT

ccl,ccz,
CC3

HEATT1

HEATB1
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If it is desired to approximate the cost of a sieve

- tray column by taking a percentage of the cost of a

bubble cap column.

Is the overall tray efficiency. See references 5
and 6 for recommended values.

Is the inflation adjustment factor. The value used
should be the ratio of the current cost index (eq,
the Marshal and Stevens Index) to the cost index
for June 1962. For the Marshal and Stevens Index,
CINDEX = 290.7/236.2 = 1.24

Is the material of construction adjustment factor.
The cost equations used in the program were based
upon carbon steel. If other materials are to be used
an adjustment can be made using "FACMAT". This

variable is a simple multiplier.

If the programmer supplies his own cost curve for
sieve tray columns he places the three equation
constants in this position. See the section of this
thesis entitled "Cost Equations" for further
description.

Is the latent heat of the overhead product from
Column I (Btu/#). See note under RHOLT1.

Is the latent heat Qf'the bottoms product from

Column I (Btu/#)



HEATT2
HEATB2
UTOP1
UBOT1
UTOP2
UBOT2
TSTEAM
CWIN
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SBCOL1
SBCOL2
CORR1

CORR2

STMCST
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latent heat of the overhead product from

IT (Btu/#)

latent heat of the bottoms product from

IT (Btu/#)

U for

U for

U for

‘U for

steam

reboilers

the Colﬁmn I condenser (Btu/hr/ft2/OF)
the Column I reboiler (Btu/hr/ft2/°F)

the Column II condenser (Btu/hr/ft2/COF)
the Column II reboiler (Btu/hr/ft2/CF)

temperature (°F) supplied to the

Is the cooling water inlet temperature for the

condensers (°F)

Is the cooling water outlet temperature for the

condensers (°F)

Is the number of degrees of subcooling (°F) desired

in the Column I condenser

Is the number of degrees of subcooling (°F) desired

in the Column II condenser

Is the LMTD correction factor for the Column I

condenser

Is the LMTD correction factor for the Column IT

condenser

Is the cost of steam in $/1000 Btu

Is the heat capacity of the liquid reflux to

Column I (Btu/#/°F)



Cp2

CWCST

WMF1

RMCST
SPACE
TMCST
CMCST
RBMCST
ELCOST
OLABCST

KIND
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Is the heat capacity of the liquid reflux to

Column IT (Btu/#/oF)

Is the cost of cooling water in $/1000 gal

Is the average molecular weight of the feed to

Column I

Is the value of the feed to Column I in $/# of feed

' Is the tray spacing in ft

Is the tower maintenance cost in $/ft3/yr

Is the condenser maintenance cost in $/ft2/yr

Is the reboiler maintenance cost in
Is the cost of electricity, $/KW hr
Is the cost of labor, $/man-hour
This variable determines which cost
to determine towér cost

IF KIND = 0 the column cost will be
the bubble cap column cost equation

IF KIND = 1 the variable "FUDGE" is

$/£t2/yr

equation is used

calculated via

multiplied by the

bubble cap column cost in order to approximate the

cost of a sieve tray column

IF KIND = 2 the programmer's equation for sieve tray

columns will be used. See comments

for the variables

CCl, CC2, and CC3. See also the section in this

thesis entitled "Cost Equations".
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JLOOPN

KLOOPN

PT

TEMPT

A2,B2,C2

Al12,A21

AAl12,AA21

TOLERY
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A convergence parameter

RECOMMENDED VALUE = 300

Represents the maximum number of temperature trials
allowed.

RECOMMENDED VALUE = 40

Represents the maximum number of trials allowed in

concentration LOOP K

RECOMMENDED VALUE = 40

Total pressure in mm Hg

Represents the initial temperature guess for the first
X-Y point (°C)

RECOMMENDED VALUE = BP OF THE MORE VOLATILE COMPONENT

These are the Antoine constants for the lighter and
heavier components respectively. If acetone is the
lighter component, use Al = Bl = Cl = 0; If water is
the heavier component, use A2 = B2 = C2 = 0.

These are the Margules constants. If the Wilson

equation is to be used to calculate the entire X-Y

curve, use Al2 = A2l 0.
These are the Wilson constants. If the Margules
equation is to be used to calculate the entire X-Y

curve, use AAl2 = AA21 = 0.

A convergence parameter

RECOMMENDED VALUE = 0.0005



TOL

TOLTEM

TOLSUM

CHANGE

IACET

" IWATER
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A ¢onvérgence parameter

RECOMMENDED VALUE = 0.2

A convergence parameter

RECOMMENDED VALUE = 3.0

A convergence parameter

RECOMMENDED VALUE = 0.0005

If this variable is set equal to 0, the program wiil
uée the Wilson equation for the .entire X-Y diagram.
If the variable is set equal to 1, the Margules
equation will be used to calculate the entire X-Y

diagram. If the variable is specified as any value

between 0 and 1, say 0.4, the Wilson equation will be

used for all points above X = 0.4 and the Margules
equation will be used for all points below X = 0.4.
If acetone is one of the components, use IACET = 0.
If acetone is not one of the components, use IACET =

1.0. This parameter allows the use of a special

- equation, already in the program, for the vapor

pressure of acetone. If IACET is set = 1.0, the
Antoine equation will be used to calculate the vapor

pressure of the lighter component.

" If water is one of the components, use IWATER = (.

If water is not one of the components, use IWATER =

1.0. This parameter allows the use of a special

equation (already in the program) for the vapor
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TOLTM1
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- pressure of water. If IWATER is set = 1.0, the

Antoine equation will be used to calculate the vapor
pressure of the heavier component.

A convergence parameter

RECOMMENDED VALUE = 0.2

A convergence parameter

RECOMMENDED VALUE = 3.0

Is the g value for the feed to Column i used in the
g line equation for the McCabe~Thiele calculation

Is the g value for the feed to Column II used in the
g line equation for the McCabe-Thiele calculation

A dummy variable. Use 0.5

This variable allows access to either column routine,
The value is either 0, 1, or 2. See this thesis

section entitled "Tower Options". This is an integer

 variable.

This is an escape variable. >A value of 0.01 for "OUT"
wiil cause the iterations to continue until the optimum
L/V is known to 1 percent of the original interval.

See this thesis section entitled "Escape".

Thi$ array includes all the values of XDl which are

to be investigated. The number of data pieces in this
position must be equal to NXDl. In a sense XDl is the
independent variable of the optimiéation. Once it has

been specified, the system is fixed. The programmer
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can then plot the cost/# vs XDl to find the true
optimum of the system. No rules can be given for
choosing XDl's. The programmer must use his judgment
and common sense. As many values of XDl as desired

may be specified.

This array contains the initial L/V's for Column I.

The data should be arranged in sets of two. That is,

two values for L/V in Column I should appear for each

XDl investigated, the lower L/V being listed first,

then the higher L/V. The two values in a set must be

chosen to bracket the optimum L/V. The total number

of data pieces in this location must be equal to 2 x
"NXD1". See the section of this thesis entitled
"Initial Reflux Ratios".

This array contains the initial L/V's for Column II.
The data should be arranged in sets of two. That is,
two values for L/V in Column.II should appear for each
XDl investigated, the lower L/V being listed first,
then the higher L/V. The two values in a set must be
chosen to bracket the optimum L/V. The total number
of data pieces in this location must bebequal to 2 x
"NXD1". See the section of this thesis entitled

"Initial Reflux Ratios".
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WEIGHT (MG) This array contains the molecular weights of the
overhead product from Column I. A molecular weight
should appear for each value of XDl to be investigated.
The number of data pieces in this location must be
equal to the value of NXDIl.

Inspection of lines 36100 through 37600 in the program reveals
a total of eight INPUT statements. In GE Mark II Fortran the data
for eachAnew INPUT statement must begin on a new record. The data
pieces within a single INPUT statement may, however, appear on
several records. To clarify this restriction, observe the input
list in the sample run on page 1 of Appendix I. The variables
"XF1" and "LOOPKN" which are the first and last variables in INPUT
-statement one correspond to the numbers 0.2366 and 20 on line one
of the data list. Note that the data'for INPUT statement one
‘happens to be listed on a single record. There is no particular
format required when typing in this group of variables. Each data
piece could have been listed on a separaté record just as well.
The first variable in INPUT statement two, however, (NLOOPN = 20),
must appear as the first data piece in a record. Below is a list
of the variables which must appear as the first data pieée in a
record. The variables in between, aside from being in the proper

sequence, may be listed in any convenient manner.
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VARIABLE " VALUE IN EXAMPLE
XF1 0.2366
NLOOPN 20
ILOOPN 28
NUMBER 0
XD1(1) 0.87
GLOV1 (1) 0.14
GLOV2 (1) 0.42
WEIGHT (1) ' 54.54

The most convenient way to input the data is by tape. The
tape must begin with a series of rub-outs, then the data (no
intervening punches such as line feeds or carriage returns). Each
‘record must end with the following sequence of punches: LINE FEED,
({CONTROL X-OFF), CARRIAGE RETURN, RUBOUT. Unless these instructions
are carried out exactly, the data will be scrambled and the program
will not be executed.

' On a request for input the computer will transmit a question
mark along with a signal to activate the tapedrive. On most
teletypes the tape drive will be activated automatically (the TD
call-in button on the Model 35 must be in the ON position). On
other units the tape drive can be started manually each time the
"?" appears. The tape drive will feed in one record aﬁ a time
stopping after each line to wait for another "?" to be transmitted.
If the tape drive is being activated by depressing the TD ON button

manually the programmer must wait for the question mark each time.
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Dimensions: The program is presently dimensioned for a
maximum of 30 theoretical trays in each colﬁmn. There is ﬁo other
limit in the program for the number of trays. If the programmer
wishes to increase the allowable number of trays -he may change the
dimensions of the variables indicated below. The allowable number

of trays should replace XX in these statements.

LINE NUMBER DIMENSIONED VARIABLE
10400 " PP(5,XX), IP(4,XX)
19100 T(XX,50), Y1(XX)
19300 EE (XX)

19500 PP (5,XX), IP(4,XX)
- 35300 PP (5,XX), IP(4,XX)

If memory capacity becomes a problem the programmer has two

choices.
| l. Use of the NOLINE mode. The statement:
100 NOLINE
may be inserted. This command will prevent generation of |
line numbers and thereby release a considerable section of
the core for computation.

2. The programmer can delete the following statements: 10400,
19500, 31600, 31700, 31800, 32300, 32400, 32700, 32800,
32900, 33200, 33300, 35300, 55800, 56100, 56200, 56300,
56600, 56900. The deletion of these lines will eliminate
the printing of the stage to stage calculations for the

optimum design. All other calculations and outputs will be



unaffected. The deletion should release a minimum of

- 2000 memory locations for computation.
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VII EXAMPLE RUN

Appendix I contains a sample computer run of this program.

The original intent was to étudy the acetone-~water system up to
concentrations of 99.99 percept,acgtone. At the higher reflux ratios
columns of 100 stages or more would have been required. The cost

for a complete optimization of a two-column system having 100 trays

in each column would have been approg;mately $500.. This is by no
means an unreasonable figure‘for an industrial program of this
complexity. However, budget considerations demanded a lower

overhead concentration. The sample run uses 95 percent for the
concentration of acetone in the overhead from Column II. Two values of
XDl are investigated, 0.87 and 0.875.

The example will be explained page by page starting with the
input list appearing on page 1 of Appendix I.

The data are listed according to the INPUT statements on lines
36100 through 37600 of the program. (See Appendix II for a listing
of the program and the section of this thesis entitled "Input
Instructionsf for a detailed description of the input variables.)
Each data piece in the list shall now be identified and a bfief

discussion presented where necessary.

0.2366 XF1
10.95 XD2
0.001 XB1
0.001 XB2

17.24 D2



17.24

0.0005
0.0001
20

20
18.0
58.0
18.0
0.1
0.6
54.9
‘;62.4

54.9

- 62.4

0.1
0.7
0.7

1.24

0,0,0
220.0

970.0
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p

NXD1 Since two values of XDl are to be
investigated (viz, 0.87 and 0.875),
NXDl is set equal to 2

DELTA

TOLSLP

LOOPKN

NLOOPN

WMB1

WMT 2

WMB2

cv

SF

. RHOLTL -

RHOLB1
RHOLT2
RHOLB2

DCA

FUDGE

OAEFF
CINDEX
FACMAT
cc1l,ccz2,cc3

HEATT1

- HEATB1



220.0

970.0

150.0

300.0

150.0
300.0
298.0
70.0
90.0

10.0

0.1
18.1

0.02

HEATT2
HEATB2
UTOP1
UBOT1
UTOoP2
UBOTZ2
TSTEAM
CWIN
CWOUT
SBCOL1
SBCOLZ2
CORR1
CORR2
STMCST
CP1
Cp2
CWCST
WMF1
RMCST
SPACE
TMCST
CMCST
RBMCST
ELCOST

OLABCST
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1 KIND

28 ILOOPN

40 JLoopN

40 KLOOPN

760 PT

63 TEMPT

0,0,0,0,0,0 Al,B1,C1,A2,B2,C2
0.94,0.7293 , Al2,A21

0.597754,0.767919 AAl12,AA21

0.0005 TOLERY
0.2 TOL
.3 TOLTEM
0.0005 TOLSUM
0.7 CHANGE
0 IACET
0 IWATER
0.2 TOL1
-3 TOLTML
1 Q1
1 02
0.5 ~ DUMMY
0 NUMBER  Since it is desired to analyze a

two-column system, this wvariable
is set equal to 0

0.25 ouT
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0.87,0.875 XDl array These are the values of XD1 to
be investigated. The total number of
data pieces (2) in this location must
equal the value of NXDIl.

0.14,0.144,0.14,0.16 GLOV1 array The first two figures (0.14
and 0.144) represent the initial L/V's
in Column I corresponding to XD1 =v0.87.
They were chosen to bracket the optimum
L/V. The second two figures (0.14 and 0.16)
represent the initial L/V's in Column I
corresponding to XD1 = 0.875. They were
chosen to bracket the optimum L/V. The total
number of data pieces in this location (4
pieces in all) is equal to twice NXD1
(2 x 2).

0.41,0.60,0.70,0.80 GLOV2 array The first two figures (0.41

| and 0.60) repreéent the initial L/V's in

Column II corresponding to XDl = 0.87.
They were chosen to bracket the optimum
L/V. The second two figures (0.70 and
0.80) repreéent the initial L/V's in
Column II corrésponding to XD1 = 0.875.
Normally, they would have been chosen to
bracket the optimum L/V. For illustrative

purpdses, however, they were chosen higher
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than the optimum L/V. The total number
.of data pieces in this location (4 pieces
in all) is twice the value of NXD1
(2 x 2).

54.54,54.75 WEIGHT array The first Figure (54.54) is
the molecular weight of the overhead
product from Column I corresponding to
XDl = 0.87. The second figure (54.75)
is the molecular weight of the overhead
product from Column I corresponding to
XDl = 0.875. The total number of data
pieces in this location (2) must equal
the value of NXD1.

This completes the input list. When two values of XDl are
investigated, and the initial L/V's have been chosen properly, the
output will be printed in four sections as shown in Appendix I on
pages 2, 3, 4, and S. The output sectioné will be appropriately
titled‘and appear in the following order:

‘l. Optimization of Column I for lst XD1
2. Optimization of Column II for 1lst XDl
3. Optimization of Column I for 2nd XD1

-4, Optimization of Column II for 2nd XD1

There is no limit on the number of values of XDl which can be
specified. If 10 values of XDl are specified, there will be 20

blocks of output, 10 for each column. This assumes, of course, that
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the iniﬁial L/V's are chosen to bracket the optimum in each case.

[f the initial L/V's were chosen improperly, all computations up

to that point will be printed out and execution irreversibly
terminated after printing of an error message.

The output is self-explanatory except for the following
points:

- 1. The cost/# of overhead product from Column I is the cost
to produce the intermediate product stream P. It is also
the cost per pound of the feed to Column II, F2.

- 2. All compositions in the printout refer to the most volatile
component.

- 3. The block of print immediately below "TOTAL UTILITY COST"
represents the stage to stage calculations for the optimum
L/v.

4. The three columns under the heading "TRIAL" have been
included to give the programmer a check on the number of
iterations required for the calcuiations. Consider the 1lst
line under "TRIAL" on page 2 of Appendix I.

1 11 8
The calculation of the activity coefficients at a given
- temperature is a trial and error procedure since the vapor
composition is specified for each tray. (See the section of
this thesis entitled "Iteration Schemes; Equilibrium

Calculations".) The figure in the right most column, (8),
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is the number of trials associated with the determination
of the activity coefficients for a given temperature. This
value will vary between 1 and 25 depending upon the

particular point. The value of this variable must be less

than the variable KLOOPN. If it is equal to KLOOPN, (the

number appearing in this position will never be greater than
KLOOPN) , then the loop has not converged and a higher value
of KLOOPN must be chosen. A value of KLOOPN = 40 will
probably be sufficient for most systems.

The number appearing in the middle column, (11), is the
number of temperature trials required toiget the sum of the

y's to equal 1.0000. The value of this variable must be less

than the variable JLOOPN. If it is equal to JLOOPN, (it will

never be greater), then the temperature loop has not converged
and a higher value of JLOOPN must be chosen. A value of
JLOOPN = 40‘will_probably suffice for most systems.

The number appeariné‘iﬁﬁéhe left most column is the

theoretical tray number. The value of this variable must be

" less than ILOOPN. If not, the value of ILOOPN must be

must be increased. A value of 300 may be used to cover most
systems.

The approximate'number of iterations required to converge
tray 1 may be obtained by multiplying 11 x 8 = 88. The
approximate number of iterations to converge tray 5 is

19 x 10 = 190.
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A similar discussion applies to each tray in the printout.

The initials L/V's in Column II for XDl = 0;575 (0.70 and
0.80) were purposely chosen too high to bracket the optimum L/V.
The result was the’printout on page 5 of Appendix I.

The computer printéd the slope of the cost vs L/V curve at
the two initial L/V's chosen. (Actually, the slope is calculated
about an L/V which is greater than the L/V specified in the input
by 0.00025, hence the output values of 0.70025 and 0.80025 rather
than 0.70 and 0.80.) The computer suggested that the higher L/V
for the next trial should be 0.70025.

It was known that the optimum L/V lay between 0.41 and 0.60
so this last message was ignored for the next run shown on pages
6 and 7 of Appendix I. Initial L/V's of 0.41 and 0.60 were used
to obtain the output on page 6.

Before proceeding it will be instructive to review the input
list on page 6 of Appendix I. In the lst run Column I had been

~optimized for XDl = 0.87 and XD1 = 0.875. Column II had been

il

optimized for XD1 0.87. 1In order to avoid rerunning these cases,
the following changes were made in the input list:
1. NXD1 (1lst line, 7th variable) was changed from the
original value of 2 to a new value of 1. This instructs

the computer to analyze the system for one value of XDl

rather than 2.
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2. NUMBER (8th line, lst variable) was changed from 0 to 2.
This causes control to skip over the Column I section of
the program and proceed directly to Column IT.

3. XDl (9th line): The original array containing two values
of XD1 (0.80 and 0.875) was replaced by a single value of
XDl = 0.875.

4. GLOV1 (10th line): The original array of 4 variables (0.14,
0.144,_0.14, 0.16) was replaced by an array of two variables
(0.1, 0.1). Since these variables are not used in the
calculation, (control skipped over Column I), they are dummy
v%riables; Although two numbers must appear in this position
of the input list, they may have any value.

5. GLOV2 (1llth line): The original array of 4 variables (0.41,
0;60, 0.70, 0.80) was replaced by an array of two variables
(0.41 and 0.60) representing the new initial L/V's for
Column II.

6. WEIGHT (12th line): The original array of 2 variables is
replaced by a single variable (54.72) which is the molecular
weight of D1 for XDl = 0.875.

After the input was fed into the computer, the following
message appeared at the console:

TYPE IN COST PER LB ($/#) FOR COL I OVERHEAD?

The coét/# of overhead product from Column I (0.034049425)

was obtained from the printout of the previous computer run for
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Column I, XDl = 0.875. (Appendix I page 4) This value was manually
typed in as soon as the question mark appeared.
. The optimization for Column II with XDl = 0.875‘was completed

and the results are shown on page 7 of Appendix I.

In an actual run the programmer will specify more values of
XD1l, say 10. The resulting cost/# of overhead product from Column
II would be manually plotted against XDl. The minimum of this
curve is the optimum XDl for the system. The corresponding L/V's
could be interpolated or a new computer run made with the optimum
XDl.

The output on page 8 of Appendix 1 illustrates what can be
expected if a pinch is encountered. In this case the programmer

Vhas probably specified an L/V which is bkelow the minimum.
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APPENDIX II

COMPUTER PROGRAM




RVZ10

10000
10120
10200
10300
10400
10500
10800
10700
18803
1GS0G
11000
11100
11200
11300
11400
[1533
11600

117C0
11399
11800
(2000
12190
12200

L I A
f et VS

12400
12500
12600
270G
12890
12900
{3000
13100
1320
13320
13400
[3500
13800
13730
153300
13900
140060
14100
14200
14300
144020
145080
1400
14700
14500
14900

~] Ch A I

(o O

Lo N3

o

(o]

10
Il

[
N

INT CAST(TV,RHOLT,RHILEB,B2TV,HEATT ,HOATE, UTGP, URGT
L,CHRR,CP,Z,0,unT, %3, WiF .8, FECL ,RACST,
5,200),1P(£,200)

GES,BTZWP, TTEWP,CV,5F,DCA, FUDCE, AALFF
,CC2,CC3,T5TZa%,Cull,CWalT,3THCST,CHC
ACT,THC3T,CMCST,RIACST,

-

0D

e 1 4 TRAYS,C 25TA,RDAREA,C GSTR,CD4AREA,
CSST,,C”GTFD CTSTRP,PURCST, AMAINT, UTIL
STH49Z/ (35S (TTINPHAGO))

g R
yOR

CCREFLT-EHEYT) /RASVTI*%0,5)
;\,\MV‘/(J 59% (ATTIPLAE9))

(R S v\’b(((::t‘ "q '»Vr’)/nf VL.})**QQ5)
IF (U HXQ USAXT) I 1,2

JMAX= J AXE3 RHEHOV= DH VEs RHEZL=RHILD; WMz=wht

FHEVIRHOVTy REGL=REALT; W=y

)
<y

-
TVL
*TULE/Z(RHTURUACT®3IE0D)
141582)%%x0,5)x]7

o TyE T i0A
-l Ay

TPRICT=10%% (185 108-0. 111341%0.4%425%ALAGC(0IAY)
F0.3G3TO0% (D A3ADSKALOT(D TAA) J%%2)
IF(I-¥I'T) 6,4,7
TPRICT=FUDGTXTPRICT

ce Ta 7 | -
TPRICT=10%% (CC1+CCo%ALCC(DIAM)+CC3% (ALUG(D IAN) Ik«
CORTIVUE
ATRAYS=STAGES/PATFT
COSTAZTPRICTRATRAYSKCIIDSX4FACHAT
BZTLL2=L OTL*% iy ROTULRZR TR M3
DELTE=TSTEA Y= BTIWP
TOUT=TTTHP=S2C " 1L

TR =TTEMP-CHAUTy TORMS 2T oUT-CWIN
IF(TIRE2-TIRMI) §,10,3

GTTD=TIPM23 STTD=TERII

ar To »

GTTL=TIR4ls STTD=TCRI

c7 To

THTD=ToR A

C0 Té
CauTIx

TMTD=(CTTD-STTD)/ CALAGCGTTD/STTD))
CoNTINU
CATDZCoORRTHTD
DLE=Dk
ROAREAZHEATB*EGTVLR/ (USGT*DELTD)
PRICER=13 1% (REAREA) %% 0,578

23



RV@10

15030
15100
15200
15300
154C0
15500
15600
15700
15300
15900
160060
18100
18200
16300
15409
18500
16600
167C3
1€300
18900
17000
171390
17200
17300
17400
175C0
178C0
17700
17300
175890

18000

18109
18200
18360
13400
18500
136008
13700
18320
18500

119000

1¢130
15200
15300
15400
18500
15500
197C0
15300
19930

o

pR-g

2o 23 (M e

.
e

CZSTE=PRICEPCINT g
QUAPZHIATDXSUTVLR
CCESTR=RVAPKSTHCST/ (1000000%xDLE)
TVLB=TVxUNT-

QTZP=TVLD*CPx SECULLATVLE*HEATT

CE“ ICAZQRTTRP/(UTE D*Pslu
CV?AT” QTEP/(CwupdT-CUIN)D

PRIC b;.y‘*(C"’""&)%*u.iqis

CQLTC’“ijWCﬁLIf::X*PQC ‘AT '

GCOSTCzCUWRATIxCYUCST/ (100D E 345 LE)

COSTFP=CIRDIXKkFACHMATR 171 .9k (ZXUINF/500)%%0,208%

CeSTEBP=CIHTEXkFACHAT® 171 4S% (M#MII2/500)%% 0,20

PURCST=CUSTA+CLSTR+COSTCHCHSTFP+C CETRP

PHP=100% (ZxWVNF+EXWT ")/(qq Ck0450%3960)

CLABER=0,.,25% FLASCST/DLE

PQ””AT SRUMCSTRFTEDR Y r/pL¢

iﬁ INT ::A*J'ACP* AYSH1 . 1xTHMCST/(87580%DLRE)
MALN T"CLQijxpr T/(o7 CkZLED

FWAI (T=REBARTARREMCS T/ (BT8C4D L)

m“AIuF~(CIaLNX*J.ﬁ24+(L¥’ F/500)+72) /7 (STSOXELE)

PHATNE= (CINDI Xk 0. 82 4% (DU D/ﬁDJ)+7:)/(U7<C*PLu)

CHAINT=THATNTHC AN THRBATIT+PHATINF+PYAILD

CZSTRW=PHP*C,748%ZLCY of/uLp

JTIL=0CIS TR+ CLUSTCHC s TRY

UNTCST »J.u5*fo?7°+l 4x EMALGT

Pu.zgq“furCRT/(87SQYELu)+I.#4*UTIL+I.22*RQNEAT
ZTURMe EKD : ' ‘
SUBRCUTINE fATLhﬁL(XFI,XDI,XQQ,XEI,XBQ,SQ,TLEVI,TL@VE,?,

Fl,El,D1,TVI,TV2,TL1,TLZ)

L.A...;’Ff.a,
XF‘ KL 1
2Dk (XD2-XF2) /(XKF2-X22)g F2=B2+D2

14

" VI (XBUR(Z2+P+12) -X08%32- X“IK“ XDEXD2)/(XB1=-XF 1)

Bl (XFIxF1-X02%32-XD1%P=-XD2x[2)/X21; DI=F1-E1
TVI=D1/C1-TL7V1D) g ”UC=32/(I-LL¢VC

CTL1I=TL% V!*T 1y TLZ=TLZVEXTVZ.
R&_.LUH L)\é‘:

SUZRSUTIAE TRAYSCILECPU,JLECPE, KLAGPH,PT, TENPT, TEAPXE,
B1,B1,C1,82,02,02,A12,421,5412,A021,
TELERY, TEL, TALTTH, TPLS 0, CHA AR ,
IACTT, IVATER, TFL1, TCLTI, E,XB, XF, TP°L
5PV, D o,?,e,z,zrrv,::§L> ’ ’ I
TERsTEh TC0050),%1 (50, CANNAL (5 0) , BAMIAZ (50),X1(50),
YITRY(30), YDELTAC30), DLLSUI(30)
DIMEESIZN T(300)

Comman 1C
Carml PP<5,230>,1?<4,200>
CoMIEH STARES,ZTLHP,TTZMP
CouTINUT
CANTINUE
CoNTINGE



RVI10

24000
20100
235200
20300
23400
23500
20800
2387240
23300
20500
21000
21100
21200
21300
21400
21520
21800
21700
21380
21800
22000

22100 .

22200
22300
22400
22500
22600

G v

AV]

(2]

[€ATASLIN SN

9

@O0 =3

22730 10

223800 1

22930

230200

253130
25200
23300
23400
23500
25800
237003
22800
23300

24000

24100
24200
24300
24400
24500
24800
24700
24800
249300

L7

1o
A¥=3.243781432

CONTINUTD

CONTINUT

TC1, 1) =TEMPT; XICDETTNPKD; Y1 (1) =TERPXD
1c=0

XI:(XF+(Q-E}*D*YI(1)/T2?V)/(Q~(S~I)*T?PL/TGPV)
D¢ 47 I=1,ILLIP
DO 45 J=1,JL00P
IF (IACTT) 5,1,5 5
PIC = 0%k (22,57411-2312.5/(T(1,J)4+272.2
%0 294%ALCG(T (1,d)+273.2))

22 11
-5.0325%0.43 4
IFCI-1) 5,2,5
CENTINUE
Ao TE 5
PIC = 10k%(A1-51/(T(I,N+C1))
IF(1-1) 5,4,5
ConTINUE
IFCIYATER) 9,58,9
PC=213.1573 TA=T(I,J)+273, 15; Z=(847.27-TA)
=5 ,.85826F-33CW=1,17023797-8
DY=2. 137345223
P2OATH = 10wk (~Z/TAk ( (AHDURZ+C ¥ Z5x%3) / (140 Wk Z))
+0.434294%ALCE(PC))
P20 = T50.0%P2OATH

CIFCL-1) 3,7,8

CoNTINUT

GZ T 11

P20 = 10k%(A2-52/(T(I,J)+C2))
IFCL-I) 11,10,11

CANTINUE

D& 26 #=1,KLB2PY

IF(CHANGZ=T) 12,12,13

Iif—f"

A2 = 1=-X1 (KD
CAWMAL(K)=EXP(~-ALZ (£~A%21*X°)+x@*(X”*“Ala/(i-aﬁlﬁ*XL(K))
—Xl(")*“&°l/(1 82 1%X200)
GAMNMAZ (K)ZZXP(=ALZGCI=AALZ% XL (K))=X1 (¥R (X2KALI2/ (1 =LAL12%X1 (X
IED SR OLI VI WEGELEVEESSDD]
G 12 14
Iv=1
Ao = 1-X1 Q10O
CAMMAL (XY T 1 OHRk ((2kA2 1 ~AI2) R %D%%2
+2% (B]12-A2 105 X0%%3 )
CA¥MAZ (KD = 10%k ((2xA12=-A2 1Y% X1 (K)%%2
oK (AZI-A12)X1 (KO%%3)

CYTTRY (KDY = CAMIAL(X)%XI (X)4P10/PT

YDELTA (X))

= YITRYCO =YL (D)
IFCABS(YDTL

T&ACK))-TILIRY) 28,28,15
IFCI-%) 17,16,17
XIC(E+1) = XI(X)-TOL

nE T 28
IFCYPILTA(K-1)) 22,27,13



RV&Z10
25000 18
25100 19
25200 20
25300
25400 21
25530
25600 22
25730 2
255800 24
25900
26000 232
28100
2623890 2¢
26202
26400 27
28500
26600 23
28700 29
268GC0
26300
27000 30
2710C
27290
27530
27400 31
27500 .
27300 32
27700
27300 33
27800
23000
23100
28200
28300
28400
2350C
28600 330
23700
2338320 34
23500 35
25000
29100 3¢
25200 57
29300 33
29400 39
295038
28600 40
28703
28300 41
29900 42

CoNTIRUED

IFCYITLTACK)) 21,27,19

o

IF(YDTLTACK=1)=YDTLTACK)) 20,87,!
T2L = -2,0%T7L

G2 19 16

1o = -0.5%TIL

G To 18

IFCYDELTAC(K)) 23,27, :

IFCYRTLTA K- 1) - Y?SLTQ( ). 18,027,284

I7h = =2.,0kT40 '

€a 1o 18

T8L = =0.5%xTZL

Ge I2 18

CalTINUD

Go To 238 -
PRINT,"ZERZ VALUZ IH ST&T?ﬁSdT 17,18,19,22 R 23"
GO TI7 48

CouTINUT
Cr:!ﬂ‘r}: k,”:
CeNTINUD

CaNTINUE
CJSTI‘”"
CenTInUE
CENTILIUE
CanTINuz

CCenTINUE

canTIiuuz

el T I
. ®aw 4 NUL
- CONTINUE

CaNTINUE

TZL=TCLI

X1(1) = X1(XD

X2 = 1-X1(K) :
Y2TRY = GAMMAZ (X)®xX2%P20/PT
SUMY = YITRY(X)+Y2TRY .

CDELSUNCJ) = 1-3uiny

CU Tlutlw

ConTIN '
IF(AES (DELS H(J)I-TOLSUM) 46,468,534
IF (1-J) 3§ zp,ua

TCI,d+1) = TCI,Jd)+THLTIN

GZ TC 45
IF(CZL3UM -1 41,?7 37
IF(DELSUN()) 40,27,38

‘Ii’(p:uu‘}x( -1)-CEL3UNd)) 39,27,55

TALTER = -2 ,0%xToLTEN

Gg T2 35
TﬁLT?L = ~0,5%TELTEY
i {,f I‘ (', \.} q

IFMILEIM)) 42,27,44 :
IF(QELSUNGI=-1)-DILSUN(I)) 35,27,43



RVE10

34000
30100
FC200
30300
30400
30500
308G0
34700
S3G800
23%00
31000
31100
312090
31300
31400
31500
31600
31730
31830
31800
32000

32100

32200
32300
32400

32500

32600
32760
32300
329503
33300
331060
33200
33360
33400
33500
33600

33700 .

33800
33900
34000
34100
342020
54300
34400
34530
34800
34700
34800
34900

W
w2

(¥e)

RS N ]
[

O w

@]

Rl
yarn

[

Go s
0

RN

[oa 2}

I L

OO

S
o
wno-

oy o
RV

B o4

TELTEM = -2,0%TOLTEN
G T’55

TECLTTH = =05 TOLTEN
Gg Ty 35 s
CoNTINIE

TCI+1,1) = TCI,0)
TFLTEN=TALTH
BTINP=T(I, )% 1.8 + 32
IF(1-1) 459,458,45

TTEMP=T(l,)%1,.8 + 32
TT‘}A’( x,"TPI{"‘ ,IWX,"Xln,l\JX, Y}L“
X" A ALY KT CANDAZ" S 5K, " TTER (C)"//)

FORMAT(/313,5C12,.6,13)
IC=IC+1

IP(1,IC)=13 IP(2,IC)=dy IP(E,IC)=X
PP(1,1C Y=X1(K)5 PR(2,ICI=YICI)s PR3, I0)=CAFYAL (X))
PP(4,ICYZBATHNAR ()5 PP (5,100 =TI, d)5 IF(4,10) =1

=X OO

EE(I+1)=Z322(1)=0C
IF(EZ(Y-Z2(I+1))  4805,4601,4305
PRINT,™& PINCH HAS BEZN EMCo UAT RZD"
PRINT,"THE STAGE T¢ STAGE CALCY LhTIJmS APPEAR BELGY™
F?I‘* 4602
FOERVAT(//2X,"TRIAL" I TXITLI0X,"YLY,
sx LA LT L EK, T AR SRR 5K, TR () /)
oz 4604 1Z2=1,1IC . '
“?I“” 4803, 1P 17),IP(2,IZ),I?(5,IZ},?P(I,IZ),
F(2,12 ),IP(S IZ) PPL4,IZ),PP(5,12),IP4,1D
i KP{\ mT(wIS E)Plgck), IO)
CanTINUE

PRIFT,”0 Iy RIGHTW3ST COLUNI INDICATES VILSeU EQ WAS USTD”
PRINT,™! I SIGHTHIST CoLuvh INDICATES WARGULES £ wAS USZID™
S'{"’TD

CoNTINY

AC‘S:(I-I)+(ZT(I) “XEY/(EE(I)=-ZE(I+1))
I (E-X3) 48,48,481
IF(Z-XI) 463,463,482 .
TIPLOV=TIPL/TIPY '
YICI+1)=TOPLEV=E + DkY1 (1) /TGPV
Go TO 47
M”TL T”°L+’xr

““TL’V:E?TL/;‘TV

Y1CT+1)Z0ATLOVSE - BHXE/BATY

ConTIN

CouTIY v: |
RETURH; EdD o |

DINENSIZN CASTI(50),CEST2(50),XD1(50),TLEVI(50), TLAV2 (50)
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35000
35100
552C3
353460
35400
35500
35600
35700
35800
35500
36000
361006
35200
38390
538400
36500
36838
38700
36800
38900
37090
37100
37200
37300
37400

37500

37600
37700
37800
37900
- 35000
38130
35200
33300
33400
38500
38600
33700
338300
389800
39000

39100 32
39200

35300
39400
39500
133600
39700
39800
39900

Fa ffa 0o

.
foo

N R e [N

o s

o
—_O

[ENIEES]

CauTINUCD
D TN REFLUX(50),GLEVI(50),CL2V2 (50)
L Qﬁ WEIGHT(ED)
Cr IC
Ci PFR(5,200),IPC4,200
E~ TAGES,z TZWP,TTCYP,CY,5F,0CA, FUDGE,, ZAEFF,CINDEX,
FA C1,0C2,0C2,T5TEZAR,CHIN,CWEUT,STHCST,CUCST,
2LA S5PACZ,THCST,CHCET,REICET,
L VIND
Cai CIAM,ATRAYS,CE5TA,PCAREA,CASTE,CDAREA,
8% “STFP,CE5TEP,PURCST ~\HIHT uTIL
INPUT,XF1,XC2,X21,XE2,D2,P,
MXDL,DELTA, TCLELP,LTIPK
INPUT, NLOOPH, WHR1, WIT2, ¥MB2 ,CV,5F,RHELTY,
RHZLB1,RHILIZ ,RAZLIZ,0CA, FUDGE , #AEFF,CIALEX, FACHAT,
CC{,CCE,CC5,HZQTTI,HEQTZI,H\QTTO,PM"T“7,UT5FI,
UoGT L, UTOP2, 0B T2 , TS TCAN,,CWIL,CW iU T, 55 CQL!,
SECCL2,CeRRI,CORR2,STHCST,CPL,CP2,CHCST, wirl,
HﬁCST,SPACZ,THCST,CWC57,?3 ICCT,ZLCZ3T, *LABCST,KIHD
IOPUT,ILGOPL,,JJLOAPN XLECPE ,FT,T:'fT,ﬂl,El,Cl,%Z,SZ,CQ,
s ~ - - corran oA Ry

A12,A21,A812,45821, TELERY, TuL, TZLTEN, TOLESUY,CHANGE,
HPUT IAC@T%Iﬁ%%LQ,TfLI,T(LTHI sQ1,82,DUMny

Luiuin,fb
IUPU*,( CI(¥ER)Y, HEP=1,HUXD1)

KAT=z4%x1XD1ly XL=0y Ki=0 :

INPUT,(?L%UI(TT) 1T=1,KAT,2)s IHPUT,(GLEV2(IT),IT=1,KAT,2D
INPUT,(wZIGHT(HG), u-l,hXDI)

Lo 18 wi=1,:8XC1

WOTI=WZIGHT (D)

CIF(2-NUSBERY TT777,7010,7777

PRINT 700, XDLOD ,
FCR%AT(///ISX,"CZLU%H I OPTIMIZATION FEZR KDL = ",E16.8)
PRINT 701

FLRMAT(10X, " ====n- e e ——————
& '''' ",//)

KKE=3

XF L-Kﬁl(ﬁ)

CauTIpuz

IV(?-xu‘C:P) B29,323,329

PRINT,"TYPD IH C‘“T FZR LD ($/#) FEGR CZL I CVERHEZAD™

'””UT,U‘”” Tly G T5 99
CONTINUE

cool L=1l,4
TEMPXD=XD1 (1)

KL=KL+1

KLHALFZKL/2g XLTEST=2%XLHALF
IF L)1 TE:T) 851,330,851
GLAVI (KLY =CLEVL (KL=1)+DILTA
CONTINUE

TLEVI (L) =C0LOVI(KL)
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40000
40160
40230
4G300
40400
40500
43600
4G700
49800
40500
41000
41102
41200
41300
41400
41500
41800

41700 ¢

41300
41500
42000
42100
42200
42350
42400
42500
42500
42700
423800
42500
- 43000
43100
43250
43300
43400
43500
43600
43700
43300
43300
44000
44100

44200

44300
44400
44500
44600
44700
443G0
44500

fo oo gu fo

ot = Lo

AV
N
0o

33

333

&

[ER ) We L e R

AU LN X

~3 D

CALL TRa

CeuTINUED

TEMLYVI=TLZVLI (L)

-

CALL MATLSAL(XFI,TEZIMPXD,XD2,XE1,X22,02,T=

B2, F2,F1,51,010,Tv1,

YS (IL”/r{,JL/f°“ KLCEPH,PT, ng 2T

B1,B1,C1,42,02,02,012,401, 8012,

M A Y

TELERY, T6L, TALTEY, TALS LN, ClARAD,
TACET,IWATTR, TELL, TOLTHI
1,31,?1 E1,ITRAYL,Z0TVL.20TLLD
RHTLTI,RHILEL,ESTVI,HIATTI,
] ;'

H

s Ly
37 ‘ID“C”LiCSRRIJHH,rI,Ll ST, WNE1,
F1,RMC3T, UNTCSTL)
CUSTI(L)=UNTSSTI
CouTINUE
CoNTINUE

Y/(TLOVI@)-TLAVI(

FAzZ(COETI CasTi() 1
C1 LY/ (TLEVIC4I-TLZVE(S)

(2)-Ca5T
F2=(Ca5T1(4)-CIST
CauTINUE
Az (TLOVICD+TLAVLI(ER)) /2
Do(TLOVI+TLOVI A /2
SPANLIZABS(E~-A)
IF(FAXFE) 3,3,19

58 N=1,NLOLPH
Xz CA+R) /2
REFLUKCH) =X
IFC1-i) 33,333,335

S= (REFLUX(I) =R ZFLUXCE=1)) /5PANI
IFC(AES(S)-CUT) 99,99,333
g 5 I=1,2
TZMPXD=XD 1 ()
TEMLVI=X
CALL

D? F‘z r‘l,s.l,.—ll

: X=A+E¢LTA

“’&?’II\‘!’”“

VX (CAESTI(I)-CHSTI(I-1)/ELTA
IF (ADS(rX)* TSLGLE) 8§9,89,3
T?( Kok ) 7 2243

EEX-DL L FhziX
Go TE 9
AzX=DTLTA/S; FA=FX

iLV1, Uy,
Tv2,TLE, TL2)

TZ

A A
L W

, TEAPXD, X2 |

HEaTEI

‘:.u 1,131,

)
)

‘ALLL/AL XTI’T ,}FXD XD»,X’UI,X‘"A,L‘/ ’TL_. L”l “
TV, TVZ,TL1,TL2)

vy 9!

CALL TRAYSCILTCPH,JLARPY, KLEEPL, 2T, TExPT, TEVPXD,
Al,E1,C1,A2,32,C2,A12,A21,4412,082], TCLERY,

Tol, TALTEN, TELSUN CHATST,

IACTT, TWATER, TZL1, TOLTHL, TEHPXD, XRL,XF 1, TLI,
TVI,UI,QL,FI,Ei,ITtAYI "”TU&,%”TLl)

ALL CZSTCTVI,RHTLTE,2H0L31,54TV],HEATTL, HEATR]
”””TL,E"TII,SECWLI,C’“PE,CPI,ri D1, Wt e,
WMF1,21,F1,BC3T,UNTCST)

CASTI(I)=UNTCSTI
1F(2-1) 5,5,4

JXF1,TLL,

LUTOPL,UBETL,

Y, P,

LUTOT T,

™
i~
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45000 S CENTINUE V
45190 PRINT," (DA S Nzl ,NLIGPE) LEBEP N3T CONVEREGED

45200 "GE TH 24
45300 9%
45400 DOS(3XSPAND)
45500 IF@=-1UnsEZRY T1006,7110,7100
S 45600 7100 PRINT TILI,RIFLUKCE-1Y :
45700 71l FaERMATC// " THE ZPTINWG LsV IN CELUMN I IS5 ",G18.8)
4530 PEINT," THIS CORRISPINDs T@ XDl = " ,,XD1GD
45900 PRINT," THZ ZPTIWUM L/V IS ACCURATE T& +0R= " ,ACCI
- 46000 PRINT, THE C28T OF ¢VERHEAD PR@DUCT FREM COL I ($/#)="
46100 PRINT,CGSTI(I); GO T9 714
46200 7110 CenTINUE
46300 IF(I-NUMBER) 999,18,999
46400 599 CITNTINUE
46500 PRINT 7C2, XD1 (M)

45600 702 SRMAT(///10X,"CoLUNMN I1 GPTIMIZATIEN FOR XDl = " ,G168.8)
46700 PRINT 703

46800 703 FORHAT (10X, == === = oo oo oo oo e e e e oo -
46300 - " /)
57000  K¥K=
47100 ZVHDCST=UNHTCSTI
47200 DZ 10 lzl,4 .
47300 TE#PXC=AD1 (1) 3 TEXPXD2=XD2
47400 =KL
47500 . - XUNALF=K:/23; KUTSST=2%xKUHALF
47500 1?(‘x—uwr“sr> 541,540,841

47700 840 GLOVZ(XM)=GLOVE(KN=1)+DTLTA
473800 841  CeuTIwuz

47500 TLOVE (U =2LOV2 ()

. 43000 TTHLVZ =TLAVZ () .

43100~ CALL “ATL2ALCXF 1,TEPKD, XI2,X01, X0, D2, DUNIY, TTHLY2, P,
48200 ¢ 52, F2, F1,0 1, L, TV TV2 JTLI, TL2)

43300 CALL TRAYS(ILILPS,JL3000,KLA5PL,PT,TEPT, TENPKL2,
48400 2 B1,EL,C1,A2,02,00,412 A0, 4512, £421,
48500 2 Y, T7L, TOLTT, TTLE W4, CHANGT,

43600 & IMATZR,TS;I,TiLZK!,TT.T LZ,X02,XF2,TLS, TV2,
43705 & 2, F2,50, ITRAY2, 2 4TVS,20TLS)

43300 COST(TV2,RUALTZ,RHALES B 2TVE, HEATT2,HEATEZ, UTEPS,
43900 2 2 ,E0TL2,57C 7L2 ,C "RR2,CP2 D1, D2 , W2, Wirg ,

45000 2 2,72, "UHDCST, UNTCS TS

45100 DY=UNTCSTR

45200 Ho

49399 19 T

4S40 SSTE (2 =03T2 (1)) 7/ (TLAV2 (2)-TL? W2(1))

45505 COST2 (4)=CTETR(3)) /C(TLIV2(4) =TLEVE (3))

43500 101 ST

49700 11 LOUS CDHTLIVE (2)) /2

49300 D= (TL: J‘(5)+”1?”°(4))/“

49903 C"Pr‘\ U")-—I\TZ’J(") 51;

Ll S E
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50000
50120
50200
50300
50400
50500
50600
50700
50350
50900
51000
51106
51200
51320
51400
51500
51600
51709
51300
51900
52000
52100
52200
52300
52400

52500

52600
52700
52800
52500
55000
53100
-53200
53300
53 4C0
53500
536C0
55709
5380C
533800

54000

54100
- 54200
5430C
544300
54500
24800
54700
54300
54300

110

1l

2o Lw o o

[

12

13

14
15

714
715

CANTINUED

IF(FExFB) 600,500,20

CERTINIT
Do 17 K=1,L0sPKE
Xz (A+D) /2

REFLUKC) =K

IFCI=-K) 1,111,110

Sz QZTLLA(n)-ifFLEK((~l))/S AN
IFCARS(S)-CUTY Ti12,712,11]

oz 13 I=1,2

TEMPXDz=XD1 (%) 3 TEMPXDZ =XD2

TEMLYZ =X
CALL FATLRAL(XF!,TITNPXD,XD2,XB1,X22,D2,0UMMY, TEMLVZ,P,
B2, Z,FL,EI,EI,TVI,TG2,T‘1,‘L“)
CALL TPAYS(ILGPP4,JL70PY,KLA%RY,PT,TENPT, TEHPXDS,
A1,31,C1,A2,92,02,612,621,48812,A021,
TSLERY, TOL, TALTEY, TZLSUM,CHANEE,
IACET,IWATZR, T5L1,TELTY1, TZHPXD2,XRS,XF2, TL2, TV2
2,00, 72,02, 1 TRAY2,5 0TV, 5 4TL2)
CALL CIST(TVZ,RHALT2,RHILE2,2 0TV2,HIATT2, HEATS2, UTEP
UC6T2,50TL2,32C4L2 ,C #RR2,CP2,D 1,02, ¥nTe, Nee,
CENMT1,82,F2, 2YHLCST, UaTCS12)
CEST2(I)=UNTCST2
CIF(2-1) 13,13,12
X=X+DTLTA

CouTInuE :
FA=(CaS5T2(1)-CaesT2(I~-1))/CELTA

IF(AZS(FK)-TTLSLP) 173,17C,14

[FFXeFe) 15,22, 1€

E=X-DILTA/23 F3=FX

G2 T¢ 17

AzX-DELTA/2: FAzZFX

SHTINUE

PRIHT,"(E% 17 K=1,LEEPKY) LZZP NGT CENVERGED™

GZ TZ 24 .

CenTINUE

ACC2=AZS(S%5PAND) ,

PRINT 715,REFLUX(K'1) A

FERMATC(// " THZ SPTIWUM L/V IN COLUNMH II I“ "LE1S.8)
PRINT,"THIS C’:RZ"??&DS Ta X21 = ",XDL(GD

OPIPT "THE 2PTINUM L/V I5 ACCURATE T# +@GR- " ,aCC2

@]

_)

PRI%T,"THL 78T OF OVEZRAEAD PRELUCT FROM CEL II (S/#)="

PRINT,CZZT2 (1)

CanTInUE

PRINT 715, CIAM

FORAATC(/ " TIWER DIAMETER (INCHES)
PRINT,"ACTUAL NUMPER &F TRAYS = ™,
PRINT,"TUYWER CO5T (5) = ",C003
PRINT,"PIOGILIR ARIA (S5A. FT
PRINT,"RTDIILER COST (3) =
PPI;!T," Cunl SER o 2 F

JAPDEN




RVZ10 CPETINUED

55000 PRINT,"CAYDTHSER COST ($) = ",C83TC

55150 PRINT,"FCID PUMP CEST (%) = " ,CU8TFP

55200 PRINT,"S7TTENS PUMP CAST () = ",CUSTEP

55300 PRINT 715,PURCS

55400 716 FCRMAT(/ » TATAL PURCHASZD EQUIPNMINT CiST (5) = "L G16.3)
55500 PRINT,"TZTAL ¥AINTEUANCE Cr#ST (3/#PRADUCTY = ™, ¢HAIsT
558500 PRINT T17,UTIL

55700 717 FERMATC " ToTAL UTILITY Cﬁéf (C/#PRUDUCTY =",Gl6.8///7)
55800 FRINT 718

5800 718 FERMAT (2 K,"T?I\L",IOK, K17, 10X, YL,
56000 & 3K, " CANALT SX TOAMNARY GBX,TTEVP (SO /)
568100 b 726G 17Z=z1,

56200 PRINT YIS,I?(I,IZ),IP(Z,IZ),IP(S,IZ),PP(!,IZ),
568300 & PP(Z,17),PP(3,12),PP(4,1Z),PP(5,12),1P(4,12D
56400 719 FLZRUAT(II3,5G12.8,13) :

56500 720 CANTINUE

56800 PRINT 721 _
58750 721 FIRUAT(/™ A ZZIRM Id THE -RIGHTHS

55T CCLUMN INDICATES
56800 THE WILSGN ZQUATION WAS USED™)

Qc
e

55900 PRINT 722
57000 722 FORMAT(/"™ A ZHI I6 THE RIGHTMZST CZLURYE INDICATES
57190 % THE 1.ARGULES ZRUATIOH VAS USED"//)
57200 PRINT 723 M e
57300 723 FCoRMAT(//3X," HATERIAL DALATCES™)
57400 PRINT 724
57500 724 FIRMAT(3{, " ====cemm=comm=unn "/
57500 PRINT,"XF1l = ",XF
57700 PRINT," XDl = ",XD1 (D
57300 PRINT,"XDZ = " ,XD2
57900  PRINT,"XD1 = ",x°1
58000 PRINT,"X32 = " ,XE2
58100 PRINT,” D2 = ",D2," WELIS/HR®
58200 ~ PRINT," P = ", P," WHLES/HR"
53300 PRIFT,” D2 = ",B2," WELES/HR™
58400 PRILT,” 72 = ",F2," 1ZLES/HR"
53500 CPRIUT,"™ FIl = “",Fl,” MCOLES/HRT
53600 CPRIET," C1 = ",51," LELT3/HR"
52700 PRINT,"™ D1 = ",D1," MCLIS/HR"
53300 IFC1=-EKX) 726,727,725
58900 726 TLIO=TLl; TVAP=TVI
59000 5% 1% 723
59100 727 TLIG=TLZs TVAP=TU2
55200 723 PRINT,” V = ", TVAP
59300 PRINT,” L = ",TLID
59400 PRINT 725
59500 725 FARWAT(///)
59600 IFCI=-KiK) 7110,18,7110
59700 13 ”f*rz.uﬂ
59500 Gz TS 2

59900 19 IF(FA)4f06,7O4,704



RVZ10

£0000
&C100
50200
§03GC0
80400
§4500
80800
§072C
»33ub
5030

SIQUO
1100
§1200
61300
§1400
§15G0
61600
€1700
51800
§1SC0
852000
21400

£2290%

§2500

§2400
62500
2600
£€2740
62800
62500
83000
63150
83230
£§3330
§34C0

83500

83600
83700
63800
639006
64000
§4100
84200
§4300
§4400
§4500
6&6"/\
4700
54800
349{3\/

5

3 -3

l“,

707
703

o

~

—

O W

Wi

UATC(// ™ THT VALUTS CHESTH F#R THE ISITIAL L/V°S Id
& COLUMY I ARE TOF HIGH.™)

33
(@]
g
13

PRINT,"THEY. DT 40T BRACKET THD ZPTI®UN L/V.”
PRINT,"THT SLZPE AT L/V :“,A," 15 "
PRINT,F2
PRINT,"THZ SLEPT AT L/V =",0," IS "
FRINT,FS ;
PRINT,"F2R THID HEXT RUN CHZZSE THE LARCGER INITIAL L/V =7
“ly
PRINT,"THE CASTS °F CZL I GVERMIAD PREDUCT FER THZ LESSER”
PRINT,"AND 2RTATER L/V(S/#) ART, RESPECTIVELY™
PRINT,COSTI(1),CES8TI(3) -
CoTa 24
799
(// ™ THT VALYTS CH7ZSTH FrAR THE INITIAL L/V'S IN

& C7ZLUMN I ART Taf LZY.™
PRIGT,"THZY DO HET ERACKIT THZ @PTIMUN L/V.
PRINT,"THT SLIPT AT L/V =",4A," s "
PRINT,FA
PRIGT, "THI SLOPT AT L/V =",C2," I5 "
PRINT,FD
PRINT,"FCR THI NEXT RUN CHOZST THE SHALLER INITIAL L/V =7
PRINT,S
PRINT,"™THZ CUSTS OF CoL I @VERHIATD PREDUCT F2R THI LISSERY
PRINT,"A0T GRTATIR L/V(E/#) ARE, RESPICTIVICLY"
PRINT,CESTICL) ,CESTI(3)
e T2 Z4
IF(FA)Y 708,707,707
PRINT 723 :
FORPAT(// ™ THEZ VALUTS CHZSSM-FOR THE INITIAL L/VS I

& C“LU%N IT ART T20 HIGH.™)
PR «\‘ET,"T‘J Y “\/ A a TVA MY T T ‘.': 7@»1 U‘I L/V.“

AT SRACAZT i

PRINT," T“Z "L:PZ AT L/ZV =7 ,A," Is <7

L4

[t}

'Pﬁléx,

PRINT "T” SLZPE AT L/V =",2," IS 7
r NI‘H}T,T-) . )
PRINT,"FPR THE HEXT RUN CHGASE THT LARGER INITIAL L/V =7
PRINT,A
xanT," HE C257TS 2F CoL I1 @VZRHEAD PRCDUCT FZR THE LZSSEZRT
PRI iTy"AwD CREATZIR L/V ARE, RESPECTIVILY"
RINT,CUST2(12,C45T2(3)
GS 10 24
PRILT 710
TLRMATC/s T THE VQ UES CHO3EN FER
'\'D':‘

& CoLuMi II ARE Ted LW,

FE INITIAL L/V'S I

Aad
e o oo T A
i o ST DRACKET THE @PTI

I

PRINT,"T HHIL/VLT
PRINT," THZ AT L/V =" 8,7 5 2
PRINT,F&

PRINT,"THE SL2PE AT L/V =",D,” 15 &
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85000
65100

-

LLER

INITIAL L/V

C
L7V
)

w

¢
£y
“iwd b

(15,005

e
™

3
Yoo

[
g

YT A

(WIS

Lt

Wl
OO0
DO OOoo
AR SO TR g TR NI ao v )
FaliaN o N SN Il (Rl A
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«
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2w
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APPENDIX TII

PROGRAM FLOW DIAGRAM




A. Dictionary of Important Flow Chart Variables in Order of

Appearance

The definitions given below are for those variables referfed
to in the fléw chart. This is not intended to be a complete list.
Additional variables have been discussed in the section of this
thesis entitled "Specific Input Instructions". Variables which
appear in the program but are absent from the above are highly
specialized and need not concern the programmer.

1l.) Main program

LOOPKN Loop delimiter®

TOLSLP When the slope of the cost vs L/V curve is less
| than "TOLSLP" control shifts fo a new case.?r®
ouT When'the ratio of the current interval to the

original interval is less than "OUT" control

shifts to a new case.?r€
NLOOPN Loop delimiter®
DELTA A cost is calculated for an input L/V. The L/V

is then incremented by "DELTA" and a new cost is
computed. These two costs are used together with
the magnitude of "DELTA" to determine the sloée

of the cost vs L/V curve.®

'NUMBER  is the "TOWER OPTION" variable.®s®
NXD1l v is' the number of values of XDl to be investigated.®
KL Index for L/V in Column I.

KN Index for L/VAin Column II



KKK This variable is used to identify which column

~is currently being analyzed.

FA is the slope of the L/V vs cost curve computed
in the vicinity of the lesser input L/V, for the
current case.

FB o is the slope of the L/V vs cost curve compﬁted
in the vicinity of the greater input L/V, for

the current case.

X is the value of L/V currently being investigated.
REFLUX (N) is an array which stores the values of "X".
s is the interval between the current L/V and the

previous L/V.

accl is the accuracy of the optimum L/V for Column I.
ACC2 is the accuracy of the optimum L/V for Column II.

- COST1 This array contains the cost/# of overhead from
Column I for all cases investigated. «

COosT2 This array contains the.cost/# of overhead from
Column II for all cases investigated.

2.) Subroutine trays

ILOOPN Loop delimiter®

JLOOPN Loop delimiter®
" KLOOPN Loop delimiter®

E ' is the converged liquid composition on the current

tray.



CHANGE

T(1,1)

Y (1)

X(1)

TOLERY |

TOL

TOLSUM

TOLTEM

- XTI

IACET

IWATER

YITRY

is the variable used for selecting either the
Wilson or the Margules Equation.c

is the initial trial temperature for the top

tray.c

is equivalent to "XD1", the composition of the

overhead product from Column I.€

is the initial guess for the liquid composition
on the top tray.®

is the tolerance allowed for the agreement of
"¥(1)" and"Y1TRY".

is the variable uséd to increment the liquid
composition.

is the tolerance for Y's = 1.0.

is the variable used to increment temperature.

is the intersection of the "g-line" with the

- operating line. This variable determines the

optimum feed location. Operating lines are
switched when the liquid composition on atray
falls below "XI".

determines whether the acetone vapor pressure
equation will be used.®

determines whether the water vapor pressure
equation will be used.C

is the trial value for vapor composition.

Iterations will continue until "YITRY" is equal



‘to the current value of Yl + TOLERY. This
représents the vapor composition of the more
volatile component.

'YDELTA (Y1TRY-Y1)

XB Bottoms composition

3.) Subroutine cost

FUDGE, KIND are the variables used to determine which cost
equation should be used for the column.®

UMAXT The vapor velocity computed at the top of the
column.

UMAXB » The vapor velocity computed at the bottom of the
column.

UMAX ) The lesser of UMAXT and UMAXB.

TPRICE Unadjusted cost per tray.

85ee section entitled "Escape Options".

bSee section entitled "Tower Options".

Csee section entitled "Specific Input Instructions"”.



B. Program Flow Charts




- FLOW CHART FOR

" MAIN PROGRAM




BEGIN

INPUT, LOOPKN,

TOLSLP, OUT,

NLOOPN, DELTA,
NUMBER

B TITLE

PRINT, COLUMN 1|

BLOCK

l

INPUT L/V ARRAY
FOR COLUMN 1,
ODD INDICES:

L/V(1),L/V(3)..

'

INPUT L/V ARRAY
FOR COLUMN 11,
0DD INDICES:
L/V(1),L/v(3)..

l

INPUT,
OTHER DATA

|

KL = O
KN = O

i

KKK = O

NUMBER : 2

INPUT COST/#
OF COLUMN 1
OVERHEAD

_l

po 18
18
M=1,NXD1 .

— ]

Do 1
L=1,}

l

KL=KL41

&



obD

VEN

L/V{KL) =
L/V(KL~-1)4DELTA

CALL
SUBROUTINE
MATLBAL

CALL
SUBROUTINE
TRAYS

CALL
SUBROUTINE
CosT

|

COMPUTE SLOPE,
FA, ABOUT
L/v(1) FOR
COLUMN I

;

COMPUTE SLOPE,
FB, ABOUT
L/v{3) FOR
COLUMN




Am
L/V(1)4DELTA/2
'FOR COLUMN |

l

B =
L/V{3)+DELTA/2
FOR COLUMN |

:

SPAN1 = B-A

FARFE

0o 9
N=1, NLOOPN

PRINT
L/Vis
TOO HIGH

PRINT
L/vis
TOO . LOW

REFLUX(N) = X

STOP : STOP




| (REFLUX(N) -

S =

| ReFLux(n-11)/
SPAN1

ABS(S):0UT

CALL
SUBROUTINE
CosT

X = X4DELTA

CONTINUE

CALL
SUBROUTINE
MATLBAL

CALL
SUBROUTINE
TRAYS

:

COMPUTE
SLOPE, FX,
ABOUT X

10



B = X~DELTA/2

PRINT
ERROR
MESSAGE

A = X-DELTA/2

|

FB=FX

sSTOP .

l

FA=FX

}‘ CONT INUE

l

'

PRINT
PO LooOP
NOT CONVERGED

sToP

11



ACCl =

ABS(S#SPANT)

PRINT
" REFLUX(N-1)
COST1(1), ACC1

NUMBER: 2

NUMBER:1

PRINT
COLUMN 11
HEADING

l

KKK = 1

DO 10

N=1,4

KN = KN41

L/V{KN) =
L/V(KN=1) +
DELTA

CALL
SUBROUT INE
MATLBAL

CALL
SUBROUTINE
TRAYS

CALL
SUBROUTINE
cosT

I

COMPUTE SLOPE,
FA, ABOUT
L/v(1) FOR
COLUMN 11}

CONTINUE -———<:EE::

12



COMPUTE SLOPE,
FB, ABOUT

_ L/V(3) FOR
= COLUMN 1

T

A=
L/V(1)4DELTA/2
FOR COLUMN 11

l

B= o
L/V(3)4DELTA/2
FOR COLUMN 11

1

SPAN2=ABS(B-A)

PRINT
L/ViS ToO
LOwW

DO 1
7 >
K=1,LOOPKN
PRINT
XwhAt8 L/V1S T0O
2 HIGH
Y

REFLUX(K) = X

STOP

STOP

13



Y S =
(REFLUX{K)~
REFLUX{K=~1})/
SPAN2

ABS(S):0UT

CALL
SUBROUTINE
cosT

X = X & DELTA

| DO 13
} »
1 =1,2

CONT INUE __G

CALL
SUBROUT INE
\ MATLBAL

CALL
SUBROUTINE
TRAYS

l

COMPUTE
SLOPE, FX,
ABOUT X

ABS(FX)
TOLSLP

14



<0
FX#FA
=0
_ PRINT
B = X-~DELTA/2 ERROR A = X-DELTA/2
MESSAGE

:

FB=FX

STOP

!

FA=FX

l

CONTINUE

l

PRINT
DO LooP
NOT CONVERGED

STOP

15



_ ACC2 =
@* ABS(S#SPAN2)

PRINT
REFLUX(K=1)
COST2, ACC2

o—

PRINT
DESIGN DETAILS,
MATERTAL
BALANCES

|

PRINT
TRAY TO TRAY
CALCULATIONS

. @
=

-:§:>—-4—u CONT INUE

< sSTOP ’




" FLOW CHART FOR

" SUBROUTINE TRAYS

17



INPUT VIA
COMMON OR
ARGUMENT LIST:
ILOOPN, JLOOPN,
KLOOPN, E,
CHANGE, T(1,1),
vi(1), xi(1),
TOLERY, TOL,
TOLSUM, TOLTEM,

+ OTHER DATA

|

COMPUTE X1, THE
INTERSECTION OF
THE Q-LINE WITH
THE OPER, LINE

l

‘ DO U7
::Ez>>""'"'l = 1, 1LOOPN

l

| Do ks
J = 1,JLOOPN

USE ACETONE
VAPOR PRESSURE
EQUATION FOR

COMPONENT |

USE ANTOINE
VAPOR PRESSURE
EQUATION FOR

COMPONENT |

18



USE_WATER
VAPOR PRESSURE
EQUATION FOR

COMPONENT 2

USE ANTOINE
VAPOR PRESSURE
EQUATION FOR

COMPONENT 2

®

Do 26

K = 1,KLOCPN

W =0

l

COMPUTE

ACTIVITY COEFF.

VIA THE WILSON
EQUATION

COMPUTE Y1TRY=

¥1x1P9/PT

!

YDELTA =
(Y1TRY-Y1)

COMPUTE

TACTIVITY COEFF,

VIA MARGULES
EQUAT ION

ABS(YDELTA
: TOLERY




PRINT
ERROR
MESSAGE

PRINT
ERROR TOL = -5%TOL
MESSAGE

©

YDELTA({X-1
: YOELTA(K)

PRINT
ERROR
MESSAGE

TOL = -2%70L

(3

20



PRINT
ERROR
MESSAGE

YDELTA{K)
:0

< YDELTA(K)

PRINT
ERROR
MESSAGE

STOP

Y

REINITIALIZE
TOL :
TOL = TOL1

l

TOL = =5%TOL

1ST X FOR
NEW TEMP:

1 x1(1) = x1{k) |

l

COMPUTE Y2TRY=

8 2x2pr0/pT

;

TOL = -2%TOL

COMPUTE
SWM OF Y13;
SUMY

l

INCREMENT X:
X1{K$1) =
X1{K)-TOL

'

CONTINUE

DELSWM =

1 - SuMmy

21



PRINT
ERROR
MESSAGE

PRINT
ERROR
MESSAGE

sSTOP

PRINT
ERROR
MESSAGE

sToP -

TOLTEM =

-.5#TOLTEM

A |

TOLTEM =

-2 TOLTEM

22



PRINT
ERROR
MESSAGE

STOP

PRINT
ERROR
MESSAGE

DELSUM(J )
10

DELSUM{J~-1)
- DELSUM{J)

o

TOLTEM =

- . 5#TOLTEM

TOLTEM =
~2%TOLTEM

Y

INCREMENT T
T(1,J41) =
T(1,J)+TOLTEM

l

O
D

CONTINUE

l

ST T FOR NEW Y
T('{J,“) =
T(1,J)

23



REINITIALIZE
TOLTEM:
TOLTEM=TOL M1

]

STORE X1(K):

E=X1(K}

BRINT
ERROR
MESSAGE

FOR

NO

|

COMPUTE
FRACTiONAL

STAGES

COMPUTE NEW
Y VIA TOP
OPERATING LINE

COMPUTE NEW
Y VIA BOTTOM
OPERATING LINE

CONTINUE

G

RETURN




FLOW CHART FOR

SUBROUTINE COST

25



. INPUT VIA
COMMON OR
ARGUMENT LIST:
THEO. NUMBER OF]
STAGES, KIND
FUDGE, + OTHER

DATA

'

COMPUTE MAX,
VAPOR VELOCITY
AT TOP OF
COLUMN, UMAXT

'

VAPOR VELOCITY

COMPUTE MAX.

AT BOTTOM OF

COLUMN, UMAXB

UMAX = UMAXB

UMAX = UMAXT

l

JCOLUMN DIAMETER

COMPUTE

BASED UPON
UMAX

;

COMPUTE _ COLUMN
COST, TPRICE,
BASED UPON
BUBBLE CAP EQ.

26



TPRICE =

FUDGE#*TPRICE

&

COMPUTE
TEMPERATURE
DIFFERENCE

IN REBOILER

l

RECOMPUTE
TPRICE BASED
ON SIEVE TRAY
COLUMN EQ.

COMPUTE
CONDENSER
AND
REBOILER COST

4

COMPUTE
COLUMN
CosT

;

COMPUTE
CORRECTED
LMTD

FOR CONDENSER

&

l

COMPUTE
PUMP

cosT

l

COMPUTE
OPERATING
CosT

l

COMPUTE

TOTAL

UNIT
COsT

RETURN

27



28

SUBROUTINE MATLBAL

Since control is straightforward, no Flow Chart is presented.

See line 17700 in Appendix I.



AyarBpg

Bl

B2

Dl

D2

F1

F2

Rv

L
Ll
L2
L/V
L/D
Log
Ln

Mf

'NOMENCLATUREd

Constants for the Wilson equation or the
equation
Constant for the Redlich-Kister Equation

Flow rate of bottoms product from Column

Flow rate of bottoms product from Column

Constant for the Redlich-Kister Equation,
Cost of overhead product ($/# product)

Constant for the Redlich-Kister Equation

Margules

I (moles/hr)

IT (moles/hr)

Flow rate of overhead product from Column I (moles/hr)

Flow rate of overhead product from Column II (moles/hr)

Fixed capital cost ($)

Flow rate.of feed to Column I (moles/hr)

Flow rate of feed to Column II (moles/hr)
Equilibrium constant

Constant for Souders-Brown equation

Labor cost ($/hr)

Labor cost ($/# product)

Internal liquid rate in Column I (moles/hr)

Internal liquid raté in Column II (moles/hr)

Internal reflux ratio
External reflux ratio
Logarithm to base 10
Logarithm to base e

Equipment maintenance cost ($/# product)



m Number of an intermediate tray in the stripping

section

n ‘Number of an intermediate tray in the enriching
section

N Number of top tray

0 Operating cost ($/# product)

P Flow rate of the intermediate product (moles/hr)

Purchased equipment'cost

PO Vapor pressure (mmHg)
PT Total pressure (mmHg)
q Thermal quality of the feed stream
R’ Raw materials cost ($/#4 product)
r ‘Annual production rate (#/product/yr)
T Absolute temperature (°K or%R)
: ﬁ Temperature (OC or oF)
u' Utilities cost ($/# product)
U Vapor velocity (ft/sec)
vl  Vapor ratéuin Column I (moles/hr)
\' Vapor rate in Column II (moles/hr)
X1 ' Mole fraction of Component 1 in the liquid
X2 Mole fraction of Component 2 in the liquid
XB1 Mole fraction of more volatile component in Column'I

bottoms product
XB2 Mole fraction of more volatile component in Column II

bottoms product



XDl Mole fraction of more volatile component in Column I
.overhead product
XD2 Mole fraction of more volatile component in Column II

overhead product

XFl Mole fraction of more volatile component in feed to
Column I

XF2 Mole fraction of more volatile component in feed to
Column II

Xp Mole fraction of more volatile component in intermediate

product stream

xn,l Mole fraction of component 1 in the liquid on tray n
Xn,Z -Mole fraction of component 2 in the liquid on tray n
;Y' Mole fraction in the vapor

Yn;l '~ Mole fraction of component 1 in the vapor on tray n
-Yn,z Mole fraction of component 2 in the vapor on tray n

GREEK LETTERS

z' Activity coefficients in the liquid
e Density (#/Ft3)
| ¢ Error function =

-Yspecified = Yeoalc

‘dAlso see Appendix 3A for program variables
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