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ABSTRACT

A Fortran computer program has been developed that will cal-
. enlate the number of thecretical equilibrium stages required for
a ecuntercurrent liguid-liquid extraction design problem, Tt also .
Furnishes a eomplete stagewise material balance, PFurther utility :
can be found by using it for optimization studiss, The program can .
be utilized for three-component systems that ,fom one rair of partial-
- 1y miseible liguids, the most frecquently occuring situvation. The
program was written for the General Elsctrie ‘%a:ek I Time-Sharing
System,

The program has a practical _a.dvantage in that isothermal liquid
equilibria data are used directly for caleulabtion purposes. No use

- 1s made of theoretiecally devived equations of thes Margules or Redlich-

Kister type to prediet dlstribuotion mefflw.ents, Tather equilibria
data Is correlated in the region of iuntérest by using a three co-.
efficient interpolating pelynomial. the empirieal correlation pro- -
posed by D.B, Hand is um,llzed to derive tie line equa’cions.

Seme of the features of the program include the user's option
of sither specifying the mole or weight fraction of solute in the
>paffinate or the rercentage overalil m"ovew at solute in the extract.
The Jlatter option would b2 a2 fime-consvming iierative procedure when
attemptad by hand ﬁemputatign, An %3;9@7315@ valuable feature for
epbimization studies iz the storage of eouilibria . data in permanent
files so that parametric cases san be run without ‘the bother of
having to input a large volums of data for esach case,

The program is arranged so as to be used by a person with little
or no knowledge of computer programing. With this in mind a step-
wise procedure for using the program is presented along with solutions

--te sample problems,

Sample problems presented for the ternary system acetone~water-
1,1,2-trichloroethane show good agreement with graphical procedures.
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T. INTRODUCTION

Teday, separations utilizing the liquid-liguid extraction technique
are extremely impertant in the chemical and petrsleum industry. The
theorstical or idsal stage forms the basis for most industrial designs,
end thus i3 the fundamental wnit considered during chemical engineering
process development, In the theoretical stage, intimate contact
between the two phases is maintained for a sufficient period of time
s8¢ that distribution squilibrium accurs. This is to say that the

- extract and raffinate are squilibrium solutions.

¥When ternary systems are considered, the interfelaticnships

ong the phase equilibria, the number of theoretical stages, concen-
trations and weights of the various siraams are most easily fépresented
en a dlagram of the phase equilibria. While several types of coordinate
systems can be used, the most ccamon for ternary equilibrium data

is the triangular diagram either of the equilsteral or right isosceles
type. For convenience the right triangle will be utilized in the
follewing discussions since it enables all points to be described

en rectilinear coordinates,

The use of graphical procedures for selving countercurrent,
maltiple contact design problems involving ternary systems is usually
straightforward as long as sufficient distribution and tie line data
are arailable, Treyba11 has presented a quite complete coverage

of the methods employed. These graphical methods are considered
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very much sstisfactery for the majority of the design problems which
may be encauntered wherein it is necessary to fde,termihe the number
of theerstical equilibrium stages required to ebtain a specified

. separation. However, often this approach becomes time consuming.
PFor instance, when the engineer wants to consider several parametrie
cases required for optimization studies, it is often necessary to
make numerous graphical constructions using several _s,cales in order
te obbain satisfactory accuracy. Furthermore, in oné type of design
problem the percent recovery of the soiute is specified, If this

- ~is-the case, a graphical-computational triai and error solution

is neceasary.

In addition, the graphical method often necessitates replotting
data several times on various types of coordinates and scales to

obtain accurate results for even the most elementary extraction
design problem.

Scope of Thesis ;

It is believed that by appropriate mathematical formulations
and development of a Fortran computer program that the above mentioned
incenveniences of the graphical methed can be eliminated, In addition,
the camputer will be able to store liquid equilibria data for any

number of ternary systems in a readily accessible form for computation.

The intent of this thesis is the following:

(1) to develop mathematical relationships to describe and interrelate

tie lines, concentrations, weights and varieus construction

~Iines with the phase equilibria isotherm.
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(2) to develop a camputer program in the Fortran language that will
amploy the above mentioned mathm:i.calirelatianﬁiiips in order
ﬁc eolve-prﬁctical design problems utilizing .a##i.i!able phase
selubility and equilibrium dats;

(3) to test the above method by way of sample problems and compare
the results with the graphical method; |

(4) te present a stepwisze procedure for casy use of the program.

As can be seen, the desirable features of the graphical procedure

will be maintained, but its shortcemings will be eliminated.

The desirability of using experimentally determined equilibrium
data should be emphasized., Soud@rsz has stated that probably the
mest important factor in the successful design of a separation process

“1s the adequacy of the squilibrimm data., He goes on to say, the
best pessible equilibrium data are those dstermined experimentally
on the actual materials used in the process, "As useful as gener-
alizations and correlations are in assessment and preliminary selec-
tion of geparation processes, actual experiment is the final arbiter,
Per safe design, experimental data cbtained in the laboratory or
pillot plant is usually required.® |

All developments and discussions will be confined to ternary
gystems forming one pair of partially miscible liquids, the most
frequently occuring case, Furthermore, it will be assumed that
oquilibrium data are available to graphically describe the phase

isotherm and establish a tie line correlation (as proposed by Hand)
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where XCB and XBB are the weight fractions of components C énd B

respectively in the "B" rich phase, while X and X are the weight

CA AA
fraetions of C and A in the "A" rich phase,

The system écaﬁonemwatermi s1s2=trichlorcethane at 25 degrees

© Centigrade was '@h@s@n for sample preblem purposes,

Previeus Work

(1)

X = k.[xcx]r | U

. Seweral computational mathods "mr solving cmtemm@nt extrac-

\tien problems have been proposed using either graphical or analytical

taehniques} The methods proposed by Smith and Brinkleyf by Hanson,

Dufin, and Scamerville,” and by Harbland,  utilize the same basic

approach for solving extraction pmb},@ms; In general, the methods

are iterative procedures based upon caleulations made possible through

a sebt of Initial assumptions for selution, Corrections of the assump-

—-4tieons follow until hopefully, the final converged solution of the
problem is found.

8 _

Reche, has proposed an algorithm which will solwe both the
material balance and equilibrium relationships simultaneously to
ebtain a valid solution to the general countercurrent extraction

problem assuming the number of ideal equilibrium stages are known.



(5)

II. THEORY

Liguld Equilibria
Ternary liquid equilibria are usually reperted in the litera-

ture en equila’ceral triangular coordinates where the apexes represent
pure camponents A, By, and ¢, the solute, the carrier, and the solvent
respectively, A binary mixture is represented by a point anywhere
on the perimeter of the triangle. Its composition is comprised of
the pure components at the end of that side. Any point inside the
triangle represents a t@rﬁm mixture. This method of representa-

. .—.4isn has been described in various references which should be con-
sulted for further de‘tail,? Fnrthermore, the data can be replotted
on & right triangular diagram, constructing in essence a rectangular

\cwrdinate system,

When ternary equilibria data for components A, B, C are presented
on a right triangular diagram (see Figure 1), the weight fractions
(Xg and Xc) of components B and C of any specific mixture can be

- read directly from the diagram. The weight fraction of A is deter-
mined by the difference frem 1.0, As is the case when the equilat-

‘ ml triangle is used for representing solubility data; all mixtures
of components represented by points outside the phase isotherm curve
D=EK~-P-J-G are single liquid phase solutions, while those mixtures
within the area bounded by the curve form two immiscible liquid
phases, A mixture with an overall composition of H will form two

liquid phases of compositions K and J. The point H is on the tie .
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FIGURE 1 .
TERMNARY LIQUID EQUILIBRIA

FIGURE 2
COUNTERCURRENT MULTIPLE CONTACT
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line connecting pﬁints K and J .. In reality, the area of immisci-
bility eontains an infinite mmber of tis lines wh:}.ch’.;relate the
compesitions of respective pairs of twoA yihase solﬁtibné that are
formed. '

Stagewlse Solvent Fxtraction |
When & system consists ef, of can bé re@uéad to the equivalent -
three components, the two te be separated and the solveﬁt s it can
be clazsified as 2 single solvent system, For classification j:mr-
posses, either stagewise or continuous contact may exist depending
---upen-the arrangement of the egquipment, OStagewise contact implies
that the solvent and mixture to be separated afe intimately contacted,
‘giren time to appreach equilibrium, and separated.. Such is the
_case when mixer-settlers are employed. On the other hand contimuous
contact connotes the use of tower, column, or centrifugal designs

whers the solvent and mixture to be separated are confimously in

centact within the equipment., Equilibrium is not usuwally approached,

Fundamental data and concepts are usually developed utilizing
stagewlse contact technigues, Once this data is available, scale-up
techniques are employed, Stage efficiencies are taken inte account
to develop practical industrial scale processes utilizing contin-

uous contact equipment.

Countercurrent Multiple Contact Extraction

Stagewise single-solvent extraction can be performed in several

ways, depending upen the arrangement of the stages, each yielding
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different results, For instance, extractions can ususlly be clas-
sified as single contact, differential, crosscurrent multiple contact,
and countercurrent multiple contact. Perhaps the most interesting

to study from a chemical process point of view is the last case.

Vhen siagle-solvent extraction 1s considered utilizing the coun~ .
tearcurrent multiple-contact technique, a cascade of stages is invol-_‘
ved where the extracting solvent (S) and solution to be extracted
(F) enter at opposite ends of the cascade, ’Ther@'fore, ‘the extracts
(En’,,_Ez’ E; etc,) and raffinates (R1, R,s R, ete,) flow counter-

10 While the afore-mentioned process is

V necessarily continmous, it can be simulated by a laberatory batchwise
mhniqueg” For ths purpeses of clarification and forrmlae develop-
ment, the general graphieal procedure for solving a simple counter-

~ current extractien design problem will be reviewsd.

Graphical method. Refer to Figure 3,12 Aszume that the location
ef F, Rn’ and S are known (ie, their weight as well as composition).
M, representing the mixture of feed and solvent, is in the two-phase
region, Its magnitude and location can be determined by calculéting
its composition by material ba,lancés. |

An overall balance is:
M = F4S ’ (2)

A C balance gives:

FXop + SXog = MXgy , (3)
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FIGURE NO. 3
COUNTERCURRENT EXTRACTION

A TYPICAL GRAPHICAL CONSTRUCTION
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whsre xCF is the fraction of component C in the feed stream, while
X,g 18 the fraction of component C in the solvent, M is the magnitude

of the mix point and XCM is the weight fraction of C in the mixture.

Therefores:
X +8
Xy = LF cs . (%)
M

A B balance yields

-FxB_F + SXp = MK, ~(5)
therafere,

xm - FxBF + SXB 5 6)

M

Once point M, the mix peint, is determined, the extract Ii?.i can be
Jeeated by extending line RnM to its intersection with the B-rich

solubility curve., By material balance the value of E1 can be deter-
mined.

E 4R =F+S=¥ | ,(7)

A series of material balances are used to relate Em+ and Rm' A

1
brief development follows. A material balance around stages 1 through

m is
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F+E , =E +R (8)
or
F-E =R -E =0 (9)

where 0 is the net flow between stages. It is the operating or delta
peint and is a ccnstant for a given extraction problem, Point O

can be located by extending lines EF and SRI1 until they intersect.
- A material balance around the mth stage is

B-_1-&-E]H_1===Rm+Em (10)
er

Ry=E =R -Fyy=0 (11)

Frem the above equations 9 and 11 it can be seen that any extract
E -y can be located graphically by extending line 01?m to its inter-
section with the B-rich solubility curve. The extract from stage m,
Em’ and the raffinate Rm will be in equilibrium and located on the
solubility curve at opposite ends of a tie line, Accordingly, starting
from E1, R1 may be located at the opposite end of the tie line through
E1 . E2 is found by extending line OR1 to its intersection with the
B-rich side of the soclubility curve and R2 by the tie lime through
Ez. This procedure is continued until Rm meets the requirements

set forth in the specific problem. Thus the number of theoretical
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equilibrimm stages required to achieve a specified separation can
be estimated,

Analytical method, In order to solve the graphical problem

solely by analytical metheds it will be necessafy to calculate the
composition of all the required points by using material balances
in terms of the B and C ccmponents since the ccordinate system is
based on them, Furthermore, it will be necessary to express the
_solubility curve in a mathematical form as a function of XB and

' Xc. For the purposes of the proposed calculation method, the sol-

- -ubility data will be interpolated by using a three coefficient poly-

nemial in the local region of interest having the form

2
P (xc) §A1 XB +32 XB+A3 (12)

The three solubility data points nearest the intersection point of
the so‘lu’éil:i.ty curve and the construction line or tie line will be
used L0 evaluate the constants A1 s A, and AB. The technique devel-

2
oped to determine which data points to use will be discussed later.,

- A8 previocusly stated the mix point M can be located by equations
2, 4 and 6o

Often the design problem may state only the required concentra-
tion of the sclute C in the raffinate, XCRN. If this is the case,

BRN
This is accompliched by solving the following equation for xBE.N'

X mast be found on the solubility curve in order to locate R n
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T = by Co)” 4 () + 4y (13)

The line an now can be described mathematically and the unknowns

me and XCE 1 inserted,

| =y )
xcn(z)”[f%ﬁ%ﬂ T * %C“m&m% [%-22:] "

Equation 14 is now solved simultanecusly with the applicable B-rich
phase interpolati 1lynomial (Equation 15) fer X and X
Tpolating poiyn Fq ) BE(1) CE(1)’

the ceerdinates of point Ei'

2
Ty 24 Tmay) 4 Cma) v4 09)

Point O can be determined by sclving simultaneously the equations

for lines EiFO and SRnO for XOB and XOC" I@ing E1FO is

X

X = | ¢cE(1) " Xcza Xt XGE(?) =% x<:E(1) - Xop (16)
1 XgE(1) = *BF ' '

Xpr(1) = *BF

While line SRno is

x = |%os = Few| x4+ XCS"XBRN Xos = Xopy umn

0" | Ty | T = T

‘Raffinate R 1 can now be located by solving the intersection of tie
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line E1R with the appropriate solubility polynemial., Using the

1
Hand tie line correlation of the form

ToB = x| Zoa W
IBB XAA

with previously determined constants k and r the proper set of known
values can be inserted.

r

XeE(1) =i: [x__cggn] (18)
(1) ar(1)
sn;ee v ' ‘
N Ay T e Y Ter(ny =140
Za(1) ™ ™0 = Fm(1) = Toa(r) -

Equation 19 is substituted into equation 18 to yield

I() =k | Ter(1) i (20)
TEE(1) l"~°, = %ar(1) ~ *or(1)

The applicable selubility interpolating polynomial in the A-rich
- phase is

Ter() = 4 Fmery) + A2 Fm(r)) + A (21)
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s Xon(r) ™ Xon(r)

. and 21 simmltaneously.,

can be calculated by solving Equations 20 -

E2 ecan now be located by finding the intersection of line OR

(Equation 22) with the B-rich solubility interpolating polymomial
(Equation 23).

1Ba

- X =X
Xomizy = Xoc = Zerery Xy * %o = Tamny| | SEetRU) | (22)

%o ~ FBR(1) Xop = ¥BR(1)

2 .
b 4 = A (X + 4, (X + A

Tmz) M Ty A2 T’ (23)
Following the same procedure the ranaina.ng extract and raffinate

cempositions can be calculated.

The caleulation of the magnitudes of the extracts and raffinates
will complete the description of all streams, E‘1 and Rn can be

eslenlated by combining Equation 7 with the C balance,

E =
xCE(ﬂ 1 XCRN Rn XCM M | (24)

Then,
E = !f_(xcx - XCRN) | (25)
1 X - X
| CE(1) ~ "CRN
R = o :XCE(1)E1 | (26)
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The everall material balance for any stage m, Equation 10, can be
rearranged to yield

E =R +E R ., . (27)

| And a C balance for stage m gives .

B o1 Zorae1) Bt Bopue) = Pa TonGa) * T Tommy ()

By cembining Equations 27 and 28

X -X
Kop (mat) CE(m+1)

XCR(m) - XCE(mH )

) +E (x
M

R = i) c@(mm"xcsp(m)) - (29)

Thus R1 can be caleculated using Equation 29 by setting m-1 = F and
Tm= te E2 is found from Fguation 27 wherem = 1, By letting m = 2,

Rz and EB can be calenlated from Fauations 29 and 27, The remaining

extracts and raffinates are calculated in a similar manner knewing

their camponent concentrations.
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- III. PROGRAM DEVELOPHENT

Representation of Solubility Data

An important consideration in the develomment of the Fortran

gram was how to mathematically describe the :énlubility curve of
the ternary liquid system. As stated in the previous section, it
was dacided to deseribe the data using a three coefficient polynomial,
a parabola.

2
P(xc.) = AXD) + A (X)) + As (12).

: “hmz., by polymomial interpolation between available data points,
the entire curve can be described in small sections, The use of
mare sophisticated, though empirical, equations such as the two éon-
~stant Margules Eqﬁmtionw or the three constant Redlich and Kister
Equation% was considered, However, the approach taken was to assume

that laboratory data was avai}.ablé, and whny not use it directly.

A first approach using linear interpolation between data points
pro#ed satisfactory, hovwever, more accuracy was obtained by using
polynemial intsrpolation., Hastland has previously proposed a linear

approximation ’::,acl'mic:p.uat,15 A comparison of results obtained using

linear versus parabolic interpolation is presented in a later section.

By utilizing Equation 12, therefore, the intersections of tie
lines and construction lines with the solubility curve could be

determined analytically. The subprogram, ATER]1 was written for
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this purpose, The constants Aq, A2, A3 are determined by substituting
_three sets of data points (Bi,‘ci) inte the equation as follows

2

Gy, = &8, + AB; + A,

2
02 = A1Bz + A282 + A3

2
C=2B +A4B +A (13)

12 23 3
This set of simultaneous linear squations can be solved by ant of
the n;ual means. A subprogram, SEMQ, employing a modified Grauss-
.-..derdan elimination technique to the augmented matrix of the above
linear system was written to determine A,, A., and A_ in the present

1? "2 3
werk,

~

the only problem that remains im order to conclude the discussion

of the solunbility curve is how the three sets of data points are
chosen in the region of interseciion. The approach used here was

to test each successive set of the data points starting from the
XB~axis by calculating the intersection of the interpolating tie

line or eonstruction line., The coordinates of the point of inter-
section were accepted only if they fell within the bounds of the

data points used. Otherwise, the calculated intersection point

was rejected and the next set of three successive data points were
teated. Refer to Figure 4A and 4B. The iteration method begins

on the applicable side of the solubility curve, the A-rich side or
-the B-rich side,
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FIGURE 4A REJECTED INTERSECTION

L CONSTRUCTION

Xe |

OR TIE LINE
ByCs
B,C2
B,C,
Xg
FIGURE 4B ACCEPTED INTERSECTION
Xc

CONSTRUCTION
OR TIE LINE
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The Program

The Fortran program consists of the 'followving. subdivisibns:
(1) the MATN Program, (2) subprogram ATER1, (3) subprogram FDXCE1,
and (4) subprogram SMEQ. Fach subdivision will be discussed sepa-
rately in the following sections.

The main program. Refer to the Flow Charts (Figure numbers

5 and 6)., Utilizing the appropriate equations that were developed
in the chapter on theory, the main program calculates the number
of theoretical equilibrium stages required for a specified deparation.

—-I% i# necessary for the user to speeify the following:

(1) a. the weight fraction of the socute in the raffinate,
xcm' a7
b. the percent recovery of solute C in the extract.
(2) the composition (XBFg XCF) and the magnitude (F) of the
fesd stream.

(3) the composition (KBS, xcs) and the magnitude (S) of the

gselvent stream.
(k) ths constants (k,r) for the tie-line correlation (Equation 1).
(8) solubility data as a function of the waight fraction of

B, XB and the weight fraction of C, XC.

The program will then procede to calculate n, the mumber of
jdeal stages rounded to the nearest higher integer value. In addi-
tion, the location of the mix point, M, and the operating point,

O, will be given as an output. Furthermore, a complete component:
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FIGURE RO, 5=-1

CCEXTG - MATN PROGRAM
"STMPLIFIED FIOW CHART

(SR )

INPUT:
#+XBF, XCF, XBS,
XCs, F, S, SCgN,
EC¢N, PERC

Y
LOCATE
MIX POINT
(XBM, XCM) l
IOCATE  XCRN
GIVEN PERC
OUTPUT:
m, XBM, ’
XCM *
’ LOCATE  XBRN
USING CALCULATED
XCRN
OUTPUT:
XCRN
LOCATE  XBRN
USING GIVEN
XCRN

JA



FIGURE'NO, 5-2

CCEXTG - MAIN PROGRAM
SIMPLIFIED FLOW CHART (CONT.)

IOCATE E(1)
(xBE(1), XCE(1))

LOCATE OPERATING
POINT O

(xgB, xgc)

]
=)

N1
-
Y
LOCATE R(N)

(XBR(N), XCR(N))

®
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OUTPUT:
N, E(N+1), R(N),

XAE, XBE, XCE, XAR

XBR, XCR

N =1

LOCATE E(N)
XBE(N) , XCE(N)

J

CALCULATE
R(N), E(N+1)

«~
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- FIGURE NO. 6~-1

CCEXTG - MATN FROGRAM
DETAIIED FIOW CHART

( START '),...._mm NZE, XCRN,

TUPUT:
XCRN, XBF, XCF,
XBS, XCS, ¥, 3,
SCPN, EC@N, PERC

o

XEMe=( F#XBF )+( 5%XBS)
F+5

AN

2M=F + 5

ZINT =
BINT(XCF ,XBF,XCS,XBS)
(FUNCTION CALL)

ZSIPFE =
SIPPE(XCF ,XBF ,XCS,XBS)
(FUBCTION CALL)

COMMON £(10,11),

XBRN, XCM, XEM

v

m = (ZSLEPE*XEM)

.+ zINT

|

OUTPUT:
ZM, XBM, XCM

XCRN GIVEN

CALL ATER1
(XCRN, 0.0, XERN,
XTRAN, 1)

TO IOCATE XBRN




FIGURE NO, 6-2

CCEXTG - MATN PROGRAM
DETATIED FIOW CHART (CONT.)

INITTALIZATION
XCRN = 0.0001
4 FRINC = ,10

XCRN= XCRM4FRINC

-

1 ,0-( .01:4PERC) ) xFoxCF
A T

{ CALL ATER1
| (xcrN, 0.0, XBRN,
XTRA

XCRN = XCRN-
2%¥FRINC

1)

CALL FDXCE

FRINC=0,1*FRINC

(xCE(1),XBE(1))

El =

" | FXXCF4S*XCSHRN*XCRN
XCE(1)

9

FRING :0,0001

“(24)
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FIGURE NO, 6=3
CCEXTC - MAIN PROCRAM (CONT.)

IOCATE E{1) ‘ 1 XB =

CALL FDXCE{ :

(XCE(1) ;XBE(1)) ' . AINT2-ATNTY
: M A2

AM1=XCF - XCE(1 |
~ XEE - XBE XPC = My *

AINT2-ATNT? +ATNT{

+ 4 AM1  ~AM2 i
AM2 = ICRN - XCS +
XERN - XBS -/ OUTPUT: \
OPERATING POINT ‘
AINT{ = XCF =
XCF - XCE%?% *{BF :

AINT2 = XCRN -~

XCRN - XCS % XBRN
XBEN - XBS CORRL = 1.0 *
ECﬁN

0e] XCcE(N
XBE(N) '*Z-SCﬂN




FIGURE NO. 6-L4

GCEXTG - MAIN PROGRAM (CONT.)

_

CORRL = eCORRL
CALL ATERT?
CORRL - CORRL

1+CCRRLY 1+CCRRL

| XBR(N) ,XCR(N) ,1

l

OUTPUT:
N, XCE(N),
XCR(N)

C

STOP j

N=N+1

EINTN = BINT

[(XCR(N-1), XBR(N~-1 )s

X¢C,. X4B)
FUNCTION CALL

l

| ESIPFEN = SIgFE

(XCR(N-1), XBR(N-1),
. Xgc, X¢B)

CALL ATER1

(EINTN, ESLETEN,
XBE(N), XCE(N), 2)

(26)
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material balance is calculated for sach ideal stage giving the composi-

tions as well as the magnitudes of each extract and raffinate,

Essentially the program calculates M, the mix point, using‘
Equations 2;&, and 6, Then the weight fraction of the carrier in
the ralfinate, nggs,is‘found by solving Equation 13, The extract
E1 is 1®cat§d by using Equations 14 and 15, The operating point

- 0 18 now determined by solving Equations 16 and 17 for Xy, and Xyp.
R, is naw-l@éatéd from E1 by solving the Hand tie lina—eﬁrrélation

 'k(Eqpation 20) simnltaneously with Equation 21, E, is located from

““Ei and the operating point O by Equations 22 and 23, In a similar
RmARNer, fhe extracts and raffinates continue to be loecated wntil

the waight fraction of the seclube in the raffinate, X meets the

CRN’

« specified requirements of the problem. The program is completed
when the magnitudes of all the extracts and raffinates are caleul-
abted vsing overall strge mabterial balanceg along with C ccmponeht

balancas. (Equations 25, 26, 27, and 29).,

Subprogram ATFR1. The subprogram ATER1 functions as the solu-
bility data interpolating routine for the program. Refer to the
flow chart for ATER1 (Figure 7). This routine does the following:

| (1) Determines the set of applicable solubility data points to use
for the interpolating parabola, (2) Calculates the constants for
Equation 12 with the aid of another subprogram, SEMQ, and (3) deter-
mines the intersection of the above described interpolétihg parabola
with a tie line or construction line, The coordinates for the point

6f intersection are then supplied to the main program.



- FIGURE NO.7-1

SULTSUBPROGRAM - ATFR1
DETAIIED FLOW CHART

— COMON | o
(__sMRT - —da(10,11), NgE, |
XORN, XBRN, XCM,

XBM
INPUT: : ¢
REINT, RESIFFE, I \\ £(1,3) =1.0 '
FROM MAIN PROGRAM / a§2,3§ = 1,0
. A(3,3) = 1.0
READ (L) - | A(1,4) = C1
B1,C1,B2,02 :g,kg = g;
» =
. NOE = 3
READ (L) :
B3, C3 ‘ l
l CALL SEMQ
A (1,2) = B1
A (2,2) = B2
A';(B’Z) = BB
QA = A(‘;‘F)
> | QB = A(2,4)-RESLOPH
& (1,1) = sz | Q€ = A(3,4)-REINT
A (3:1) = B3

®
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FIGURE NO. 7-2
SUBPROGRAM ATER1 {CONT.)

]

BB

=QB+VOB%-40A%0T;
QA

!

Bl
1 eanlorromac
2%0A

CE = RESLOFE¥EE
+ REINT

BjnB2; 82‘-353 |

C1=C2; C2=C3
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ATER1 accesses solubility data frem permanent mﬁtamal files.
which have been established by the user prior to running the main |
program. The names SLAW‘;N and SLAWT2 have bsen given to these files
in the‘.sample problem, however the user can furnish any names he
wishes, “1‘116 solubility data thus becomes a permanent part in the
nger's catalog of files and can be accessed any number of times

~without hamg +o re-enter large volumes of data. Furthermore, the
user may wamt to store solubility data for several ternary liqﬁid
systems, If this is the éaae , the nser can utilize any @ne' of these

...__dats.files by merely changing one line in the program,.

© Subprogram FDXCE{. This subprogram determines the coordinates
of E, by finding the intersection of the line R M with the selubility
~ eurva, Refer to Figure 8. It was advantageous to use a subprogram
for this caleulation since it is utilized aseveral times within the
main program..

Subprogram SEMQ. SEMQ is a second-order 3ubpz-og>rax:z;1:’m that
it is called exclusively by subprogram ATER]1, Refer to Figure Number
9, SEMQ is a general subprogram that solves‘ a set of up to ten linear
simultaneous equations. The Gauss~Jordan elimination mei:l’xoci.16 is
used to reduce the augmented matrix to the diagonal form. In order
to minimize round-off errors common to this technique, a modification
was devised, bFor example, if a pivot element is not zero but is
amall, it may contain a large relative erreor, A search is made at
each elimination step for the element of greatest magnitude in the

pivot column, and the rows are exchanged so as to use it as the pivot

element,



FIGURE NO. 8

SUBPROGRAM FDXCE1
DETAIIED FIOW CHART

(31)

( STaRT F———-

COMMON':

A(10,11), NgE

XCRN, XBRN, XCM
_XBM

EINT = BINT
(XCRN, XBRN, XCM,
XBM)

FUNCTION CALL

ESIgFE = SIgFE
(XCRN, XBRN, XCM,
XBM)
PUNCTION CALL

‘CALL ATER1

(EINT, ESLgPE,
XBEF, XCEF, 2)

Y

(e )




M=K + 1

FIGURE NO. 9-1

SUBPROGRAM SEMQ
DETATLED FLOW CHART

(32)

£

SW(K,L)=A(K,L)

P

1AL = 8(1,1)

|A(M, L)=STPRE(K, L)

L=1L+1

M+1
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FICURE NO, 9-2
SUBPROCRAM SEMQ (CONT.)

e

J= J+1

A(K, 3)=A(K,J
A(K,K%

o] m JJ 4+ 1

K=K+ 1

A(I,d) =
A(T,d)-A(I,K)A(K,J)




- IV. SAMPIE PROBIEMS

Perhaps the best method that can be used to explain the fune-
tioning of the program is by way of sample problems., The sample
problem chosen was one which has been previously solved by Treybal
nsing the graphical 1:‘1'o<:ec1ure.17

(34)

The program was written in time sharing Fortran language utilizing

: 18
the General Electric Mark I Time Sharing Service. The system is

. accessed via a teletype terminal which may or may not be equipped

with a paper tape reader and punch. The solubility data for the
sample solvent system, Acetone ~ Water - 1,1,2 - Trichloroetﬁane ’
1s‘availab1e in the literature.19 The following procedure assumes
the program, CCEXTG, has been preyiously stored in the user's catalog

of saved programs, but it will be neceséary to establish solubility
data files,

External Data Files

Files must be established for the solubility data if the data
has not been previously stored. The user can give the :iles any
six character names consisting of letters and digits. The names
of thgse files will be sﬁecified in, and used by, the main program. .
The data will be stered as pairs of coordinate points (XB, Xc) on
the solubility curve, The first file (SLAWT1 in the sample problem)
stores the data points starting at the XB axis on the A-rich side,
for example the following three sets of data points: ,0O0LL, .00003

L0052, .O482; .0065, .1172. The second file (SLAWT2 in the sample
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problem) stores the solubility data poini-. pairs starting at the

XB axis on the B-rich side:,9989, .0011; 9473, .0501; .9011, .0953.
The files need not have equal numbers of sets of data points. The
data can most conveniently be prepunched off line on papei' tape then
fed ipto the terminal via a paper tape reader as is shown on the

- following pages.

The user imust firstv call and lbg;on the coniputer. The first
computer request is for a file name, old or new. In the example,
the keyboard input from the user is underlined. After the first
file name is entered, the data are entered off the punch tape,
This file may or may not be SAVED. A new file name is entered and
the second set of data are transmitted to the computer via punched

tape. Again, the file may or may not be put on SAVE.

The next keyboard response, OLD CCEXTG, recalls the actual program
for use. The first requirement is identification of the appropriate
-data files, in this case SLAWT1 and SLAWT2, This is actually the

first statement of CCEXTG and is line number 100, .The form required
is:

100 $FIIE SLAWTY, SLAWT2
REPLACE

REPLACE is used as a matter of safety to insure that other data files

stored in memery are not used inadvertently, causing erroneous results,

The user should then vtype RUN. The program title, time and
data are then printed out.



Procedure for Botablishing Data Files o o - . (36)

NEV | _ L |

NEW FILE NEME--SLAy71 (Any name can be used, Six character maxinmum)
READY . :
TAPE .

rEADy (Operator should start tape reader.)

10 e 00445 « 00005 « 0NEZ5 e D452, s D0655 41172500705« 1446

20 e O0T7Rs e 185325 « 00905 0P 4£L54, e 0102527173
30 e 01175e3225, e 17250371 750215, 4185
40 e 048550 4TI T6T T 5153509635« 5499
50 0 10005 « 550ds « 15395 « D2 335 2071545995
70 03167: 2 DR Db a 3531505435, 43085,65112
80 4B TRy« 47015 « 54755 0 42145« 60065 « 3733
90 064175 e 33962« 6T00 0310456701365 « 2321
100 e TST25 23295 0 195852 17665 346551476
110 e F0T 1509535624735 005015.9939, 40000
120 ENDFILE

SAEVE

READY .

NEL FILE NAME--SLALIS

KEADY »

TEPE

ReeDy  {Operator should start tape reader.)

10 ¢99595 0 N115e94753,0 05015490115 40953
20 854650 14T 6r e TITZ50 1966 e IDT5s e 030D
30 e TO36502821506CT175a31G4se 64177563396
40 e 600CHs « 3TH35 0548550 82145 « 483725 0 47791
50 e 43385051185 e 237315254555 31672+5%495
&0 ) e 263950 60005 a2 4 0liy 0 EONT 0 VA2, o 6017
70 e 2071 e5P705 a 10532, e 55335 HIHI0, &« 55014
80 e 096355 e D493, ., r,(*'i Taa 51005« 34305 &715R
90 e (G2 1850 4155 o (01 ?}-37]7)-{-?1171038[4‘5
100 e 01025 e 271550 G925 e 245245 (10073, 0 1872
110 e GOT0s e 14365 e G655 11725 e 11505 0 (04525 0 144y « GOGO
120 ENDFILE ’ \
_SAVE

(Now it is necessary to insert the names of the data files (SLAWTY
and SLAWT2) into the program CCEXTG.)

LD CCEXTG
READY

10N SFILF SLALT1.SLEVTER
FriLEGE
FLF;.{;‘ LY .
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In this computer system, the program will ask a series of guestions
ealling for various data as input. These must be supplied in the

proper sequence and are as follows:

Problem Input o v ’
‘Pirst line. Problem name. The problem name can consist ef
any 72 printable 'charae‘ams; ineluding blanks,
Second line. |
1. ZXCRN. The speeified weight fraction of solute C to be contained
in the final raffinate, If the percent recovery of solute C
---—4g-specified, enter 0,0 for XCRN.

2. XBF, XCF. The XB and X, coordinate of the feed entering stage 1,

C
3. XBS, XCS. The XB and XC coordinates of the solvent entering
stage n.

4. P, S. The weights of the feed and solvent respectively.

5. SCQN 2 ECQN. The constants k and r in the Hand tie line correla-
tion equation for the specific ternary system.

6., FERC. The percent recovery of the solute C. (ie., the percent
of C recovered in the extract flowing from stage 1). If XCRN

- - --is -specified, enter 0,0 for the value of PERC.

Problem Output

. 1. Problem name.
2. The calculated values of XCRN if FPERC is specified
3. The weights and compositions of the feed ‘and solvent streams

L.. The weight and composition of the feed solvent mixture.
(Mix Point)
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5. The coordinates of the operating moint, O
-6, - The wéights and fractional compositions of the extracts
and raffinates from stages one through n. Stage n is the first

integer stage which satisfies the input specification for XCRN
o PERC, -

Two sample problems follow. In the first problem XCRN will

be specified.(a value of.0.0 will be inserted for FFRC), while in

‘ the second sample problem, the corresponding value of FFRC will be
~ specified (a value of 0,0 will be inserted for XCRN). The input

| - values for the sample problems are as follows:

XCRN = 0.1 or 0,0 F = 100.0
XBF = 0.0 S = 30,0
- XCF = 0,5 - SCON =  1.841
XBS = 1.0 - ECON = 1,057
XS = 0.0 PERC = 0,0 or 90.2

In the example the first line of user input is

SAMPLE FROBIEM 1  XCRN IS SPECIFIED

While the second line consists of the user assigned values of
XCRN, XBF, XCF, XBS, XCS, F, S, SCON, ECON, FERC

After these data are accepted, the program continues automatically
and prints the appropriate.ocutput.



(39)

KUN

CCEXTG 19:52 09 #MaN 03727772 | -

IN SMED / :
IN «FIRST - ) , g

P SAMPLE PrORLEY 1 XCEN TS SPECIFIED

.....

? De 12005 (a5 1alisCa G 10 0a i Ga s JTex4tls 1 e (15 T7s Ta D

SAVPLE PEABLEM | XCRN 1S SPECIFIED

STEEAW -  WEIGHT XCAY X CB) £CCH
FEED . 100.000 5000 G000 5000
SOLVENT 30.0000  .0000 1.0000 - «0000
MX FOINT : 1306.000 . CO308 <3346
GPERATING POINT . 145469 2563

A

STAHGE 1

EXTRACT Z30eB026  + 0746 «3675. 5579

RAFFINATE 85+ 6312  +5319 <0249 . 4432
STAGE 2
EXTRACT 69e 4338 o 0456 <4595 o 4945

RAFFINATE T3e8494 + 6154 « 0141 « 3705



STAGE 3
EXTRACT

RAFFINATE
STAGE 4
" EXTRACT.

RAFFINATE
STAGE 5

EXTRACT
RAFFINATE

STAGE 6

EXTRACT
RAFFINATE

5466519
6400954

4449009
56+ 4201

.37.2227

50. 4036

—

31.2062"
203289

AT LINE NG« 85: STOP  END-

USED

464 6T UNTTS.

« 0078
« 3737

» 0020
« 3710

. 5605
« 0108

« 6765

« 0082

«8103

« 0065

«93622

.o 0048

. 4107

« 2910

« 3059 -
« 2076

« 1826
« 1193

(50)
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RUN

" CCEXTG 19:59 09 M3N 03/27/72

IN SME®

IN «FIRST

? SAVPLE PRIELEN 2 PERC IS SPFOIFIFD

? 0o 05 On s O Ss 1oty e lis 100w iis G(leCslandils laT7,900¢
SAMFLE PROELEM 2 FERC IS SPECIFIED

STREAYN ‘ WEIGHT - KA XCB) XCC)
FEED 100. 000 « 5000 . 0000 « 5000
" SELVENT 30. G000 « 0000 10000 ¢ 0000
MX POINT : . 130.0060 . 2308 « 38 4E
'BPERATING POINT L= 145524 . 2545
STAGE 1 -
EXTRACT ' 80.8693 0747 3672 . 5331
HEAFFINATE 8Be 6754 «5316 . 0250 o 4434
STAGE - 2

EXTR&CT 69 e 5446 « 0458 .« 4539 « 4954

RAFFINATE T3«9246 6143 <0142 «3710



STAGE 3

EXTRACT
REFFINATE
STAGE . 4
. EXTRACT
RAFFINATE
STAGE 5
EXTRACT
RAFFINATE
STAGE 6

EXTRACT
KAFFINATE

546 79239
6401916

45. 0609
565231

37.3924
50« 5331

31. 402 4

174871

AT LINE NBe 552 STEP END

USED 13100 UNITS.

» 0272
e 6972

+ 0176
» 7326

« 0073
« 3713

« 0023
« 76773

+ 5611
» U108

6T 45

« 0082

= 3067
« 0066

+ 9563
« 0049

« 4117
+ 2920

» 3079
» 2092

« 1860
« 1221

« 0414
« 0278

(42)
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Y. DISCUSSICN

To the best of the author's knawledge,'thisziﬁfthe first com~
puterized attempt at termary liquid extraction problems using the
parabolic interpolation approach to represent solubility data.

It 1a believed‘that congiderable accuracy can be achieved using

sach a method.

Nete in particular that the Hand coefficients (k,r) must have -
been developed prior to using CCEXTG. This approach was chosen
because many systems have considerable data scatter., In addition,
there are scme special systems that have two sets of Hand coefficients,
ie. the direction in which the tie lines slope change as the con-

. cenfration of component "C" is increased. With minor modification
to CCEXTG, the above situation can be aeccmmodéted, Since this was
the first work using this interpclation appreach, the main effort

was directed toward overall program develorment leaving refinements
for the future.

Comparison of Graphical Methed Versus Computerized Calculation

~ "Using sample problem { as a basis, the results obtained using
the computer program(parabolic interpolation) versus the results
obtained by Treybal using the graphical method are compared. (See
Table 1). The values for XCE and XCR for each ideal stage are com-
pared for graphical and the eomputerized method., As can be seen,

the results obtained differ by only 1.6 percent.
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Comparison of Linear versus Parabolic Interpolation

In order to evaluate the merits of using parabolic interpolation
of the solubility data, it will be necessary to campare results ob=
.tained using parabolic interpolation with those obtained using linear
interpolation of data. A very early version of the program used

linear interpolation. These results are abailable for comparison.

Again using the sample problem 1 as a basis for comparison,
the values obtained for XCE and XCR using linear versus parabolic
interpolation are compared. (See Table II). The values differ by
an average of 13 percent. It is obvious thaﬁ better results are

ebtained using parabolic interpolation.

ﬁcanamic Analysis

~ When considering computer computation, the cost of solving a
problem should not be overlooked. In order to present an estimation
of the cost of solving a problem using the program CCEXTG; the two
sample problems were considered typical. The cost of solving these
problems can be calculated by using the number of computer resource
units (CRU's) printed at the end of the problem by the computer.

“““ In Mark I time-sharing, the cost of a CRU is $.05. In addition

to the above cost, a terminal connect time charge must be added of

$8.50 per hour.zo Cost calculations for the two sample problems
follow:

Sample problem 1. XCRN is specified.
$ .05/CRU X 46,67 CRU's

$3.50/ Hr. X 0.1 Hr. = .85
Total Cost = s‘a':%



TABIE 1

COMPARISON OF GRAPHICAL AND COMPUTERIZED METHODS ,

GRAPHICAL COMPUTERIZED ABSOLUTE ' PERCENTAGE

METHOD METHOD DIFFERENCE DIFFERENCE

STACE No. 1

XCE 04557 0.558 0.001 0.18

XCR 0.438 0.443 0.005 1.14
STAGE No. 2

XCE 0.489 0.495 0.006 1.22

XCR _ 0.363 0.376 0.013 3.58
STAGE No. 3

XCE C 0,403 0.411 - 0.008 1.98

XCR 0.287 . 0.291 0.004 .39
STAGE No. 4

XCE 0.300 0.306 0.006 2,00

XCR | 0.206 0.206 0.002 0.97
STAGE No. 5 '

XCE 0.180 | 0.183 0.003 : 1.66

XCR 4 0.120 0.120 0,000 0.00
STAGE No, 6 |

XCE © 0.038 0.036 0.002 5,26

XCR 0,025 0.024 0.001 4.00

Average 0.004 1.65

(s7)



TABLE II

COMPARISON OF LINEAR VERSUS PARABOLIC INTERPOLATION OF SOLUBILITY DATA

LINEAR

VALUES
STAGE NO. 1

XCE 0.557

XCR 0.440
STAGE No. 2

XCE 0.491

XCR 0.366
STAGE No, 3

XCE 0,40k

XCR | 0.285
STAGE No. 4

XCE 0.297

XCR 0,201
STAGE No. 5

XCE ‘ 0.171

XCR 0.112
STAGE No. 6

XCE 0.022

XCR | 0.015

PARABOLIC

VALUES

Average

~ ABSOLUTE
DIFFERENCE

PERCENTAGE
DIFFERENCE

0.009
0.007

0.012
0.008

0,014
0,00
0.008

1.73
2,10

3.03
3.8

7.01
7oL

70,00

_60.00_

13,00

(97)
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Sample problem 2, TPERC is specified.

:8 .os;cnu X 131,00 CRU's _ :
050 Hr. X 001 Hl‘. b [
Total Cost = "5‘7‘420"

As can be seen, the cost is well within reason when compared

i
8
o o
0\
\J¥

" to the enginesr's man-hours required to solve such a problem with

equivalent accuracy.,
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V1. CONCLUSICNS AND RECOMMENDATIONS

'Ths‘fcllowing conclusions are presented: o
1s A Fortran computer pfogram»has been developed that will ealculate
the nmber of ideal stages required for a speeified ternary counter-
curreﬁt 1iquia extraction problem. Furthermore, the progrém;cal-

culates the weights and compositions of all extracts and raffinates,

2, The above program utilizes experimentally found solubility data
~ to describe the phase equilibria isotherm. This is accomplished
by the use of an interpolating parabola, Data has been presented
that proves the use of parabolic interpolation is far superior to
-using Jinear interpolation for this purpose. The results obtained
using linear interpolationvdiffer from those found by parabolic in-

‘?terpolation by 13 percent,

3. The necessary relationships to describe and interrelate all
tie lines, concentrations, weights, and construction lines with the

phase equilibria isotherm have been developed.

L. The Fortran program has been tested and compared to published
graphical solutions of extraction problems. The computer calculsted

values are within 2 percent of the graphically found values.
5« A stepwise procedure for the use of the program has been presented.

6. An economic cost analysis of using the program to solve typical

extraction problems shows that costs are quite reasonable,
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It 1s recommended that the following investigations be consider-
ed for future work: |

1. Utilize the proposed computer program on additional solvent
systems to further test the parabolic interpolation methed for sol-
ubility data, |

2, Conduct a study wherein the number of solubility data points
are successively reduced to determine the effect on the accuracy

of the calculation method,

3. Conduct an optimization study for an extraction design problem
utilizing the computer program wherein feed rates and/or compositions

of feed streams are adjusted to determine the best operating cocnditions,

4+ Expand the capability of the calculation method to accommedate
four-component systems. Possiblyva four-coefficient polynomial can

be employed to represent the solubility data.

5. Incorporate a subprogram into CCEXTG that will calculate the

valnes of k and r for the tie line correlation.



APPENDIX
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TEXT NOMENCLATURE

Cemponent A, the main component of the carrier

Cemponent B, the main component of the extracting solvent
Cemponent C, the solute ‘

Extract solution weight

Feed solution weight

A constant

oK W W O W

Mix point

Any stage in the cascade

Total mumber of stages in the cascade or the last stage
Operating point
Raffinate solution weight

v © b

r A constant
h S Extracting solvent weight
X Welght or mole fraction
Subscripts:
A3;B,C Components 4,B,C
Extract

Feed

Operating point

E

P

M Mix point
0

R Raf:inate
s

Solvent

152,ete. Stage 1,2,ete.
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MAIN PROGRAM NOMENCLATURE

AINTI, AINT2
M1, AR
CORRL

E1

EC@gN

E(M)

SCoN
X8, 34
- XAE(N), EE(N), XCE(N)
- XAF, XBF, XCF
XAS, XBS, XCS
XAR(N), XER(X), XCR(N)
™
ZINT, ZSIZFE
XTRAN, XTRA

Programing variable -

Programing variable

Tie line correlation variable

Weight of extract from stage 1

Exponential econstant, tie line correlation
Weight of extract from stage M

Weight of feed

Incremental variable used in XCRN search routine

‘Programing variable

Programing variable

fbrcent recovery of component A in extract, E1
Stage number

Weight of raffinate from stage M

Weight of raffinate from last stage

Weight of solvent

Constant, tie line cerrelation

Coordinates of the operating pbint

Fraction of A, B, C in extract from stage N
Fraction of A, B, C, in feed |

Fraction of A, B, C in solvent

Fraction of B; C in specified raffinate
Fraction of A, B, C, in raffinate from stage N
Mix point magnitude, F+S

Programing wvariable

Programing variable
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CCEXTG 20:09 09 MgN 03/27/72

100 SFILE SLAWTI,SLAWTZ
110 . .
120 SUBRGUTINE FDXCE1C(XCEF,»AELF)
130 COMMON AC105 11) NG Es ACHN» XBENS XCM s XEM
140C FINDS EC1) BY EXTENDING LINE kN=M
150 EINT=BRINTCXCRN s XBlMN» XCNs KEHA)
160 ESLOPE=SLEO BECACRN s XEREN» XCM» XEM)
170 CALL ATERICEINT, ESLOPE,XBEFs XCEF» 2D
180 RETURN
190 )

- 200 SUBRAUTINE ATER1CREINTs RESLOPE», BE» CFsL)
210C INTERFELATION 9F SOLUBILITY DATA

220C A RICH FHASE F@K L=13 B RICH PHASE FOR L=2
230C USES GREGHEY=-NEUTON METHO D,

240C SALVES FOR INTERSFCTION WITH STRAIGHT LINE HAVING
250C "SLOPE=KESLOPE+INTERCEPT=REINT :
260 CoMMEN AC10s 11)5NIEs XCRN» X REN» XCM» XBM

270 READ (L) Bl1,C1,B2,C2

280 20 COUNTINUE

290 READ (L) R3,C3 .

300 A(1;2)=Bl$ﬁ(2;?)*i;;ﬂ(3:8§ £3

Y310 AC1> 1)=B14%2.038(2, 1)=REx:2.038¢351)= PB %2e 0
320 p‘l(1)3)—1-0’H(r:g)-—-loo’A(u.’u)—-‘l-O

330 HCls4)=C13 A0, )=0232C3, 4)=0C3

o 340 NOE=3

350 CALL 5HEG -

360 CA=ACT 4)

370 ChR=ACP, 4) =RESLS FE

3580 CC=AC3, Y =REINT

390 EP=(= Q0B+ SCRTCARSCORE%2e Om ( 4o DKOAXKRCIII I/ (Lo QRRAD
400 EN=C=0B=SORTCABSCUBES%Ce OmC de GRGARQEIIII/ (2e GH0E)
410 G 1601.2) L
420 1 RE=EP
430 3 10 6

440 2 HBE=BY
450 6 CE=(RESLIFERRE)+KFINT

460 Bl=b2s 00=E33C1=083 C2=03

470 IF(CE-C3) 30530520

430 30 CONTINUE

490 E‘F‘I\‘D L

510 FETURN

530 ’ o
1600 FUNCTION SLOFPECY1:X15Y25X2)
1010 SLOPE=CY1=-Y2)/(X1~-X2)
1020 RETURN
1030 CaNTINUE
1040 FUNCTION BINTC(Y1,X1,Y2,X2)
1050 BINT=Y1=CCCY1=YE) /(K 1=-K2) )X
1060 FETURN

1070 En D '
_1ego - -



e

1090C
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240

1250

1260
1270
1280C
1290
1300

1310

1320
1330
1340
1350
1360
1370C
1380
1330

1400
“1410C

1420
1430
1440
1450

. 1460

180
181
182

183

184
185
1856
187
1583
139

(54)

COMMENT ACT0s 115N E, XCEN» XBERN'S XCMs XEM

DIMENSION XCROZO) s KBRS XEE" s XCE", XARY, XAF"- FT'a R

INTEGER PROEBCTZ)

FORMATCTZATY

FORMALICAL S 277D .
FGREVATC///VSTREAMY s 13X "WET GHT CXCAY XCB) ACCHI™
F'RVLT(//"FVFP" 124 G106 65 3F3 e 4)
FORMATOVPSHALVENTY 9Xs G110 65 3F 3 4) .
SERVATC//VUSTACE ", 12) ' N
FERMATO/VERTRACT 9 9K C10e 65 3F 3 4)
FORVMOTOVRAFFINATE > TXs G106 65 3F 36 4)
FORMATCYNMIA POINTY, TX, G10. 6:%%:3?%.&)
FORMAT("OPERATING PZINT " 18X52F3

INPUT 180, PROE

INPUTs XCRN, XBF» XCF» XBSs XCS»Fs S» SCONL ECONS PEKRC
PRINT 181

PRINT 180, FEOE

FIND MIX qﬁIVT

KBF=1e 0=KEF=-XOF

KAS=1e O=-1E53-KCS
AEM= (R REF)+ (S XESIY/(F+3)

S ZW=F+S

100

110.

/IVL"FT\T(YCF:A:F,VF@,XES)

ZELOFE=2L0T ECRCH s KLF, VCE:KES)

ACH CZJL’FF»X MYEZIN '
DECIDE IF XCRN IS GIVEM OR MUST BE FBUND

IF(KCRN-0.03110,110, 100
CONTINUE
FINDS XBRN IF XCEN IS5 GIVEN

CALL ATERICKXCERN, Oe 0s XEIN» XTRAN 1)
GZ TZ 150 : ‘ '
CONTINUE -



-

"~ 1470C

1480
1490C
15G0
1510 120
1520
1530C
1540
1550
1560
1570
1580
1590 130
1600
1610
1620
1630 140
1640
1650
1660 150
1670

1680C

1690
1700
1710
1726

~1730

1740
1750
1760
1770C
1780C
1790
1800
1810 70
1820
1830
18 40C
1850

. 1860

1870
1880

1890

FINDS XCRN IF N@T GIVEN-USES ITERATION METHGD

(55)

INITIALZATION
XCRMN=0. 00013 FRINC=. 10

COMNTINUE

FN= ((1.0-( OIS PERCY) YRFHXCFY/ XCRN
FINDS /\Tm\‘ FOR ADDLA‘!EL/ ACEN
CalLt, ATERTCXCRNS 0 0s XBRNS XTRAS 1)

- CALL FDXCEIC(XCECIY s XKBECIY)D

E1=sCCF*XCF) + (8% XCS) = (XCRN*RN) I/ XCEC 1)
XCRN=XACEN+FRINC ST
IFCF+S-E1-FN) 1205130, 130

CANTINUE

XCRN=XCAN=(2e Q% FRING)

FRINC=+ IkFRINC '
IFC(FRINC-.0001)1405 1405120

CINTINUE

PRINT, "/ XCEN=""s XCFN

.G T4 100

CANTINUE

FIND EC1) GIVEN RN=-M
CALL., FDXCEITC(XCF(13,XKHEC1))
A E=( KCF-AVL(l))/(mE%— (BEC1I))

M2 (ACRN-ACSY A (KERN=-XES)

AINTI=XCF - (((Xbr~AﬁF(1))/(XVF~XTE(l)))kAEr)
AINTZ=ACEN=({{ACRN=-KC3Y /LA RRN=-XBS) Y% XEMN)
ROB=(AINTZ-RINTI)Z(LMT=-AMED

KOC=C0AM IR (AINTZ2-AINTII/ (AMI=-AHM2) I+AINTI

FIND RAFFINATE COMPOSITION, RI(N)
INTERSECTISN @F TIE LINE WITH SOLUBILITY CURVE

N=1

CONTINUE

CORFL=1e O/ECON®CLI GCACECN) Z CABECNIRSCOAN)D I )

CORKL=EXP(CH KELD

TIE LINE; XCA=-CORKLACI+CORRLI®KXPA+CARRELZ C1+COREL)

CALL ATEFICCOFRL/(le O+ CORRLI »=COREL/ (1e O+ CORRLY > ARR(NI s ACRIN)»
RKOARCNI= 1o e XBRIN)=XCIIIND

XAE(N)I= 1o O=-XEBEN)~KCECN)

IF (XCRMNI-XUCRN) 90,90:%0



T900C
1910C
1920
1930
1940
1950
1960
1970
1980
1990C
2060
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2010
£o20
2230

0
O

EAS

160

176

(56)

FIND ECN) BY EXTENDING R(N)=-0 T@ INTERSECTIGON
VITH SOLUBILITY CURVE ‘

N=N+ 1

EINTN=BINTC(XCR(N= 1), XBRN=12, KO Cs X8
ESLEPEN=SLEPEC(AKCHIN=- 1) XRRIN= 1), X5 0 &0 F5)
CALL ATERIC(EINTN, ESLOPEN, XBE(NY » XCE(N)» 2D
G T8 70

CALCULATE EXTRACTS + RAFFINATES

ECI)=ZM{(XOCU=-ZCRNY/Z(ACECTI=-RORN) -
RN=(CRCMRZMI-(XCECLIYRECII )Y /ZXCRN
FCI=(Fx(ACF-ACE(2)Y+CEC IR (XCE(2)~AXCECIII I/
+(XCR{1) -XCEC2

EC2)=RxC1¥+FC1)~F

D 160, 41=25N

RMI= (=1 (A0K(M=1)= XCE(F+I))+(ECV)*(AEECV+1)-
+XCECHIIII/CACKR O =K CEC N+ 1))

ECA+ 1) =M + ) =RONM=1)

CONTINUE

FRINT 1REZ

FPRINT 183:FXOHF, X0F, XCF

PRINT 184,55 KXA8,XES»XCS

PRINT 188, 7ZMs XEMs» XCM

PRINT 189, X0B,X3C

DG 17CsM=1,N

FRINT 185aM

FPRINT 12865 E(MIs ALECH) s REE(MY s KCECK)
PRINT 187, k(M) 2 XARCM) 2 XKBRUMY > XKOROM)
CONTINUE ‘

SUBE SHMEG

STGP

END



SMEG

85
90C
100
105
140
150
160
170
180
190
195
200

205 .

210
220
230

. 240 .

250
260
270
280
290
300
310
320
330
340
350

. 360

" 370
380
390.
430
440

| ey < e v

12

13

T4

20
30
40
50
60
70

80

©90

(57)

19:39 09 TUE 03721/72

SUBRBUTINF SMEG

GAUSS~JORDAN METHSZD ‘

COMMON AC10s113-NOE, XCHNs XBRN» XCM»> XBM
DIMENSI®N STOREC1O0s11D

K=
10
=K+

SNTINUE

M=K+ T
L=K | |
IF CABSCACK,LY)=ABRSCACM,LI)) 13514514

STORECK>LI=A(K, 1)

AlK L) =AML L)

A(MLLI=STORE(KXsL)

L=L+1

IF(NGE+1~-L) 14513513

M=M+ 1

IF(NGE=-M)Y 20,125 12
ALK, JI=A(K, )/ AK, KD

J=J+1 .
IFC(I=(NGE+12) 20,20, 30
I=1 '

CONTINUE

IFCI=-K) 50,705,500

J=Kt1

ACT, ) =ACT, I)=-CD(I,KIkAIKSJ)) ~
J=J+1 '
IFCI-(NOE+1)) 60s 60,70

I=I+1

IFC(I-NOEY 40, 40,80

K=K+1

IF(K-NBEY 10,10,90

CONTINUE

RETURN

END



1.
2.

3.
L.

5.

- 6.

7.

8.

9.

10,
11.

12,
13.

1k,

15.
16.

17.

(58)

REFERENCES

Treybal, R.E., Liquid Extraction (New York, 1963), chap. 6.

Souders, Mott, "The Countercurrent Separation Process," Chemical
Engineering Progress, 60: 75-82. (1964).

Hand, D.B., Journal of Physical Chemistry, 34: 1961 ££. (1930).
Hanson, Carl, "Solvent Extraction," Chemical Engineering, August

Snith, B.D., and W.K. Brinkley, "Rigorous Solution of Multicom-
?oneng, Multistage Extraction Problems, " AICHE Journal 6:451 ff.

Hanson, D.N., J.H. Duffin, and G.F. Scmerville, Computation of
Multistage Separation Processes (New York, 1962), chap. 4.

Hartland, Stanley, Counter-Current Extraction (New York 1970),

chap. 4.
Roche, E.C., "Rigorous Solution of Multicomponent Multistage

Iiquid-liquid Extraction Problems,™ British Chemical Engineering,
142 1397 £2. (1969).

Treybal, chap. 2.

Treybal, p. 225.

Scheibel, E.G., "Calculation of Iiquid-Iiquid Extraction Processes,”
Industrial Engineering and Chemistry 46:16 £f. (1954).

Treybal, p. 226-227.

Carlson, H.C., and A.P. Colburn, Industrial Engineering and
Chemistry, 34:581 ££. (1942).

Redlich, 0., and A.T. Kister, Industrial Engineering and Chemistry,
402341 £f. (1948).

Hartland, chap. 6.

Southworth, R.W., and S.L. Deleeuw, Digital Computation and
Numerical Methods (New York 1965), pp. 216-230.

Treybal, P 234,




(59)

REFERENCES gcont.z

18, Mark I Time Sharing Service Reference Manual (1969).

19, Treybal, R.E., L.D. Weber, J.F. Daley, "The Systém Acetone-
Water-~ 1,1,2, Trichlorocethane, " Industrial Engineering and
“Chemistry, 38:817 ££. (1964).

20, Giella, Michael L., Personal Conmunication, marketing representa-
tive, General Electric Company.



	Copyright Warning & Restrictions
	Personal Information Statement
	Title Page
	Approval of Thesis
	Acknowledgements
	Abstract
	Dedication
	Table of Contents
	I. Introduction
	II. Theory
	III. Program Development
	IV. Sample Problems
	V. Discussion
	VI. Conclusions and Recommendations
	VII. Appendix
	References

	List of Tables and Figures



