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PREFACE

The purpose of this work was two fold; first to correlate ternary
liquid-liquid equilibrium compositions using the Redlich-Kister equations;
second, to study the effect of temperature on Redlich-Kister constants.
The application of Redlich-Kister equations to the IBM‘GSO computer was
developed, Linear relationships between Redlich=Kiéter constants and
the inverse of absolute temperature were found. These relationships can
be used in extending the prediction of liguid-liguid equiiibrium'composi-
tions to temperatures at which no experimental data are available,

" The author is indebted to Dr. John B. West for his suggestion of
this problem and his guidance ddring the progress of this work. The
'céuﬁseling given by Professor Wayne C. Edmister is greatly appreciated.
The author wishes to acknowledge the assistance of the COmpﬁter CenterD
‘especially to Mr. William Granet aéd Mr. Gene Pulley for their help in
developing and ﬁsing the computer programs. Extreme gratitude'is due to
Mr. A. Nelson Stuckey and Mr. Dale Bush for their extensive assistance
in”éomputer work. Finally, the author wishes to thank the School of
Chemical Engineeriné for the financial assistance granted during his

study at Oklahoma State University.
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CHAPTER 1

INTRODUCTION

The prediction of liquid-liquid equilibrium data is of great impor-
tance for the design of solvent extraction processes. The increasing use
of liquid-liquid extraction as a means of separating the components of
solutions has made it necessary to have a large amount of solubility data
and equilibrium data for ternary liquid systems. Unfortunately, the
required data are frequently not available, and the experinenial determi-
nation of equilibrium data is ordinarily laborious. Therefore, there is
a need for methods of predicting accurately equilibrium data for liquid-
liquid systems.

Several methods for the correlation of liquid-liquid equilibrium
data are of particular interest. Hopp and Smith (14) introduced an alge-
braic approach—to the calculation of solvent extraction in complex mix-
tures. Empirical equations were found to relate the distribution coeffi-

;cients of the components and solvent. The three simultaneous non-
linear equations resulting were solved using the Newton-Raphson method.

Redlich and Kister (27) derived semi-theoretical equations for
relating activity coefticieﬁts with solution composition. Thus, the
conjugated phase composition can be calculated from these relationships.
Another semi-theoretical method was proposed by Black (4). This method
was developed from the consideration of physical interactions between
molecules. Modified van Laar type equations were derived which are suit-
able for use with solutions® containing highly associating components.

. From the standpoint of convenience and flexibility, Redlich and Kister's

proposal was selected as a basis for correlation of ternary liquid-liquid

1



equilibrium data in this work.

Recently, Scheibel (30) applied the Redlich-Kister equations to the
calculation of liquid-liquid equilibria. The methods for evaluating
Redlich-Kister constants and correlation of activity coefficients with
solvent concentration were illustrated. He also found empirical rela-
tionships between the Redlich-Kister constants and the number of carbon
atoms for the aromatic hydrocarbons in paraffin-diethylene glycol.

Techo (33) has studied the applicability of several mathematical
models for the Gibbs free energy function such as Margules (17), van
Laar (36) and Scatchard-Hamer (29) equations to the prediction of
equilibrium state of ternary liquid mixtures. Due to the small number
of constants he used, his results show large deviations from the exper-
imental data.

Boberg (5) studied the correlation of liquid-liquid equilibria for
systems of homologous series from both binary and ternary data by using
Redlich-Kister equations. He tried to correlate the Redlich-Kister
constants as simple functions of the boiling point for the homologous
series, and he concluded that the boiling point is not a suitable corre-
lating property to use when it is desired to predict the equilibrium
compositions of series of systems including isomers. Boberg suggested
that the effect of temperature on the correlation of liquid-liquid equi-
librium be studied.

Following Boberg's recommendations, the correlation of Redlich-
Kister constants with temperature and the prediction of ternary liquid-
liquid equilibrium composltions at different temperatures have been
studied. Solubility and tie-line data for ternary systems were used as

basic information. The Redlich-Kister constants were obtained by a least



squares method.

The equilibrium compositions can be solved from Redlich-Kister equa-
tions'if the constants are known. -Furthermore, if general relationships
for the temperature behavior of the Redlich~Kister constants could be
developed, the prediction of eQuilibfium compositions could be extended
to any desired temperature even though sufficient experimental data are
not availab;e°

In summary, the object of this work was two fold: to study the
predictidn of thé equilibfium compositions for a number of ternary liquid
systems a; different temperatures by the use of Redlich-Kister equations.
Second, to study the temperature effect on the Redlich-Kister constants.
The predicted equilibrium compositions were compared with the experimental
data. IBM 65Q computer programs have been developed for the evaluation
of Redlich-Kister constants and the correlation of equilibrium composi-

tions.



CHAPTER II
REVIEW OF LITERATURE
Correlation of Liquid-Liquid Equilibrium Data

A general theoretical treatment of ternary liquid-liquid equilibrium
systems has not been thoroughly accomplished. Almost all equations and
methods for correlating equilibrium are empirical. In general, the
methods may be separated into two categories; those methods which utilize
graphical interpolation or extrapolation, and those which employ empiri=-
cal or semi-empirical equations.

A graphical interpolation of tie-line data has been devised by
Sherwood (31). Lines are drawn from the ends of each tie-line parallel
to the baée and one side af the triangle respectively. By connecting
several intersection points of these two lines; a conjugated curve is
obtained. Thus, tie-lines can be interpolated from this conjugated curve.
This method has been commonly adopted, but the conjugated curve may have
great curvature, thereby lessening its accuracy unless a large number of
data points are available.

Bachman (1) found the following relation

b "

X3 = a + b(x;/xz') (1)

where a and b are constants. A plot of x§ against x§/xé will give a

straight line., This method would not be applied to ternary systems of



two liquid phases containing two or three solubility curves (1).
Othmer and Tobias (21) in analyzing equilibrium data obtained the

following relation

1-x5 1-x%J
10g._._._..§__: Alog—2 4B (2)

" L]

x3 x2

The above two methods suffer from the fact that the concentration
of the solute is not indicated in the coordinates (35), Hand (10) showed
that a log-log plot of x)/x3 against x]/x} gives a straight line, How-
ever, several cases are not representated by straight lines, expecially
those systems where the direction of the tie-line slope changes greatly
with changes in concentration (30).

Hildebrand (12) proposed a graphical method for predicting ternary
liquid-liquid equilibrium from activity coefficients of binary soluéions.
A plot of xjw] vs. x; and x"({ Vs, xI is made using a common ordinate. At
equal values of x;:jand x)/) the coxlx.'esponding_ values of x{ and x| are
read. The principal ad#antage of this method?lies in the fact thﬁt no
previous knowledge of the nature of the ternary diagram is necessary.
Hildebrand's principle ignores the mutual solubility of_two partial mis-
cible solvents, Consequently, the method becomes an approximation when
the mytual solubility of the two solvents becomes appreciable (358). .

: Margules (17) integrated the Gibbs-Duhem equatioﬁ:in terms of compo-

sition and empirical constants. He assumed that activity coefficients

could be represented by the expressions:

3
logtlz;axz + bxg + CXg 4 «.ne (3)

loga'zz-_a'xli- b’x% + c':r.i3 e ieiam (4)



Carlson and Colburn (8) rearranged the equations into the form:
logly = x} |4 i 2x (B-0)] (5)
e sl i
loggz_- x] [B + 2x2(A B)] (6)

This model is the third-order Margules equation for binary system,
When the third-order Margules equation does not represent adequately a
set of data, a fourth-order equation is sometimes used. The fourth-order
equation results from including an additional term in the original
expression, If desired, still more terms could be added to the Margules
equations, but adding additional terms makes the equations unwieldy (11).
The Margules equations for a ternary system are shown in Appendix A,
Margules equations are suited for symmetrical systems, that is, systems
for which the curves of 1035& and logdé with respect to composition are
symmetrical. This condition corresponds to the two Margules constants
being nearly the same. On the basis of Techo's results, it was observed
that for non-ideal miscible systems the Margules three constants equations
gave the best fit of activity coefficient data. Techo also concluded that
the Margules model is slightly better than van Laar model for ternary
systems containing two partially miscible binary pairs and an ideal binary
pair, such as Furfural-n-heptane-cyclohexane, or Aniline-n-heptane-
cyclohexane,

Van Laar developed semi-theoretical equations based on the van der
Waals equation of state. The van Laar equations for a ternary system are
shown in Appendix A. These equations are suited for unsymmetrical sys-
tems but they are not satisfactory for solutions of associating compon-
ents (4). Both the van Laar and the Margules equations have the advan-

tage that the two binary constants can be evaluated from binary



vapor-liquid equilibrium data by extrapolating the log[1 vs. x1 and
logfz vs. x2 to the terminal values respectively.
Scatchard and Hamer (29) extended the methods of van Laar to obtain

equations which for a binary system can be represented as follows:

2A,.V A

21"1 g . 21V1  _ ...3
Bt i nEe e L SR
24,V A,V
logl, = “21(—%2_3" - 1] - 2"\21(_,\% - 1z
211 211 (8)

where Vlzzmolar volumes
zlz:volume fraction of the component

This method is applicable to the equilibria between two liquid or
two solid phases of partially miscible solutions and to vapor<liquid
systems. Their equations approximate the experimental data for all hydro-
carbon systems except those containing benzene (35).

The Redlich and Kister (27) equations were'based on representations
of the molar excess free energy with the same form as the Margules cyuztions.
The development of these equations will be shown in the next chapter and
in Appendix A. Msethods for evaluating the Redlich-Kister constants
from vapor pressure and the azeotropic point_ot the binary systems were pro-
posed £27), Chao (92) modified the Redlich-Kister equations for application
to isébaric data. Boberg concluded that the Redlich-Kister equations
are capable of representing a large majority of cases of ternary liquid-
liquid equilibria. He found that systems having one paétially miscible

region can be fitted more accurately than systems having two partially

miscible binary pairs. Boberg proposed that the Redlich~Kister constants
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obtained for a hoﬁologous series of systems are simple functions of the
boiling point or some other property of the variable component.

Hopp and Smith (14) proposed an algebraic method for the extraction
calculations. They found from experimental data that the following
empirical equations related adequately the distribution coefficients to

the difference in solvent concentration for the two phases.

log H: Al(x; - Ié)
log K,= Az(x; - xé)
log K, = Aa(x; - xé) 9)

K, is the distribution coefficient defined by

Ky= 2gx, (10)

This method has the advantage that compositions of both phases can
be evaluated at same time without using a solubility curve.

Black (4) pointed out that the ordinary van Laar equation indicates
that plottiﬁg log{% against 10;53 should give a straight line. As some
systems deviate from this relationship, Black has suggested that such
deviations occur when the molecules of one or both of the liquids asso-
ciate or interassociate. To account for such deviations from linearity,
Black added an enpiripal correction term to the van Laar equations that

would give the straight line.

logo'i = van Laar value +—Ei

in which

E.'l.: {x,j(xi—xj) [3(!1-253)(1‘33)_233]} cij (11)



The term Ci is an empirical constant, Thus, when the Black rela-

J

tionship is used, three empirical constants must be determined, two van

Laar constants and Ci The Black equations for both binary and ternary

3
systems are shown in Appendix A.

Scheibel (30) demonstrated a method for estimating distribution
coefficients and calculating extraction stages. He suggested both
graphical and analytical methods for estimating the Relich-Kister con-
stants. Also, he proposed some simple relations of the Redlich-Kister
constants with the numbers of carbon in the solvent for some systems used

in petroleum refining industry.

Ishia (16) proposed the following semi-empirical equations:

log(E"/8") = n 1og(xl/x3) + K (12)

and xl/xszzfﬂ/kT -2 13)
w = | " " " " " " s

where /KT ——(XZ/X3-+1) 1n(x2/x3)/(x2/x3 1) (14)

x — a transferred value corresponding to X composition
W/KT — parameter related with interaction energy and mutual
solubility
K = empirical constant
E"—=mole fraction of solute in extract phase
S"—= mole fraction of solvent in extract phase
and subscripts
1 = solute
2 — raffinate solvent

3 — extract solvent
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Ishia gave an example for the calculation of the equilibrium compo-
sitions, Based on his results, it was observed that the calculated tie-
lines have deviated considerably frqm the experimental data, and that
there is disagreement on the solubility curve near the plait point.

Recently, Otterstedt and Missen (22) proposed a representation‘of

Gibbs free energy change in square root forma

(k-2)/2
c x
(15)

where the ¢ are constants. Tbe advantages of square root equation are

-}

1 which allowsAG-E/xlx2 to rise steeply as

that: it provides a term x
X, becomes small; it alloﬁs the excess free energy to change sign. Thus,
it should bé usefui in gsome cases where the Mdrgules and van Laar equa-
tions are unsuitable.

‘Besides the #bove proposals, there is a theoretical approach to the
prediction of solution behavior suggested.by Prausnitz and Anderson (26).
They proposed that the solvent selectivity for hydrocarbons at infinite
dilution can be expr;;sed as a function of physical and chemical proper=-

ties of the solvent and the non-polar hydrocarbons. This selectivity

relation can be used as an aid for correlation of equilibrium data.
Temperature Effects

- Little information concerning the effect of temperature on the
Redlich-Kister constants could be found. However, a simple linear rela-
tionship of the Redlich-~Kister constants with 1/T has been developed by

Redlich and Kister (28). This relation can be expressed as follows:
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o) Blz b

12
2(1/F)  2.303 R

0 C,  Cy

2 (1/TY  2.303 R (16)

where b12 and g are constants related with heat of mixing. The detailed
derivation of equations (16) will be shown in the next chapter. Other
thag Redlich and.Kister°é wérkp it might be of interest to note that Nord
(20) §btained straight line relationships by plotting 2B-A, 2A~B and
é(A;B) with respect to 1/T for Ethanol-chloroform system. Me;ters and
Célbufn (18) also obtained straight line functions for the Margules

constanté with 1/T for binary systems of Isobutane, n-butane and l-butane

with furfural. A simple function was developed:
=0
7 H = 2.303 RTAlz a7

=0
where H = partial molar heat absorbed on solution at infinite dilution.

A ,= Limit log 1{1 (x,~0)

Margules constants for a large number of systems at different tempera-
tures have been collected by Perry (24).
Berg and McKinnis (3) derived an empirical equation to correlate

activity coefficients with temperature. Their equation is

e 40,43
logl = KQ1 T) /T, (18)

Vapor-liquid eduilibrium data for the systems acetylene-ethane and

ethane-Hzo at different compositions were tested and the plots of log!

against.(l-TR)0°43/TR appeared as good straight lines.
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Solubility Diagrams For Ternary Liquid Systems

Surveys of solubility diagrams and tie~line data for ternary liquid
systems were collected by Perry (25) and Smith (32). Surveys also
appeared each year in Extraction“seétion of thebUnit Operations Review
in Industrial and Engineering Chemistry from the period of 1948 to 1959,
buf has not been included since 1960. A booklet was compiled by
Himmelblau et al. {13). This booklet covers the references of the exper-

imental data published up to 1957.



CHAPTER IIX
THERMODYNAMIC ASPECTS OF TERNARY PHASE EQUILIBRIA
Phase Equilibria

When two phases are in equilibrium the fugacity of a component in
eaéh phase is the same.

(19)

The activity is defined as:
= £,/ (20)
3= fi%
where f is fugacity at the system temperature and pressure and £° is the

fugacity at standard state.

According to equations (19) and (20), the activity of a component

in each phase is the same whén feferréd to the same standard state.

¢ 17
ai = ai {21)
The activity coefficient is defined as:
.= a_ /x, (22)
1 1 1
Substituting equation {(22) into equation {21), it follows
' f w_ 1t
¥ixi= 0yxy] (23)
or K;/&:X = X;/xj‘_ (24)

13
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The ¥, value in equations (23) and (24) can be substituted by
Redlich~Kister equations for cofreiatingmeq&ilibrium data. The develop-
ment of the Redlich-Kister equations will be shown in the foilowing

section.
Excess Ffée Energy of a Solution

When one mole of component i is transferred from its standard state
of unit fugacity to a soiution at the same temperature and pressure, the
change in chemicai_potential,a@&?, of component i is expressed in tefms

of fﬁgacity, Thus,

M Ry _ ) :
(AMi)T,P— (l’g‘l’q)rpp = RT lngfi/fi) T,P (25)
For an ideal solution, ff:: xifg
AA® = RT 1n x;+ ne (26)

For a non-ideal solution:
A = BT 1n x, + RT 10V, + 1 (27)
'The excess free energy " is defined as:

E=yF=u, (real) -u¥(ideal) = RT 1n ¥y (28)

"Thus the excess free energy per mole of solution becomes:

(29)

. k' k
gt = Z xi\Mf:z x,RT 1n 0/1
s

i=1

Define | Q = gB/(2.303RT) (30)
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Equation (29) becomes
L
Q= xilagf
i=1 . (31)

The excess free energy pérmits a direct representation of the devia-
tidns'from the laws of ideal solution, An ideal solution is one which

follows Raoult's law and does not change enthalpy and entropy on mixing.
Redlich-Kister Equations

Redlich and Kisterv(27) introduced a genetal empirical representa-
tion of excess frgg eneréy ﬁhich is related to composition by a series

function.

o — - e Y2,
Qp= X%, [312“’12("1 XD Gy x) P | (32)

For a ternary system:

| Q=Q 4t 2§'Q3ikx1x2x3[c'*nl(x2 x3)+D (xg-x )+""‘]

= xlxz[ Blz+clz(x1 x2)+D12(x xz).+.... ]

x2x3[ C23(x2~x3)+D23(x2 3)-p....]

4-x3x1[ B3l-+cal(x3 x1)+D (x ) +....J

+ X X X {.C-+D xi+D x2+‘..]

1273011 (33)

where Bij’ cij are binary constants

and Biszji’ Di,j:' Dji ,

-ch

D2 cene are ternary constants.

but Cij =

and cl, Dl,
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This series furnishes the most flexible representation. Only the
first term is required for a nearly perfect solution (27). For most cases

the use of the constants Bi and Cij is sufficient to.fif the data (5).

J
The relationship between activity coefficients for each componént

and the Q function can be further derived from equation (3;).by taking

partial derivatives of Q with respect to x.

a.Q/axr = log o/r | (34)‘
and | xﬁ5QA5xk== xklosJ'k (35)
n n
Z Xy aQ/axk: Z xklog b’k'—': Q _
k=1 k=1 . (36)

where n = number of components

Adding equations (35) and (36), one obtains:

n
legly = QBYBX. - > X, 0Q8x,
SUp r kgl “k k (37)
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Performing the operations indicated on equation (33):

log (1 = Blzxz(l-xl) - B23x2x3 -+ B31x3(1-x1)

3 2
+ 031 [2x3(1-x1)(x3-x1) - Xg ]

D3y [3"3(1"‘1)("3"‘1)2"' 2":23("3"‘1)J
2
+ €, [2x2(1~x1)(x1~x2) + X3 ]
D), { 3%, (x> G =x)% + 252 (x; ~x)) ]

—+ C23[—2x2x3(x2—x3) ]

f 2 -
+ Dzs['3"2x3("2"‘3) ] (38)

The detailed derivation of equation (38) is shown in Appendix A,
The equations for the 1033% and'log Xé are obtained by cycling the

subscripté as follows:

Correlation of Phase Equilibria
Taking the logarithm of both sides of equation (24) gives

lo S | "=1 " - log x'
g h’i og ¥ ;i og x! 8 X (39)
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Substituting the values for log K'from equation (38) into equation

(39), and rearranging
"
log x) - log x! ._.B31x3(1 xl)ﬁ—Blzxé(l—xi)-B23xéxé
2
- x1)=x!
31 2x ! (1 X )(x 1) X3 ]

[
-+ 31 [3x (lax )(x ) —2x (x3-xl) ]
[

23} (1-x) (x] -x )+x'2 ]

12 2

' —_—? [ 2 12 t o ! ]
+ Dy [ 3x, (L-x1) (x]-x,) "+ 2,7 (x] =%,)

=2x'x ' (x'-x?) ]

+Czs[ 237273

+ Dy [ -3x; x3(x2 w* )
- Balx;(l-x")-B (1-x; )*323 g 3
- Cgy [2x§(1—xf)(x§ -x]) xHZJ
3x,(1-x]) (x3- ")2"2""2("':;"’"1’)]

f'2
Ci2 22(l xl)(x 2)er ]

a1

[

- 12 [3x"(l x")(x”-x")ﬁ_zxn2(x x”)]
(-

-2x0x "(xz—x3) ]

- Dza[ ~3xyx 5 (xy- 3)2 ] (40)
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This equation can be written in a general form for components i, j, and k.

log x!

- | - ] — ! t — ) =
3 log Xy = Bkixk(l xi)+Bijxj Q xi) B

] L}
3k 5%k
2
C 2x ! - [ JPRS I N )
+ ki[ xy (Aoxp) Gep-x ) - |
-+ D [3x'(1~x')(x'-x')2-2x'2(x'-x’)]
ki RVTHRYI TRy TAR g WKTRy
1 J. ) to,t 2
+ Cy [ij (1-x))x] xJ.)%,xj ]
-+ D, . [3x!(l~x!)(XI~xi)%+ZX'2(X!—xi)]
1] J 1 i J J 1 J;
N N\
—+ Cjk[ 2xek(xJ-x ) J
+ Djk[ 3x X (xJ-—xk) ]
- B, .x.'(1-x; ) ~B; x"(l -x] ')4B, x x|

ki“k Jk i J

2
- 10 " "_ !
Cki [Zx (1-x. )(x x! ) X, ]

T " " 1" 2 712 " 3
3x (l x5 )(x -X5 2xj (xk x4 ]

"2

13 %3

J

lJ

- [Zx"(l X§ )(x" x")—+
[SX"(l—x")(x" 3?%+2xngx;—x;)]
[

121 " 1t
Jk 2x x x xk) ]

- D

ik [ 3x;xf$x; x") ]

(41)
The value of x; can be evaluated from the corresponding equilibrium
compoéition, xi, provided the constants in Redlich-Kister equations are

known.
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Effect of Temperature On Redlich-Kister Constants

The activity coefficient is not only a funétion of composition but
also a function of temperature. However, the Redlich-Kister constaﬁts
are functions of temperature, but not of composition. 1In order to
pred;ct phase equilibria at any temperature, a knowledge of Bij and Cj_:j
as functions of temperature is'required.

Starting from the basic relation

dG = dH - dTS , S . (42)
For an infinitesimal change *
AG=AH -ATS (43)
Divide equation (43) by T

A G/T=AH/T -AS (44)

Partial differential with respect to T

[a(AG/T) ] _ 1 (aAH) _AH _24s )
Lewd) |- -
O T P T >T P T o T (.45)
Substituting the relation
OAH ) AAs.
( =1 (5 )
T
ot P P (46)
into equation (45) gives
dag/Ty _ _AH
=) = - =5 .
°oT P T (47)
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Rearranging equation (47) gives

246G
(——————-‘:Tzaf. ) =4
P (48)
Equation {(48) can be written as
O AG/T g
(“5177) =a=
(49)
For the case of mixing
oagh
CEE) =adt |
o 1/T
P : (50)
For one mole of solution, equation (50) can be written as
Degf/2.30mm _ D q _ _aM

> a/m T T3/T T~ "Z2.303R (51)

A representation of A&hy'has been proposed by Redlich and Kister (28)

similar to that for Q. For the ternary case:
2
LHhT = Xq Xg [b12+012(x1~x2)+d12(x1~x2) coao ]
- _ 2
+ X Xg [b13+°31(x3 xl)+d31(x3 x1)° .. ]

oeee | (52)
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Differentiating the § function [equation (33)] with respect to 1/T

gives
“a—g'?%”‘ - X% [*"“(71"}/3%" + (xl'xz)“?;%”“xl"xz)z "‘(11)%‘)“*‘ )
+ oceven (53)

Comparing equations (5?) with (53) term by term, it follows
OBy _ P12
o (/1) 2,303R
0 Cyp _ 12
o (1/T) 2.303R
cone (54)

If b12 and Cp are constants, B12 and C12 should be linear functions

of 1/T.



CHAPTER 1V
THE PREDICTION OF TERNARY LIQUID-LIQUID EQUILIBRIA
Calculation of Equilibria Using Redlich-Kister Equations

The procedure for the evaluation of ternary liquid-liquid equili-
brium compositions using Redlich~Kister equations can be divided into

two majbr parts:

1. Calculation of Relich-Kister constants from experimental
data.
2, Calculation of equilibrium compdsitions, using the Redlich-

i !

Kister équa@iéns with the obtained constants.

Table I shows the general procedure for computing ternary liquid-
liquid:tieaiines. ThérRedlichwxister constants.are evaluated by substi-
tuting experimentalyuievliﬁé data into eqﬁati;n (4i)° Thus, a set of
these equations can be obtained, andfthe gnknowﬁ'cohstants can be esti-
mated by the least squares method. ﬁnce the constants are knpwn, the 
conjugate compogitions can be cglcul;ted by utilizing equation (41) from

[

the Bedlich~Kister constants and the composition of one phase. ;A frial
and error mefhod is involved in\solv%ng these fourth order equations.

The evaluation of the constants in the Redlich-Kister equations was
a most important problem in this work. The success of the applicatiop of

the Redlich-Kister equations for the correlation of- the equilibrium

compositions depends on the accuracy of the evaluation of the constants.

23
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TABLE I

PROCEDURE FOR COMPUTING TERNARY LIQUID-LIQUID
TIE-LINES USING REDL%CH-KISTER EQUATIONS

Program 0021
Conversion of Wt. % to Mole %

2 ? ? ] . " " 1]
Input: Xy1» Xwgr Xygi Xypr Xygr Xyg

Program 0022
Calculation of Coefficients of each
term in Redlich~Kister Eguations

Input: x' x' x' 5 ox". . ox" , x"
p ml’ “m2’ “m3’' “ml’ “m2’ “m3

Beaton Correlation
Input: Coefficients of each term
in Redlich-Kister Equations

Granet Multiple Regression
Input: Output of Beaton Program

A

Program 0040
Calculation of Liquid’Compositions
from Redlich-Kister constants
Input: xi, assumed x;, Redlich-Kister constants

[

Program 0045
Conversion of Mole % to Wt. %

Input: x&i or x;i

Generally, the Redlich-Kister constants are evaluated by the method
of least squares (15). This method can be easily solved by using a

digital computer. The prinéiple of the least équarés method is reviewed
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below.
The Method of Least Squares

The method of least squares (36) is a process for finding the best

possible values for a set of k unﬁnoﬁns, say, bl, b2, csoe bk' connected
by n sets of data. Let the equation to be evaluated be:

§ = b.X b X +b.X b

y = by Xt byRatbgXy. - o tb Xy (55)

this equation passes through.the mean value and is known as the multiple lin-

ear regression equation., The variables b,, b, ... b are called partial
: 1 2

k’

regression coefficients. A deviation of the experimental data, y, from

regression is given by equation (2),

= wese = bXy (56)

The least squares criterion is that the independent variables, b,

b b should be chosen so as to make the sum of the squares of the

29 IR IR ky

deviation, d, as small as possible.
> (y - ’)"_)2 = minimum : (57

or

2> (y - 350, =0
35 (v - §¥en, =0

33 (v - §5pp, =0 (58)



Thus we obtain
2 _
bIEle-rbgixlx24—.,.,.+b£;xlxk._2:xly
. o _
bIXxlX2+bg:x2+ oo +ng2xk_§ X,y
2 —
biEkaxi+b;ZXkX2+oeo.-LbEZXk-—EZXky (59)

These egquations are called normal equations. The regression

matrix is:

(%2 3 X. X
X Xy coes 1%k
iX % X2 ,,,., XX
2 2 2k
A ==
X X XX ,... x (60)
L ok 1 k 2 k

A G matrix is defined as:

~

Xle

X?yiy

= % (61)
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And a B matrix is defined as:

k (62)
Thus equation (62) can be written in the form:
AB=¢G (63)

The variables, b b

1’ b

can be solved by the matrix:

2, oo a e kg

B—A G (64)

where A-l is the inverse of the regression matrix.

To obtain the regression eéequation, equation {55), proceed as
follows:

1. Compute sums, sums of squares, and sums of cross products

for the raw data.

2. Write out the normal equations, equation (59), Thus A

and G matrices can be set from the normal equétions°

3, Solve A™! and G matrices.

4, Solve B matrix from A™! and G.

5. Obtain the coefficients bi from B matrix.

Two computer programs, Beaton Correlation and Multiple Regression,
were used for this purpose. The first program includes the calculations
of sums, sums of squares, sums of cross products, etc.. The second

program involves the calculation of the B matrix. Also, two alternative
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1

programs_Core 4dand Core 4"were'used, Cofe 43program corréspOnds
Béaton pfégram; caiculatinglsums of'équéres_aﬁd‘sums of c?oss prociucts°
Core 4-l corrésponds to the Regression progran, calculating fegfessibn
coefficients. The Beaton program computes the cqrrected sum of squares,

""while the Core 4 -program computes the uncorrected sum of squares. The

mathematical model for the Beaton and Regression programs is:
and that of Core 4 and Core 471 is:
Y = 01Xy + boXp +..ue ' (66)
The Redlich~Kister equations can be written in the form:
log x{ - log x{ ==§:Bij[f1(xiv x5, xf; %Y, x5, x)]
? t t. " " "
+Zcij[f2(xi’ xj’ Xt %y xjs xk)] Feoeoo (67)
Comparing this equation with equation (55) or {66), it may be seen that
the coefficients bj in equation (55), correspoﬁding to the Redlicthister

constants, can be obtained from the regression equation by substituting

composition data into equation (67).



CHAPTER V
RESULTS AND DISCUSSION

The application of the Redlich-Kister equations for the prediction
of thé activity coefficients for twovliquid phases in equilibrium has been
studied for a number of systems and at several temperatures. The six coef-
ficients retained from the infinite series representation of the excess
free energy have been determined, and the equilibrium phase compositions
calculated using the Redlich-Kister constants were compared with the
experimental data. - Tne‘vgriation 6f the Redlich-Kister constants with
temperature was studied and plots of the cénstants as a function of the reci~
procal of absolute temperature are presented,

As described in Chapter 1V, linear regression analysis of the Redlich~
Kister equations was used to determine the coefficients of the infinite
series. In obtaining the Redlich-Kister constants, Beaton and Granet
Regress%on digital computer programs were used. The mathematical ﬁodel

for these programs is of the form:
Y=bo+b1X]7-f—b2X2-l—.... ‘(68)

If the b, is very small, then this analysis:can be used to fit the data with

an eguation of the form:
Y == blxlﬁ— bzx2 “+ e (69)
Equation (41) can be written as:

29
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1" t

log x; - log xi::.Bkiﬁ?l(xi, xi; Xy x{) ﬁ—Bij'fé(xi, xj; x;, x;)

+ Bjkjcg(x‘;, X4 x;, xi;) T © (70)
which is analogous to the form of equation (69). In order to eliminate
bO in equation (68) a value for x; or the piaif point, where xI - xi =0,
must be taken as a data point. Since the program will overflow for a
zero matrix, some small values such as Y= 0.001 and X1:: 0.001 must be
used instead of zero values. This was done for all calculations reported
herein using the Beaton-Granet programs.

Core 4 and Cbre 4_1 programs were found to give comparable results
to the Beaton and Regression programs. The mathematical model for Core 4
and Core 4-1 programs is in the form of equation (69). The Redlich-Kister

constants obtained from each program for the system Methanol-H20~Ethyl

Acetate at 20°C. are shown in Table II.

TABLE II

COMPARISON OF THE REDLICH-KISTER
CONSTANTS FROM DIFFERENT PROGRAMS

System: Methanol-H,0-Ethyl Acetate, 20°C.
Number of data: 27 points

Beaton and Core 4 and

Regression Core 4~1
B31 0.07095 0.0844
B12 ~ 0.247 - 0.234
B23 | 1.226 1.236
031 - 0.0921 - 0.0828
C12 -~ 0.448 - 0.4498
C 0.6125 0.609

23
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The predictions of the equilibrium compositions from these two sets
of constants are shown in Table V and Figure 1. Compositions predicted
by the Core 4 analysis are very close to those predicted by the Beaton-Granet
programs, and they are close to the experimental data, except at the
upper part of the equilibrium curve where the compositions calculated
from the Core 4 are a little higher than those from the Beaton~Granet
programs,

The six unknown constants, theoretically can be obtained by solving
six simultaneous equations using matrix methods. This method forces the
equations to pass through the selected points. The constants obtained
from this method failed to give good results for the calculation of equil~
ibrium compositions. Boberg (5) also was unable to obtain satisfactory
results using this method. Tﬁe"least squares method has the advantage
that more data points can be taken, consequently, it will give the best
fit over the whole range.

The data points selected to determine the Redlich-Kister constants
should be equally distributed along the whole solubility curve. In cases
where a limited amount of tie-line data were gyailable, the conjugate
curve was constructed and additional tie~line points were determined.

It was easy to interpolate the conjugate curve to obtain the data points
6n the middle and lower part of the curve; but the accuracy of the extra-
polation of the conjugate curve near the plait point, especially for the
case where there was no experimental determination of the plait point
indicated might be que_stionable°

It would be gesirable to use a minimum amount of data for evaluating
Redlich~Kister constants. Unfortunately, no consistent trend of the

constants toward limiting values was found when using -
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up to 27 data points in evaluating the Redlich-Kister constants. Thus,
while a few date points might suffice to determine the Redlich-Kister
constants applicable over.a short range of the solubility curve, many
data values are required to determine values of thevconstants appliéable
over a wide range of the solubility curve. Table III shows the Redlich-
Kister constants obtained from 17, 22 and 27 data points for the éystem

Methanol-H,0-Ethyl Acetate at 20°C.

TABLE IXX

EFFECT OF THE NUMBER OF DATA POINTS
_ ON REDLICH-KISTER CONSTANTS

Programé: Beaton and Granet Regression

17idata‘ T 22 data 27 aata
By, | 0.0175 0.0162 0.07095
B, o - 0.226 - 0.226 - 0.247
Bog 1.183 1.118 1,226
Cay 0.0415 0.0425 - 0.0921
}012 - 0.491 - 0.487 - 0.448
Co3 0.677 ~ 0.669 0.6125

The compérison of the calculated equilibrium compositions for the
system Methanol-~HgoO0-Ethyl Acetate using Redlich=Kistér constants from
different programs and number of data taken is shown in Table V. For
this System, the calculated compositions for x; from Core 4 correlation
with 27 data points shows less deviation (Sa = 0.001) than that from
Beaton with 27 data points (Sa 2:0900374); and for xg, Beaton correl;-
tion shows less deviation (6900424 compafed with 0.0015), Since neither

method was clearly superior an arbitrary choice of the Beaton method was
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selected for studying the use of the Redlich-Kister equations for the
correlation of liquid equilibrium,

The system n-Heptane-Benzene-Diethyl Glycol has been studied for‘the
purpoée'of compariéon of the Redlich-Kister constants evaluated in this
work with those evaluated by Schiebel (30). These two sets of constants

are shown in Table IV.

TABLE 1V

REDLICH-KISTER CONSTANTS FOR
N-HEPTANE-BENZENE-DIETHYLENE GLYCOL

& = 30°C,

Schiebel This Work
Bgp 1063 1.678
B, 0.20 0.285
'323 0.93 0.988
Cgp - 0,05 - 0.0455
Cig - 0.04 - 0.155
Cysy 0.41 0.201
Dg, 0.09 ——m
Dys 0 T
Dyq 0.27 ———

Schiebel described an approximate method for determining Redlich-Kister
constants by solving simultaneous equations. He obtained the above
constants by using the last two tie lines on the lower part of the solu~-
bility curve as data points., Thus, the prediétion of the equilibrium
compositiong from Schiebel'’s constants gave good results at lower part of

the curve, but the deviations from experimental data increased in the
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upper part of the curve. In order to reduce this deviation, more weight
should be assigned to data near the plait point when evaluating theq |
Redlich-Kister constants (34).

Techo (33) predictedbthe equilibrium compositions by use of the

.Margules equations. The Margules constants were evaluated from binary

vapor-liquid equilibrium data. The system Cyclohexane-n-Heptane-
Furfural has been studied for the purpose of comparison with Techo's -
work. In this work, 22 data points were used. Due to the large change
of the slope.of the tie-lines for this system, the caléulated composi~
tions for the high solute concentration showed a large deviation from
the expgrimentdl data (Figure 3 and Table VII). However, the predic~
tion ef the equilibriuﬁ compositions gave better results than that
using two pair of constants in Margules equations.

The systems Phenol-H,0-Aniline and Acetone-Hy0-Benzene were taken
for the study of temperature effect on the correlation of the equilibrium
compositions. Equilibrium data at three different temperatures for the
system Acetone-H20~Benzene and five different temperatures for Phenol-
Hy0~Aniline have been studied. The solubility curve of the system
Acetone~H20-Benzene is the most common Type I systems (Figures 17-~19).
The solubility curve of Phenol=H20~Aniline at low temperature is thaé
of a Type II system (Figures 4, 5, é, 8), and at high temperature is that
of a Type I (Figure %) system.

Plots of Redlich;Kister constants against the reciprocal of absolute
temperature resulted in almost linear relationships. For Phenol—HZO-
Aniline, the plots showed slight curvatures at high temperature. The

Redlich-Kister constants at 48°C. for this system were estimated by

interpolation of their temperature correlations by linear relationships.
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The predicted compositions from the constants interpolated from the straight

line relations gave an average 1.5% deviation from that of smooth curvatures.
A homologous series of AlcoholmH20~Ethyl Acetate has been studied

for the purpose of finding some generalized correlaticns of the Redlich-

Kister constants with temperature. The solubility curves for the

Methanolp Ethanol and Propanol series belong to Type I, while for

ﬁ=Butanol the solubility curve is of Type Ilo ‘The area of the twoe phase

region at 20°C. is less than that at 0°C. and the tie lines at 20°C. have

higher slopes than that of at 0°c, for all systems, 7The plots of reduced

temperature {i.e. the temperature of the system divided by the critical

temperature)"of the alcohol with Redlich-Kister constants produced

approximate“straight line relationships. Bgg and 023 are almost constant,

while B B 2 and 012 spread widely along the line. The accuracy of

317 "1
equilibrium compositions calculated using Redlich-Kister constants esti-
mated fxrom this type of correlation was not studied, and should be a part

of a further study. It is also possible that critical solution tempera-

tures might be used for a correlation of this type.



Raffinate Phase Com-

TABLE ¥

THE SYSTEM METHANOL-H,O-ETHYL ACETATE AT 20°C.

Extract Phase. Composition
Mole Fraction

position-Mole Fract.

Experimental

Experimental

Gélculated Using Beaton-Granet

Calculated Using

Data Data ' Aﬁalysis Core 4 Analysis
17 data 27 data 27 data
o S B T Xy Xy xy
'0.026 0.957 000241— 0.830 . 0;0387 0.8166 ©.0385 0.8168 -0.0387 .817
0.054 0,9268 0.0698 0.758 0.0760 0.752 040736 0°7542 0.0736 . 754
“0;6754 ‘0;905 0.111 ;0°674. 0.1062 0.6788 0.1911 0.6839 0.1012 - 6837
0.0998 | 0.875 0.1278 00645 0.1316 006414 0.1244 0;6486 0.1247 . 6483
0.1434 0.820 0.175 - 0.506 0.1919  0.4901 0.1791 0.5029 0.1802 .5018
0.1818 0.758 0.207 0.391 0.2317 0.3659 0.2190 0.3790 '0°2204 .375
a 0.0102 . 0.00985 600035 x0600144 0.00385 . 004
SE 0.0326 0.0234 0.00374 0.00424 ' 0»901 .0215

9¢
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Yo . Experimeatal

o0—— — Beaton 2T data
o Beaton 7 data

4 Core 4 2Tdota

. 1. The System Methanol-H,O0-Ethyl Acetate at 20°¢
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Raffinate Phase CGom-
position-Mcle Fract.

TABLE VI

THE SYSTEM BENZENE-HEPTANE-DIETHYLENE GLYCOL AT 150°C. (30)

Extract Phase Composition

Mole Fraction

Experimental Data

Experimental Data

%
0.04&7
0.089
0.187
0.344
0.521
0.280
0.430

0.560

0.025

0.027

0.028

" 0.036

0.059
0.030
0.045

0.070

0.028

0.044

0.09

0.203

0.928

0.876

0.760

From the Cdnstants
Evaluated by Schiebel

0.0126 -

0.0248
0.0560
0.117
0.202
0.098
0;157

0.234

0.0058

0.00551

0.963
0.949
0.918
0.850
00734'
0.828
0.810
0.720
0u0112

0.00659

This Work

Beaton-Granet Analysis

"

.0.0157

0.032
0.055

0.108

0.202

0.0781
0.160
0.246
0.0035

0.00276

10.958

0.940
0.916
0;865
0.752
0.899
0.800
0‘717
0.009

0.00127

8¢



Heptane /-

Benzene

—————— EXPERINENTAL
——-—0O SCHEIBEL
—— ——9  THIS WORK

Fig. 2.

The System Benzene-H,0-Diethylene Glycol at 150°C
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TABLE VII

THE SYSTEM CYCLOHEXANE-N-HEPTANE-FURFURAL AT 30°C. (23)

i

Raffinate Phase Com- Extract Phass Composition
posgition-Mole Fract. _ Molg_Fra»ction
Eiperimental Experimental Techo’s Results (33) Beaton-Granet Analysis
1 T 1 g o s 3 g 0 3 ' 3
Xy X3 X, X3 X, Xq A x, Ax3 Xy Xq A x, 4 Xq
*0.05 0.93 0.745 0.061 0.780 0.06 0.035 - 0.001 6.768 0.060 0.023 - 0.001
0.0498 0.0922 0.7106 ©0.066 0.705 0.06 - 0.0056 e 0.718 0.060 - 0.0074 “=e
0.0441 0.915 0.6184 0.063 0.640 0.06 0.0216 - 0.003 0.639 0.061 0.0106 - 0.002
0.0353 0.903 0.4727 0.064 0.500 0.06 .0273 - 0.004 0.491 0.061 0.0183 - 0.003
0.016 0.869 0.18060 0.059 0.130 0.06 - 0.05 0.001 0.219 0.061 0.039 0.002
d 0.00566  0.0014 0.0165  0.001
83 0.0158 0.00116 0.0112  0.00095
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Raffinate Phase Composition

Weight Fraction

TABLE VIII

THE SYSTEM.PHEN0L~H20-ANILINE-AT 8.6°C. (7)

Extract Phase Composition

Weight Fraction

.055

0.939 0.

Experimental
X] %) %3
.004 0..960 0.036
.009 0.963 0.026
.011 0.962 0.029
.025 0.955 0.020
.035 0.950 0.015
. 044 0.946 0.010
006

Exp;rimental

it " ¥

*| X X3
0.102 0.053 0.845
0.257 0.046 0.697
0.293 0.042 0.665
0.630 0.390 0.331
0.700 0.090 0.210

d

5§

Calculated

xf, xg, xh
0.097 0.055 .848
0.250 0.050 .700
0.281 0.050 .669
0.388 0.042 .570
0.495 0.044 461
0.602 0.058 . 340
0.730 Q,l§4 .116
0.0044 0.0194 <015
0.00975 0.0145

.0212

A7



EXPERIMENTAL

. =——— = CALGULATED

Fig. 4.

The System Phenol-H,0-Aniline at 8.6°C
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TABLE IX

THE SYSTEM PHENOL~-H,0-ANILINE AT 254°C. 7)

2
Raffinate Phase Composition Extract Phase Composition
Weight Fraction Weight Fraction
Experimental Experimental ' Calculated
xi x% xé %) x5 bxg xy xg x5
.002 0°9§4 0.034 0.084 0.066 0.850 . 080 0.060 .860
.007 0.968 0.025 0.210 0.065 0.725 .201 0.061 .738
.012 0.967 0.021 0.317 0.056 0.627 .320 0.065 .615
.020 0.962 0.018 o= - - .396 0.066 .538
°633 0.954 00013. 0. 504 0.071 0.425 .498 0.070 432
.067 0.945 | 0.008 0.662 0.085 0.253 . 661 0.095 .244
.061 0.935 0.004 0.728 0.140 0.132 . 722 0.130 .148
(065 0.933 0.002 0.750 0.185 0.065 . 745 0.170 .085
.074 0.926 - 0.732 0.239 0.029 . 747 0.218 .035
d .0021 0.0034 .0025
83 .0023 0.0082 .00411

1474



EXPERIMENTAL

—  CALCULATED

. Fig. 5. The System Phenol-H,0-Aniline at 25.4°C
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Raffinate Phase Composition

Weight Fraction

TABLE X

THE SYSTEM PHENOL-Hzo-ANILINE AT 66.3°C. (7)

.Extract Phase Composition

Experimental
%] %) X3
. 006 0.954 . 040
.012 0.952 .036
.020 0.952 .027
.028 0.945 .027
.045 0.935 .027
.053 0.932 .015
.071 0.918 .011
.108 0.885 .007
149 0.846 .005
.158 0.839 .003
.178 0.819 : .003

Weight Fraction

Experimental
xﬁ Xy xg
0.098 0.082 0.820
0.179 0.096 0.725
0.298 0.107 0.595
0.330 0.117 0.553
0.487 0.134 0.379
0.537 0.154 0.309
0.603 0.223 0.175
0.613 0.300 0.087
0.580 0.389 0.031
0. 520 0.471 0.009
4

Calcglated
xy x5 x¥
.097 0,0323 0.821
.180 0.0982 0.721
.290 0.105 0.605
.332 0.118 0.550
.480 00130 0.390
.540 O.l§2 0.298
0598 .0,219 0.183
. 610 0.290 0.100
.579 0.396 0.025
. 555 0.425 0.020
498 0.497 0.005
.0018 0.0033 0.0027 o~
.00258 0,0091 0.00268 ”
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TABLE XI

THE SYSTEM PHENOL—H20~ANILINE AT 97.6°C. (7)
Raffinate Phase Composition Extract Phase Composition
Weight Fraction ’Weight Fraction
Experiﬁental Experimental ' | Calculated
x{ xé xg x 3 x! x; ) X3
0.005 - 0.927 .068 0.173 0.138 0.689 .170 0.130 0.700
0.015 0.930 .055 - - ——— .231 0.141 0.628
0.025 0.925 .050 0.282 0.144 0.574 .272 ' 0.150 0.578
0.035 0.925 . 040 - ——— - .335 0.165 0.500
0.040 0.924 .036 0.379 0.171 0.450 .369 0.175 0.456
0°Q67 0.906 .027 0.415 0.192 0.393 .420 0.191 0.389
0.086 0.888 .026 0.482 0.222 0.296 469 0.220 0.311
0.136 . 0.842 .022 0.524 0.322 0.153 .514 0.327 0.159
0.218 0.769 .023 0.492 00438 00070 .509. 0.405 0.076
d °OQ657 0.00557 0.00486
53 .00383 0.00541 0.60295
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Raffinate Phase Composition

Weight Fraction

TABLE XII

THE SYSTEM PHENOL~H20~ANILINE AT 48°C. (7)

Extract Phase Composition

Weight Fraction

Experimental

xi xé xg

=003 0.959 0.038
014 0.960 0.026
. 034 0.948 0.018
.052 0093i 0.017
074 0.917 0.009
.087 0.910 0.003

Experimental

*1 ) *3
0.088 0.062 0.850
0.272 0.050 0.678
0.472 0.086 0.442
0.5%0 0.093 0.317
0,696 0.162 0.147
0.685 0.253 0.062

d

53

~Predicted-

*1 ®2 *3
C.094 0.070 0.836
0.248 0.061 0.691
0.468 0.079 0.452
0. 608 0.091 0.301
0.674 0.150 0.176
0.678 0.237 0.0842
0.0105 0.003 0.01736
0.00871 0.00424 0.00814

0¢g



Phenol

. {
VA% A VAYAVAVAVAVAVAVATAVAY
LVAVAYAYAVAVAVAVAVAVAVAVAVAVAYAVAVAYAY
EAYAYAVAVAVAVAY{VAVAVAVAVAVAVAVAVAVAVAVAYAY
VAUAVAVAAVIGIAVAVAVAVAVAYAY) A

o
ahy

3,

EXPERIMENTAL

—~e—————— —— CALGULATED

R,
L
AVATAY,

JAVAY
YaAVAY AVAVAVAVAY 4
YA vaYAAAYAS

A
AYAVAVAVAVAVAVAVAY) VAVAVAVAVAN
NS VAVAYAVA
A, VAYAY \M@T>'V\ Ay ’\
AVAVAVAVAV -~ VAVAVAVI Y SV AV AN
AA“_ TAYAVAY \/V\<\ 5
- g 7 Y 3
LN T \‘/ WV@@‘ >\
VA VAYA
AVAVAY

A v AN \
VI CAATIAI

AVAYLY. LYAVAY 3 2 .
T A A A AN AL ONEXAAAAN, Aniline
, %

’ s / A \ .
RNV, KOGHAL LI ARITIIR ST ASANARTAKAFINHK

VAV AViVAYAVAY £ ¥ N AVAVLY 5 V) CAYAY LYLYAVAVAYAY YAYAYA A

"y R AYA AYAVAVAVAVAVAV AYAVAYAVAVAY YA AYAVAYAN AYA AYA \/ "‘ ‘,A
. XA LARPSSTHR Vavi R AR, Xjf—*{ )

B

c

Fig. 8. The System Phenol-H;0-Aniline at 48°C



TABLE XIII

. L
EFFECT OF TEMPERATURE ON REDLICH-KISTER CONSTANTS (BEATON CORRELATION)

System toc. 1/T °K. Ba;
Acetdne;H20=Benzéhe 15.0 0.00347 2.167
30.0  0.00330 1.860
45.0  0.00314 1.432
Phenol-H,0-Aniline 8.6  0.00355 1.850
L 25.4  0.00335 1.950
66.3  0.00295 2.245
97.6  0.00271 2.281
Methanol=H20$Butagol c-e= 0.00366 2.994
- 15.0  0.00347 2.682
30.0  0.00330 2.503
60.0 ' 0.00300 2.466

Bio

1.211

1.382

1.201

1.212-

1.371

1.687

2.050

2.416

2.402

2.430

2.289

B

C

23 31
1.701 - 0.773
1.642 - 0.801
1.460 - 0.8897
1.258 0.678
1.132 0.524
1.245 0.567
1.091 0.503
1.011 - 0.798
1.220 - 0.802
1.256 = 0.79%
0.904 - 0.766

c

12

23

<342

.389

.880

.0258

203

.3854

. 827

.066

.066

. 064

.060

. 602
481

.183

. 560
520"
.4257

. 281

.763
.861
.670

.552

189
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TABLE XIV

TEMPERATURE CORRELATION FOR THE_ALCOH0L~H20-ETHYL ACETATE (BEATON PROGRAM)

Alcohol TOK. t°c. 1/T By By B,y Cy1 Cly Cys

Methanol 513.2 20 . 1.950- 0.07095 -0.247 1.226 - 0.0921 .- 0.448 0.6125
' 0 1.879 0.0978 0.0887 1.325 - 0,035 - 0.278 0.6120
Ethanol 516.3 20 1.762 0.211 0.902 1.238 - 0.280 - 0.211 0.5342
0 1.889 0.468 0.550 1.247 - 0.1124 - 0.382 0.649

. Propanol 1536, 7 20 1.835 0.285 0.932 1.431 - 0.318 - 0.143 0.724
| 0 1.889 0.482 0.911 1.442 - 0.433 - 0.145 0.666

>

- Butanol 560.0 20 1.910 0.166 0.924 1.289 - 0.398 - 0.1065 0.645
0 2.050 0.1522 0.998 1.293 - 0.561 - 0.0782 0.525

9%
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The Redlich-Kister equations were found to be applicable to the

prediction of ternary liquid equilibria for systems of Type I and

. Type II.

The uéé of the Redlich-Kister equations, combined with a 1érge
humber Qf data points ahd a least squares method for evaluating the
Redlich-Kister constants proved; more accurate than the use of
Margules;equations with two pair constaﬁts for the system
é&clohaxane-n-Heptane-Furfura1,

A linear relationship has been found to exist between the Redlich-
kister cgnstants and the reciprocal of the absolute temperature.
vin genergl, the Redlich-Kister constants decrease with increasing
femperatpre,

The effeFt of temperéture on Redlich-Kister constants is small for
those sy;tems whose soiubility does not vary much with temperature.
A correlation of the Redlicthister constants as a function of
reduced temperature may hold some promise for predicting equili-
briﬁm coﬁpositiéns. However, much additional study is required to

establish the validity of this type of correlation.

-

-
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59
Recommendations

Though the Redlich—-Kister equation provides a powerful means for
prediction of ternary liduid—liquid equilibria,’the accuracy of the
predicted values still needs further improvement. A more e#ad&
method for the evaluation of the Redlich-Kister constants is desira-
ble. Higher mathematical treatments such as the method of steepest
Descent or the Truncated Taylor Series method are recommended,

The use of the>Redlich~Kister equations should be studied further to
establish the relation between the accuracy of the Redlich~Kister
constants and the accuracy of the predicted compositions for a
variety of solubility curve shapes and tie line slopes.

In view of the proposals of Black (4), using a modified van Laar
equation, it is recommended that the Black method for the correlation
of ternary liquid-liquid equilibrium compositions be developed and
compared.with the Redlich-Kister equations. Black has developed

his equations for binary system. A further derivation for a

ternary system is presented in Appendix A. It would be interesting
also to develop a correlation of the Black constants with tempera-
ture.

Further work on the effect of the number of Redlicthiéter constants
used on the flexibility and accuracy of the prediction is recommended,
Some improvements should be made in the computer programs for this
work, It is suggested that one program be written covering all pro-
cedures instead of using six separate programs, or that the programs
be revised to make output from the one program the input to the next

program without repunching data cards.
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NOMENCLATURE
a = activity, empirical constant-
A, B = empirical constant
b = empirical constant, coefficient
ij
Cij Redlich-Kister constants
Dij
d — difference, differential operator
b = fugacity
g — molar free energy
G = total free energy
G = dG/dn partial molar free energy
H, h == enthalpy |
K = distribution coefficient, empirical constant
1n = logarithm to the.base e
log = logarithm to the base 10
MW = molecular weight
n == number of moles
P == pressure
p° == vapor pressure
q = effective molal volqme
Q = g%/2.303 Rt

R — gas constant
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Greek Symbols

M

4
A

>
0

Superscripts

t

M

*

Subscripts

i

1

entropy

standard deviation
temperature

volume

composition

effective volumetric fraction

chemicél potential
activity coefficient
difference

summation

. partial differential operator

raffinate phase

extract phase

pure componeéglﬂstandard state
excess

mixing

ideal case

component 1i
solute

raffinate solvent
éxtract solvent

weight

mole

64



APPENDIX A
DERIVATION OF EQUATIONS

Wohl's General Equation, van Laar
.Equations and Margules Equations

Several generally used equations for expressing Gibb's free energy
in terms of composition and empirical constants for ternary liquid-liquid

system are presented here.
Wohl's General Equation (37)

Wohl expressed the van Laar and Margules equations in a general.form'°
This form represents the total free energy. of a homologous system which

consists of an arbitrary number of components, r, as:

Y r r
G =ZlniG§i.) + Zl n,RT ln x4 -+ (%ni)AG

(A-1)
The partial free energy of the component k is
o
ag =Gp-+ RT 1n n,+ RT 1n .(k
with ~
) CZ}H) A6
» RT
an’ -
k 25 n. -
k (A-3)
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van Laar Equations
Wohl expressed the van Laar equations for the free energy change as:

Ag _ X1%% 9285 T X%39,9528) 5 + XpX3050528,5
2. 3RT

X197 X, + x93 (a-4)

By application of equation (3) and introducing the abbreviations,

Zaqui:: Aij and Zaijquz AJi one obtains the van Laar equation for 5’13

Ao .2 AL 2
_ | .2, (221 9 31
log = [XZAlg_AIZ) -+ X3A13(—"A13)

A, A A
Ay Az 13
4 xgxg o= x (A, A g~ Ag, —")J
273 Ay A, g Agy

12 13 (A-5)

log Xz and 5; can be obtained by rotating the subscripts from 1 to 2,

2 to 3, and 3 to 1.
Margules Equatioﬁs

Wohl expressed the Margules equations for the free energy change as:

AG
“53RT . xlx22a12 +-xlx32a13 ﬂ-x2x32a23

3a 3a X 3a
T X X3 1o T X E3R 5T X X305

X X338) g5+ XX 38,05 + X X338, 44

X Xp%308) 95 (A-6)
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- By application of equation_(B), introducing the abbreviations Zaij+-3aijj::Aij,

zaij'Fsaiij::Aji and 3a112ﬁ-3a133+'3a223-6a123=:c, one obtains the Margules

equation for K’l:

.2 _ ) 2 _
log ), = x3 [Alz + 2x) (Ay, Alz)] + x5 Ajg+2x, (A5 4A13.)J
+  Xy%3 "A21 — A3~ Agy — 2x) (Ag) - Aj3) — 2x3(Agy - Ayg)
-c@ - le)] (A-7)

Derivation of Redlich-Kister Equations (27)

Redlich-Kister expressed the the free energy in terms of compositions

and empirical constants as:
Q)9 = XyXg [Blz + Cyo(x)-x5) + Dlz(xl~x2)2+°¢.g ] (A-8)
The relation between Q and log K; is:
Q= Xy logb/l—i-x2 logb/2 +x3 log (3 (A-9)

where

Q=0Q 1 Qi+ Q)

(A-10)
The log J.l value can be calculated from the relation:
2q 2 q 2 q SQ
lo = Q - X - X - X

Taking partial derivative with respect to X1, Xg and X3, bne obtains:
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2Q _
: -—--—-na Xi = xlxz [012 + 2012(3" “’Kz)]

. 2
+ %y [Byy * €y -xp) + Dy (xyxy) ]

, \2
+ x5 [931"' Cgp (x37%)) =+ Dy, (x57x)) ]
d eees (A-12)

2 Q '
Bxg %[ - € - 2”1.2("1""2)]

. N2 )
+ x [Blz FCpx) %) + D, (x) x) ]

2
+ X3 [323 + Co3(x3-%3) + Dyg(xy-x3) J
I (A-13)

29 _
Bxg — "2"3[ = Ca3 - 2”23("2_"‘3)]

. . 2
T %, [ By 3 + Cpg(xym%g). 4Dy 5 (xy-x,) ] [

+ xg%, [ Cgy+ Wy (xgx)) ]

. : 21"
+ x [331+ Cg) (x5=%)) + Dy (x7x)) ]

g e (A-14)



log ¥, = B ,x,
+ oy |
+ 0y
+ 12[
+ oy
+ o
+ Dyg(- 3

23

Similarly, log 5-2 and log UFS

from 1 to 2, 2 to 3 and 3 to 1.

3x (1 %) )(x = )2 -
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- 823x X -+-B31x3(1 X )

2x (1 -X )(x3 1) - xg]

2
2x3(x3—x1)]

Zx (l—x )(x -X ) —+ x ]

3x (1-x )(x ~X ) + 2x (x -X )]

(A~15)

can be expressed by rotating the subscripts

Black Equations (4)

Black proposed a correction term for van Laar equations.

form for the Black equation is:

’ 2
[§ Ainjzxj/gkakz] + .Esi

The general

log Uﬁi =
(A-16)
— 2 2 . »
where Rij = Aij /A,ji ix
— 2 2 '
R, = A, A ~-17
“je Jj2 2] (4-17)
For a binary system:
. s
log :[A R, %, /(xR + %R )]2+E
: 1 1272272 112 2 22 1
e, A2 2
o [Alzxz /(xl-Alzz -+ x2)] + E;
. 21 :
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The above equation can be simplified into the form:

2. 42
. A oho1%y
1°g(, - 2 2 2z T F
- (A% + AyTx)) (A-18)

Similarly,  logly = [ Ag1R12%) /(X1R12 + x5R55) ] ° + Ey

A 2 A 2 N 2

— 12 12

= dan 25 [ 322 4m0f T m,
21 21

2 2

_ Agihio%

- A 2x —+ A 2x ™ Ez
12517 f21%

2 4.2
AgA10%)

o .
| Y 2 .
(5% + A1%0) (A-19)

Subtracting equation (A-18) from equation (A-19) one obtains log (fi/z{z

:
2, 4.2 2, 4.2
log (0,1/0'2) _ ApAgixp — AglAroX)
| T Al NERY + E) - Ey
12%1 T f21%5

2. 2. 22 2 2

Ajghoy [421"2 - Ayox] ] N

E. - E

2 2. .2 1 2
(A, 5%) T Ay xy)

(A-20)
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The general equatibh for the correction term is:

i
i

B, = 2 [ymxp? Qogxp] + "Z{(xi-xﬁ
TRl T FLT

si
J

[2 -3 (xi-XJ)] (ZCijxixj)} "g‘ Z [
.‘ AJ :

¥k

5 | \
(x.-x,) (ZC X.X )] .
| J 'k T JK™J k“ (A-21)

For a binary system:
— 2 - , :
Ei_. (xi-xj) (C.jfixj) + {(xi-xj) [2 - S(Xi—xj) ]‘(Cijxixj)}
= Cy4%; (xi-xj) [(xi-xj) + 2_"1:"3(?,“1""3)"1]

- - a2,
= Cijxj (xi xj). [xi x‘.j-t-2xi 3xi+3xix ]

(A-22)

To prove the first term in Equation (18) is van Laai"s value for

log b(l:
2 2
2
[ A12801%) ] — Ao
A% 2 — 2 x 2
Apg*1 T Agr %y ( e R )
A212  x9 (A-23)
2 __ 2 ’
let A12 - A A . A21 -— B . (A‘24)
X A g2 — A
k A2 x 2 - A xy 2
12 1 = = + 1}
( s 7 T1 ) ( B Xo )

21 2 ' ' (A-25)
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To prove the first term in Equation (19) is van Lgar's‘value for log K'gz

2 2 9
[ Agrhio%y Y Al
2 2 ] - A2 x 2
Alle'jt Aar%2 (1'+ A212 ;3 )
‘ ' 127 "1 (A-26)
let A2 = a A2 =B : (A-27)
12 T 21 -
. A2 — B
o Api2 X, 2 ' B X2 2
21 2 14+ = ==
(1+ x. ( A xl) (A-28)
Alzz xl ) R i |
Equation (A-22) can be further derived as:
— _ v Rl
E; = Cijxj (x:L xj)[ 3xi xJ.‘ 3xi+ 3xix‘j ]
—_ - - 2yl .
= Cijxj (xi x‘j,) [ 3x:L 3xJ.2xJ.‘:?:-:i+3xix‘j ]
— - ey el
f— ,Cijx (xi xj) [ 3(x:L xJ. x xixj)+2xj]
p— Cijxj (xi-xj) [ 3(xi-xJ) (l-xi)+2xj] ' (A-29)
- - - - L N
E,= Clel(xzfxl) [3(x2-x1)(1-x2)+2xi], . o (a-31)

As Black described, the subscripts of C are interchangeable, f&ﬁt,is

C12= Ca1 (A-32)

j'. . Ey = Cyo%; (x5-%;) [ 3(x2-—Xi) (1_.-x2)+2x1] (A-33)
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4 2

. 2
log ¥ . — A12R21%2 . [
1— A 2. R 2. )2 Clzxz(xl-xz) L 3(xl-x2) (l-xl) 2x,, ]
12%1 T A21%9 -
(A-34)
log § , — AzfAlgxlz C, 0%, (x,-x 3(x,~-x.)(1-x.) 2
2 = ) 55— T+ C12%1%p7% 27%1 2} ¥1
(Alle -+ .Azlxz) . ) . .
; (A~-35)
The Black Equations can be extended for Ternary systems:
tog ¥ — [ A19Ra2%t A 3R 30" 3 ] .
1 - 1
le12+x2—rx3R32
2, 2. 2, 2. \2
_ o (AR RAy X aHA) gAg5R) 1 Xg) 4og
— ) 27 2 53 .2 1
(AygA) 9% HAg AggXothg  AgoX )
(A-36)
_( PorFia®tBegRan®s 12 0 -
log Uy = | 57 mooxk T B
17121 gt 3 39 -
2. 2 2. 2 .2
(A Anah ox Ay SRy AgoXg) Lo
- (A 2n % 1n 2a 2 in 24 2y o2 2
2371251 f21%23%2 T *91%32% 3
’ : (A-37)
2
Y - A3 B 0%t AgoRa0%s
log 3 = XR. +x+x R + E3
112 "2 %3 32
(Ao A 2A 2% +A. A 28 2x )
31812823XHAgaAgTAx 3%,
+ E,

- -2 2 2 2 2 2 - 2
(A A x+A A-x+A A x))
23121 21-23-2 21 32 3

(A-38)



Where the correction terms are:

e 82 N2 o
E, = (x17%5)7(Cy pX5tC) gx3)+(x) =X 3) “(C) pX+C 5 5)

+ (x;-x5) {[2‘3(’.‘1"‘2)] (°12x1x2+°13"1"3)}

+ (xl-_x3"} {[2-3(x1-—x3)] (Clzx1x2+013xlx3)}

»

- B [ ("_2""3)‘2023"2"3]

— (x.—x )2 , 200
Bz = (xy=xg) " (Cy %5t Cay X) )+ (%% ) 7 (Cy g% 51021 X))

+.. (x_z-—x3) . {[ 2-3(x2-x3)] (02'3x2x3+021x‘2x1) }

+"“(x2'xi) {[2-3‘(x2-—x1)]v‘.‘(C23x2x3 021x2x1)}

,
, ) ..
E3 = (xgmx)) (Cqy Xyt Caoxp)+(x37x,) (Cyy Xt Cao%p)
+ (xg7x)) {[ 2-3(xgx;)] (Cg1xg%; c32’.‘3"2)}

+ (xzmxy) {[‘2‘3("3”‘2_)] (C31%3% Cszxsxz)}

-6 [(xl.--xz)‘2 Clzx1x2] _
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(A-40)

(A-41)



APPENDIX B

TERNARY LIQUID PHASE DIAGRAMS
Ternary Liquid Phase Equilibria Diagram

A typical diagram representing ternary liquid-liquid equil-
ibrium at constant temperature and pressure is shown in Figure 28.
Component 1 is the solute which is distributed between the immiscible
solvents 2 and 3. The area under the solubility curve APB is a two-
phase region. Phases in equilibrium with each other are termed conju-
gated phases. Compesitions at equilibrium are joined by tie~lines. P
is designated as the plalit peint, the point representing thé'composition
where the two conjugated phases become mutually soluble. The phase rich
in pure solvent i1s called extract phase, and the conjugated>phase is
called raffinate phase. The notation 1, 2 and 3 is arbitrary. In this
work the component 1 is generally designated as solute, and the components
2 and 3 denote extract and raffinate solvents respectively.

Two types of ternary systems are of the most interest in liquid
extraction (36). Type I, formation of one pair of partially miscible
liquids, isbshown in Figure 29, Type I1I, formation of two pairs of
partially miscible liquidsg is shown in Figure 30. Temperature will
affect the solubility curve and the slopes of tie-lines. The solubility

8y

curve may change from one type to another type with changing temperature.
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Figure 31 shows one example of the effect of temperature on liquid-
liquid solubility. Systems belonging to these two types have been

studied in this work.
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1 Solute
P
XH
xl

2 - 3

A B
Raffinate Extract
Solvent " Solvent

Fig. 13. A Typical Ternary Liquid

Phase Diagram

Fig. 15. Type II Ternary

Liquid Equilibria
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Fig. 14. Type IJTernary

Liquid Equilibria

Fig. 16. Temperature Effect

6n‘Solubility Curve



TABLE XV

THE SYSTEH”ACETONE-HZO-BENZENE AT 30°cC. (6)

Raffinate Phase Composition: Extract Phase Composition
Weight Fraction , Weight Fraction
Experimental ' Experimental o - _ Calcﬁlated

Acetone Hy0 Benzene | Acefone HZO Benzene Acetone H,0 Benzéné'
0.50 0.949 0.001 0.058 0.002 0.940 0.060 0.001 0.939
0.10 0.898 0.002 0.131 0.002 0.867 0.135 0.002 0.863
0.15 0.846 0.004 - == -——— 0,231 0.010 0.759
0.20 0.796 05004 0.304 0.009 0.687 0.310 0.017 0.673
0.25 0.744 00006 - - - 0.396 0.280 0.574
0.30 0.691 0.009 0.472 0.030 0.498 0.479 0.040 0.481
0;35 0.637 0.013 ' —- - - 0.532 0.058 0.410
0.40 0.582 0.018 0.589 0.066 0.345 0.590 0.080 0;330
0.50 0.459 0.041 0.641 0.120 0.235 0,635 0.150 0.213

d ~ 0.016 0.010 0.01267

83 0.00163 0.0044 0.0063

8L
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Fig. 17. The System Acetone-H,0-Benzene at 30°¢
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Raffinate Phase Composition:

TABLE XVI:.

THE SYSTEM ACETONE-H,0 BENZENE AT 15°9C. (6)

Extract Phase Composition

Weight Fraction

Weight Fraction

Experimental

VAcetone HZO Benzene
0.05 0.949 0.001
0.10 0.899 0.001
0.15 0.845 0.005
0.20 0.797 0.003
0.25 0. 744 0.006
0.30 0.693 0.007
0.35 0.640 0.010
0.40 0.586 0.014
0.45 0.528 0.022 -
0.50 - 0.468 0.032

Experimental
Acetone” H20 Benzene
0.047 0.001 0.952
0.108 0.002 0.890
Q¢261 0.005 0.734
0.430 0.018 0.552
0.565 0.044 0.391
0.639 0.085 0.276
a
53

Calculated

Acetone H20 Benzene
0.050 0.001 . 949
0.110 0.002 .888
0.203 0.003 . 794
0.271 0.011 . 718
0.355 0.016 629
0.438 0.019 . 543
0.501 0.039 . 460
0.571 0.052 .377
0.601 0.070 329
0.638 0.103 .259
0.00182 0.0055 .00916
0.00254 0.00392 .00266

08



EXPERIMENTAL

=il BENZENE
INAN

Fig. 18. The System Acetone-H,0-Benzene at 15°C.
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Raffinate Phase Composition
Weight Fraction

TABLE XVII

THE SYSTEM ACETONE-H,0-BENZENE AT 45°C. (6)

Extract Phase Composition
Weight Fractiom /.

- Experimental

Acetone HZO ’Benzené
0.05 0.948 0.002
0.10 0.898 0.002
0.15 0.845 0.005
0.20 0.795 0.005
0.25 0.740 0.010
0.30 0.689 0.011
0.35 0.640 0.019
0.40 0.577 0.023

Experimental

Acetone H20 Benzene
0.069 0.002 0.929
0.156 0.004 0.840
0.346 0.018 0.636
0.512 0.048 0.440
0.606 0.097 0.297

El
s3

Calculated

Acetone HZO Benzene
0.071 0.008 0.921
0.169 0.009 0.831
0.260 0.019 0.721
0.354 0.024 0.632
0.441 0°b40 0.519
0.519 0.051 0.430
0.573 0.073 0.354
0.609 0.109 - 0.282
0.0067 0.0064+« 0.0092
0.0038 0.00376 0.00486

28
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TABLE

XVIIL

THE SYSTEM METHANOL’H20~N=BUTANOL AT 0°C. (19)

Raffinate Phase Composition
Weight' Fraction

Extract Phase Composition
~_Weight Fraction

Engrimentalﬁ Experimental Calculated

xq X5 X3 xy x5 x4 x! x) xy
0.070 0.837 .093 0.042 0.223 0.735 0.049 0.231 .720
0.100 00800 . 100 === == === 0.068 0.255 .677
0.155 0.7166 .1284 0.1225 0.3238 0.5537 0.130 0.340 .530
0.175 0.650 155 o = ——e 0.140 0.361 .499
0.189 0.6447 01665 0.145 0.3783 0.4767 0.150 0.380 470
0.194 0.600 214 0.165 0.143 0.405 0.172 0.448 .380
d 0.0067 0.00897 .0176
SE 0.0038 0.0076 .0107
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TABLE XIX

THE SYSTEM METHANOL-H,0-N-BUTANOL AT 15°C. (19)

Raffinate Phase Composition Extract Phase Composition
Weight Fraction Weight Fraction
Experimental Experimental Calculated
*] %) *3 x| ¥ 0% x] x) %3
0.025 0.895 0.080 w—— o= - 0.012 0.199 0.789
0.048 0.872 0.080 0.023 0.212 0.765 0.030 0.220 0.750
0.068 0.850 0.082 - - --- 0.036 0.236 0.738
0.084 0.907 0.093 0.043 0.2297 0.7273 0.049 0.240 0.711
0.107 0.801 0.092 0.067 . 002566 0.6764 0.071 0.262 0.667
0.132 0.7638 0.1042 0.093 0.2939 0.6131 0.100 0.302 . 0.598
0.156 0.7081 0.1359 0.127 0.3536 0.5194 0.130 0.370 0.500
0.163 0.6696 0.1674 0.144 0.4468 0.4092 0.151 0.428 0.421
d 0.0055 0.0049 0.01455
57 0.0081 0.0054 0.00661

g8



EXPERIMENTAL

——i— —— - CALCULATED

—— —— CALCULATED

Fig. 21. The System Methanol-H,0-n-Butanol at 15°C

EXPERIMENTAL :
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Raffinate Phase Composition

- THE SYSTEM METHANOL-H

Weight Fraction

TABLE XX

Extract Phase Composition

,0=N-BUTANOL AT 30°c. (19)

" Weight Fraction

fExperimental
X %5 %3

0.067 0.8806 .0724
0.070 0.851 .0790
0.091. 1 0.8245 . 0845
0.112 ' 0.7885 .0995
0.125 0.7586 1164
0.135 0.7249 .1401
0.142 0.6624

.1956

Experimental

[T ;n .

x1 xz x5
0.024 0.2323 0.7437
0.053 0.2689 0.6781
0.075 0.3052 0.6198
0.085 0.3284 0.5866
0.100 0.3735 0.5265
0.123 0.4578 0.4192

d

53

Calculated
Xy =3 =3
.029 0.239 0.268
041 0.253 0.707
.061 0.271 0.668
.079 0.302 0.619
092 0.331 0.577
.104 0.359 0.537
.120 0.400 0.480
.00416 0.0086 0.0065
.0133 0.011 0.0118
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TABLE

XX1

THE SYSTEM METHANOL-HZOfN°BUTANOL AT 60°C°(19)

Raffinate Phase Composition
Weight Fraction

Extract Phase Composition

_ Weight Fraction

Experimental " Experimental
) ] § H H

Xy X, Xg X xy x;
0.022 0.9076 0.0704 0.1015 0.259 0.726

,9,045 0.875 0.080 - o -
0.062 0.867 0.091 0.041 0.300 0.659
0.080 0.8068 0.092 0.065 0.358 00577v
0.088 0.777 0.135 0.077 0.400 0.523

d

5d

Calhulated

Xy x xy

.019 0.267 714
.031 0. 280 . 689
044 0.309 647
.068 0.362 .570
081 0.401 518
.0181 0.0055 .009
L0234 0.0036 .0053
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Fig. 23.

The System Methanol-H

2Omn=Butan01 at 60°¢C
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TABLE XXII

THE SYSTEM METHANOL-H,O-N-BUTANOL AT 45°C. (19)

2
Raffinate Phase Composition ' Eitract Phase Composition
Weight Fraction . Weight Fraction
.Experiﬁehtal - . Experimental ' B | Piedicted
o 5 5y x x | z =
0.027 0.9078 0.0652 0.034 0.2502 0.7158 0.0288 00251‘ 0.720
0.045 0.885 0.070 e —eo - 0.0422 0.272 0.686
0.063 0.8602 0.0768 0.059 0.2908 0.6502 0.0621 0.292 0.646
0.085 0.8189 0.0961 0.078 0.3328 095892 0.0803 0.337 0a533
0.105 007608 0.1342 0.093 0.390 00517'. 0.103 0.407 - 0.491
0.115 0.6991 0.1859 0.107 0.4706 0.4224 0.12} 0.488 0.391
a 0.00084 0.00518 0.01904
S4 0.00466 0.0040 0.0121
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TABLE XXIII

THE SYSTEM METHANOL-H,O-ETHYL ACETATE AT 0°C. (2)

Raffinate Phase Composition

Mole Fraction

Extract Phase Composition

Mole Fraction

Experimental Experimental

8 v ? 1
Xy X, X, xf xg x§
.0318 0.947 .0216 0.0075 0.115 0.876
.0614 0.916 . 0240 0.0312 0.137 0.833
.0618 0.916 . 022 0.0312 0.1364 0.832
.1128 0.8598 0274 0.0856 0.187 0.727
.171 0.786 . 043 0.1468 0.2679 0.585

d

51

Calculated

x? xg x2
.01221 0.1150 8728
.02704 0.1370 .8360
.0274. 0.1364 .8367
. 0744 0.1870 . 7386
,1380. 0.261 . 600
.00466 0.00138 .00593
.00277 0.00138 .00318

16



Fig. 25. The System Methanol-H

2

O-Ethyl Acetate at 0°C
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TABLE XXIV

THE SYSTEM ETHANOL-H,O-ETHYL ACETATE AT 20°C. (2)

Raffinate Phase Composition
Mole Fraction

2

Extract Phase Composition

" Mole Fraction

Experimental Experimental

x{ x5 x3 xy x4 x¥
0.0171 0.964 0.0189 0.0331 0.1521 0.814
0.0335 0.947 0.0194 0.0837 0.2063 0.710
0,0422 0.932 0..0208 0.111 0.254 0.635
000644 0.909 0.263 0.1366 0.2945 0.569
0.0806 0.885 0.0335 0.168 dﬁ396 0.436
0.103 0.847 0.049 0.1753 0.522 0.3027

" 3

5q

Calculated

xy x5 x¥
.042 0.159 0.799
.0862 0.2158 0.698
.120 0.258 0.622
.1401 0.3089 0.551
.1750 0.416 0.409
.191 0.520 0.289
.00777 0.0088 0.0161
.00193 0.00327

0.00203
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TABLE XXV

THE SYSTEM ETHANOL-H,O0-ETHYL ACETATE AT 0°C. (2)

Raffinate Phase Composition

Mole Fraction

Extract Phase Composition

Mole Fraction

Experimental Experimental
xi x% xg x] x! x!
. 01646 0.9625 .0211 0.00175 0.1073 0.891
a0;95 0.950 .0210 0.0255 0.126 | 0.844
. 049 0.930 0214 0.0539 001504" 0.7956
. 0657 0.915 . 0223 0.091 0.182 0.726
.0785 0.897 .0241 0.1308. 0.244 0.6255
.0982 0.873 .290 0.1665 0.3405 0.493
| 3
51

Calculated
x x£ x!
.0031 0.1179 .879
.0236 0.1184 .858
.05Q1 0.1379 .812
.0803 0.1687 . 751
.1261 0.2149 .659
claAe 0.3044 - .531
.00345 0.0145 .0192
.00172 0.00208 .00731
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CALCULATED

ETHYL
NACETATE

Fig. 27. The System Ethanol-H,0-Ethyl Acetate at 0°¢

EXPERIMENTAL
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TABLE XXVI

THE SYSTEM PROPANOLfH20~ETHYL ACETATE AT 20°C. (2)

Raffinate Phase Composition

Mole Fraction

. Extract Phase Composition

‘Mole Fraction

Experimental Experimehtal
x} x} 3 xf *3 3
. 01145 0.971 0.0174 0.0662 0.172 0.757
- 0206 0.963 0.0103 0.130 0.274 0.595
.0262 0.955 0.0192 0.166 0.363 0.471
. 0402 0.936 0.0235 0.191 0.566 0.242
.0338 0.945 0.0214 0.1925 0.484 0.323
.0574 0.914 0.0315 0.170 0.683 0.147
d
53

’

Calculated
x{ xg xg
0.0599 0.1609 .7792
0.1248 0.2563 . 6189
0.1688 0.341 .4902
0.1981 0.4506 .3513
0.2005 0,5284 <2711
0.1899 0.6389 .1712
0.0044 0.011 . 0245
0.00396 0.012 .0066

96



Raffinate Phase Composition

TABLE XXVII

THE SYSTEM PROPANOL-H,O-ETHYL ACETATE AT 0°Cc. (2)

Extract Phase Composition

Mole Fraction

Mole Fraction

Experimental
%] %2 *3
0.021 0.958 0.021
0,0292 0.950 0.0209
090424 0.936 Ou0234
0.0103 0.969 0.0209
0.0584 0.920 0.0258

Experimental

" 3] "

Xy Xy X
). 0879 0.206 0.705
. 1495 0.325 0.525
.190 0.454 0.355
.1836 0.5554 0.0261
.176 0.630 0.194

d

51

Calculated

Xy ) x3
0.0801 0.1979 0.722
0.1403 0.2987 0.561
0.1911 0.3897 0.4192
0.2034 0.4864 0.3102
0.1962 0.5627 0.2411
0.00924 0.047 0.0227
0.0147 0.0124 0.0197
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Fig. 29.  The System Propanol-H,0-Ethyl Acetate at 0°¢c.
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XXVIII

TABLE
THE SYSTmNsBmANOLszerTHYL ACETATE AT 209C. (2)
Raffinate Phase Composition Extract Phase Composition
-Mole Fraction © Mole -Fraction
Experimental ‘ Experimental | Calculated

x{ x& X; xy' x5 xg xf x5 xg

0.0044 0.982 0.0137 .1315 0.2623 0.6062 2121 0.250 . 629

0.0057 0.9816 0.0127’ .210 0.3571 0.4330 .219 0.358 423

0.0093 0.9815 0.0091 .294 0.463 0;2A3 °285 0.463 .252

0.0108 0.982 0.0074 -349 0.494 0.158 . 349 0.495 .157
0.01336 0.9828 0.0039 416 0.508 0.0758 .386 0.5251 .0889
d, . 00451 0.00134 .00678
53 .00734 0.00466 .00569
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Fig. 30. The System n-Butanol-Ho0-Ethyl Acetate at 20°C
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THE SYSTEM N-BUTANOL—HZO-ETHYL ACETATE AT 0°c., (20)

Raffinate Phase Composition
Mole Fraction

TABLE XXIX

Extract Phase Composition

Mole Fraction

Experimental
xi xé xg
.00608 0.975 0.01782
.009 0.976 0.0163
.0122 0.973 0.01406
.0164 0.975 0.0176
.0202 0.972 0.00819

Experimental

it i3 111

x] Xy Xy
0.141 0.245 0.619
0.205 0.341 0.454
0.290 0.460 0.250
0.345 0.495 0.1625
0.416 0.507 0.076

d
53

Calculated
xf xg xg
124 0.241 .635
e199 0.329 472
.290 0.450 .260
<345 0.485 .170
<411 0.502 . 087
. 0056 0.0062 .0123
.0098 0.00163 .010
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APPENDIX C

COMPUTER PROGRAMS

Eight individual IBM 650 computer programs have been used for the

correlation of the ternary liquid-liquid equilibria.

TABLE XXX

PROGRAMS FOR THE CORRELATION OF TERNARY

Table XXXI.
Number
1. 0021
2, 0022 »
3. ———
4° PR
5 R s s
6. -
7. 0040
8. 0045

LIQUID-LIQUID EQUILIBRIA

Title

Conversion of Weight Fraction to
Mole Fraction

Calculation of Coefficients in .
Redlich-Kister Equation

Beaton Cbrrelation Routine
Granet Multiple Regression

Core 1V

Core vl

Calculation of Equilibrium Composi-
tions From Redlich-Kister Equation

Converéion of Mole Fraction To
Weight Fraction

They are listed in

The Beaton Correlation and Multiple Regression programs areﬂusgd for

the purpose of solving Redlich-Kister Constants by least squares

Core 4 and Core 4“1 programs are alternative programs which have

103

method.

the same



104

functions as Beaton and Regression programs. Program 0040 was written
for the purpose of the calculation of equilibrium compositions from

Redlich-Kister constants by using Redlich-Kister equations. The details
of each program will be described in this Appendix.
Program 0021
Conversion of Weight Fraction

to Mole Fraction

Purpose of Program:

This program was developed for the purpose of conversion of weight
fraction to mole fraction. Compositions in Redlich-Kister equation are

expressed as mole fractions, while most of the experimental data are

expressed in weight fraction. Thus, it is necessary to convert the data - .

from weight fraction to mole fréction before applying Redlich-Kister
equations.

Flow Diagram: Table XXXI

Progrém Languagé: IBM 650 Fortran

Program: Table XXXiI K

Input and Output Data:

Data are in floating point system. The detailed format for input
data is shown in Table XXXIII and the format for output data is shown
in Table XXXIV,

Punch Instrucfion:

1. High punch column 73
2, No high punch column 1

3. Leave last word blank
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TABLE XXXI

FLOW DIAGRAM OF PROGRAM 0021-CONVERSION
. OF WEIGHT FRACTION TO MOLE FRACTION

Load, Float, PCH Input

Calc. moles of each component

X /MW X /MW

Calc. Totai Moles

‘ "
X}/ Xy

Calc. mole fraction

Xt x"




"¢ 0000

C 6000

R RN U SRR

OONHOOOOOOOOOOOOOOOOOOOOQOOOODOOOOOHOQ@OHOCNHOOO

TABLE XXXII

PROGRAM 0021

CONVERSION OF WEIGHT FRACTION i

TO MOLE FRACTION

READ s XWAA » XWAB,XWAC;XWBA9waBgH
XHBCHXUCASKUCE  XHCCoAMH o BHM s

CMW

A=XWAA/AMW s
—(XWAA/AMW)+(XWBA/BMW)+
(XWCA7/CMW)

AAX=A/B - v L e
- PUNCH s AAX - SRR

C=XWAB/AMW -
-(XWAB/AMW)+(XWBB/BMW)+ :
(XWCB/CMW) 3

“BAX=C/D.

PUNCHsBAX -

E=XWAC/AMW -

G= E+(XWBC/BMW)+(XWCC/CMW)
CAX=E/G

PUNCHsCAX

P=XWBA/BMW .
R—(XWAA/AMW)+P+(XWCA/CMW)

- ABX=P/R

PUNCH s ABX

S=XWBB/BMW ‘
T‘(XWAB/AMW)+S+(XWCB/CMW)

BBx=s/T . -

PUNCH»BBX

V= XWBC/BMW v v
—(XNAC/AMW)+V+(XWCC/CMW)

CBX=V/W : .
PUNCHs CBX

X=XWCA/CMW

'(XWAA/AMW)+(XWBA/BMW)+X-
ACX=X7Y :

PUNCHsACX

AA=XWCB /CMW
BB—(XWAB/AMW)+(XWBB/BMW)+AA
BCX=AA/BB ‘

PUNCHsBCX

CC=XWCC/CMW
DD‘(XWAC/AMW)+(XWBC/BMW)+CC
CCX=CC/DD

PUNCH»CCX

READ s XWAA s XWAB » XWAC » XWBA s XWEE

3XWBCyXWCAyXWCB;XWCC9AngBMW9
CMW- e
IF(AMW)42:42’2

END
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TABLE XXXIIX

INPUT DATA FORMAT

Card No. Word No. " Fortran Code Actual Value
1 1 XWAA | wla
2 ,, XWAB X!1b
3 XWAC Xie
4 XWBA X&zé
5 XWBB X b
6 XWBC X oo
7 XWCA X! oo
8 oo e ————
2 1 XWCB X3b
2 . Xwce X¥3c
3 ‘AMW MW,
4 BMW MW
5 CMw Mws
6 ———— ———
7 —— —
8 o o -
3 1 YWAA X
2 YWAB X91b
3 YWAC Xyl
4 YWBA Xyoa

5 YWBB Xuob



TABLE XXXIII (Continued)

Card No. Word No. iféf&ran Code + Actual Value
6 YWBC x;zc
7 YWCA x;aa
8 ———— ———
4 1 YWCB Xy3b
2 ywee Xae
3 A W,
5 am -
6 ——— ———
7 ——— ———
8 ———— ———
?ABLE XXXIV'
 OUTPUT DATA FORMAT
Ca;d No. Actual éode Actual Va}ue
1 AAX ‘Xia
: max X
4 ABX Xéa
5 BB? Xéb
6 CBX Xéc
7 ACX Xéa
8 BCX Xu
9 CcCcX X!

“3c

108
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TABLE XXXIV {Continued)

Card No. , Actuél éode Actual Value
10 AAY x"
o la
. > 1t
11 ‘gAY xlb
12 CAY x"
_ 1c
13 ABY X!
2a
. 1t
14 BBY X2b
15 CBY x!
2¢c
16 ACY x"
3a
"
17 BCY x3b
18 ccy X!
3c

Machine Operation:

Console Settings:

Storage entry 70 1952 9999
Pfogrammed RUN

Half Cycle RUN

Control RUN

Display “UPPER
Overflow SENSE

Error STOP

Operation:
1. Ready machine with proper settings, 650 FORTRAN 533 control
panel and blank cards in the punch hopper.
2. Ready read hopper with 650 FORTRAN system deck,
3. Push computer reset and program.start key, and when read

hopper empties, push end of file key.

Running time: about 3 minutes per each run.
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Program 0022
Calculation of Coefficients in

Redlich-Kister Equations

Purpose of Program:

This pfbgram was developed for the purpose of calculation of the
coefficients of each term in Redlich-Kister equations. The Redlich-

Kister equation is written in the general form:
log .(xi'/x;)v\: Z[ 75(?‘3' X5 ’fﬂ) - Faxi x5 xl'c)‘] By ;
+ Z[ﬁgx;', x;, x;l - fz(x]'., xj, xl'()] Cij
+ (C—l)

The purpose of this program is to calculate each summation value
in the brackets and log x{/xg in each equation, in order to simplify

each equation into the form éf
¥ = b, X + byX;+ byXa+ ... (c-2)

which is used to calculate the Redlich-Kister constants for the
Beaton or Core 4 programs.

Flow Diagram: Table XXXV

7

érogrém Languagé; IBMA656 Fortraﬁ

Program:' Table XXXVI

Input and Output Data:

PData are in fhe floating point system. The detailed format for

the input data is shown in Table XXXVII and for output data is shown

in Table XXXVIII.
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TABLE XXXV

FLOW DIAGRAM OF PROGRAM 0022 - CALCULATION OF COEFFICIENTS
- IN REDLICH—KISTER EQUATIONS

Load, Float, PCH Input

Calculation of Coefficients of each

term in Redlich-Kister equations

Cal. 164 x;, log x;

Punch each coefficient in

equation;¢-l




C 0000
C-0000
C 0000
S,
1
138
138
139
139
140
141
1411
1412
1413
142
142
142
142
143
143
143
143
144
144
145
146
147
245
170
171
172
173
174
175
176
177
178
179
180
181
1182
183
184

185

186
187
188
189
190
191
152

152

152

153
154
155
156

. 157
S 158
2159
160
el
161
162
165

L OO OCOO0O0OO00DOONK CO0DO000UDODDOODORCO00OCCOOOHOWNHCWNHOCOOOOROH OR300

TABLE XXXVI
PROGRAM 0022

CALCULATION OF THE COEFFICIE~-
NTS OF EACH TERM. IN REDLICH
KISTER EQUATIQONS
READ s XAAsXBBsXCA»s.
YAASsYEAsYCAsPNB
BCA={XCA¥ {1+ 0=XAA) ) —{YCA*
{1e0-YAA))
BAB={XBA*¥(1+0-XAA))=~{YBA%
{le0=YAA))
BBC—(YBA*YCA)—(XBA*XCA)
ACB=BCA

BDB=BAB

CBB=BBC

PUNCHs ACB, BDB;CBB;PNB

CCA=
{{2¢0%¥XCA)Y*{140~XAA) ¥ (XCA~XAA)
—(XCA¥¥2))y={ {2 0%YCA)* (] 40~

YAAY*{YCA=-YAA)~(YCA%¥%2) )

CAB= ({2 0%¥XBA)#{140=XAA)*
(XAA=XBA)+{XBA¥*¥T))~({ (24 0%YBA)
¥(1e0O-YAA) ¥ (YAA=YBA)+{YBA¥%2,.0
)) )

CBC=((=240%XBAJ*XCA* (XBA=XCA) )
~{({=2+0%YBA) #YCAX (YBA-YCA}}
ACC=CCA )

BAC=CAB

cDC=CBC :
PUNCH’ACC9BAC;CDC’PNB
R={3s0%XCA}#(1e0~XAA)

S=R¥* ((XCA-XAA)#%2,0)
T=240%(XCA%%2,0)

U=T#{XCA=XAA)

V=5S-U

W={3.0%YCA)*{1s0-YAA)

RA=W# ({YCA=YAA)¥%2,0)
RB=2s0%(YCA*¥%240) . .

RC=RB* (YCA-YAA)
‘RD=RA~RC

DCA=V~RD
SA=3.0%XBA%*(1e0~-XAA)

SB=SA*( {XAA=XBA)*#240)

SC=240 (XBA%¥2,0)
SD=SC¥* (XAA=XBA) -
SE=SB+SD
TA=340%YBA¥(1+0-YAA)
TB=TA* ( (YAA-YBA)¥%2.0)
TC=2.,0%YYBA*¥2,0) .
TD=TC* (YAA-YBA)

TE=TB+TD

DAB=SE-~TE

DBC=( (=3 40%XBA) ¥XCA% ( (XBA=XCA)
**2))-((—3.0*YBA)*YCA*((YBA—

YCA)#%2))
ACD=DCA
BAD=DAB
CBD=DBC

’PUNCH’ACD’BAD’CBD’PNB

RR=LOGF (YAA)
S5=LOGF ( XAA)

Y=RR-55

PUNCH»Y » PNB

READ s XXA9sXBAXCA)
YAAsYBA»YCA»PNB
IF(PNB~9, 0)138!138!165

"END ’
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TABLE XXXViZX

INPUT DATA FORMAT

Card No. Worleo. Fortran Code Actual Value

1 1 XAA X',
2 'XBA ’xbé
3 XCA X'y
4 YAA X1,
5 YBA X%,
6 vca X%,
7 10 0000 0051
8 ————

2 1 XAB Xip
2 XBB. Xop
3 XCB Xy
4 YAB X7y,
5 YBB x;b
6 YCB X3p
7 20 0000 0051
8 ———

3 1 - XAC X
2 XBC X3
3 Xce X4,
4 YAC Xy,
5 YBC X5,
6 YCC X3.
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TABLE XXXVII {Continued)

Card No. Word No. »»For¥ran Code | _Actual Value
- . 30 0000 0051

8 -

4 1 XBA X
2 XCA X%,
3 XAA X
4 YBA x;a
5 YCA x;a
6 YAA x;a
7 40 0000 0051
8 -—=-

5 1 XBB Xéb
2 XCB X
3 ng X1
4 YBB x;b
5 Y?B | xgb
; e
7 50 0000 0051
8 S

° ' XBe Xoc
2 XCC X5
3 . XAC X:.
4 YBC x;c
5 YCcC X"

3¢
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TABLE XXXVII (Continued)

Card No. Word No. “Fortran Code Actual Value
6 YAC x"
lc
7 60Q- 0000 0051
8 ——
7 1 XCA X'
. 3a
2 XAA !
- la
3 XBA X'
. 2a
4 YCA x"
3a
5 YAA x"
la
6 BA x"
Y 2a
7 70 0000 0051
8 e o
. 9
8 1 XCB . Xab
2 XAB Xib
3 ~ XBB Xéb
1"
4 YCB X3b
"
5 YAB le
. l‘!
6 YBB x2b
7 80 0000 0051 V
8 ————
9 1 XccC Xéc
e
2 XAC ch
3 XBC Xéc
4 YCC xh

3¢



~Card No.

10
11
12
13
14
15
16

17

TABLE XXXVII (Continued)

" 'Fortran Code

" 116

Card No. ;Word.Néj Actual Value
N 5 - YAC X7

6 YBC X5,

7 90 0000 0051 X"

8 ——

TABLE XXXVIII
OUTPUT DATA FoﬁmAT
.Word 1 Word 2 Word 3 Word 4 Word 6§ ~ 8

ACB BDB CBB PNB 1
Acc BAC cpe PNB 1
ACD BAD CBD PNB 1
' PNB 1
ACB BDB CBB PNB 2
Acc BAC cpe PNB 2
AcD. BAD CBD PNB 2
v, PNB 2
ACB BDB CBB PNB 3
ACQ BAC e PNB, 3
AcD BAD CED PNB 3
Y, PNB 3
BDB CBB ACB pﬁB 4
BAc cbe AcC PNB 4
BAD CBD ACD PNB 4
Y, PNB 4
BDB CBB ACB PNB 5



Card No.

18
19
20
21
22
23

24
25
26
27
28
29
30
31
32
33
34
35

36

Word 1

BAC

BAD

BDB
BAC

BAD

CBB
CDC

CBD

CBB
CDC

CBD

TABLE XXXVIII (Continued)

Word 2

cnc
CBD
PNB 5
CBB
cpe
CBD
PNB 6
AcB
Acc
ACD
PNB 7
ACB
Acc
ACD
PNB 8
ACD
AcC
ACD

PNB 9

Word 3

ACC

ACD

ACB
ACC

ACD

BDB
BAC

BAD

BDB
BaC

BAD

BDB
BAC

BAD

Word

PNB

PNB

PNB
PNB

PNB

PNB
PNB

PNB

PNB
PNB

PNB

PNB
PNB

PNB

4
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TABLE XXXIX

 DESCRIPTION OF FORTRA
OUTPUT OF PROGRAM

Fortran Code

ACB
BDB
cEB
Acc
BAC
cDC
ACD
BAD
CBD

PNB

Machine Operation: Same as prograh 0021

N CODE
oo22

Coefficient
Coefficient
qufficient
Cpefficient
Coefficient
Coefficient
Coefficient

Coefficient

of

of

of

of

of

of

of

of

By

B
12

23
31
12
23

P31

D12

ffici £
Coefficient o D23

No. of equation bf the
calculated coefficient

118
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-Program

Beaton Correlation Routine

Purpose of Program:
This p;ogram is used to calculate the regression matrix of normal
»equations froﬁ the least squarés method described in Chapter III.
) The variables bl’ b2 .0+ are obtained f;om the inverse 6f the

regression matrix by multiplying XY matrix. This procedure is computed

by Multiple Regression program. -

Program>Language: 650 Machine Language
Program: Table XL

Order of Pfqgram fér Loading:

1. Two drum clear cards

2. Beaton Correlation Deck
3. One read card

4, One header card

5. Data cards

6. One trailer card
Preparatioﬁ of Data:

+ -
Read Card: 70 1950 3000

Header Card:

This is a load card with high punches in columns 1, 10, 20 ....

Column Description
1 - 2 ‘Number of variables
3 0
4 0



8000501954+
6090031957~
6919521958+
6919521953+
2419071996+

T 2419081996+

2419091996+
2419101996+
2419111996+
2419121996+
2419131996+
2419141996+
2419151996+
2619161996+
2419171996+
2419181996+
2419191996+
2419201996+
2419211996+
11278007+
11346007+
1141C007+
11480007+
11550007+
11620007+
11690907+
11760007+
11836007+
1190C007+
11976007+
12040007+
1211C0C7+
12183307+
122506007+
1232C307+
12390C07+
12460007+
12530007+
12600007+
12670007+
12740CCT7+
12810007+
1288C007+
12950007+

4019531956+
2920009005+
7519956000+
6919521951+
5919271962+
6519281962+
6919291962+
6919631968+
1019141919+
1019391944+
118C031921+
2419781512+
2419851912+
1519771917+
2019771918+
7119771587+
6915221525+
4419231926+
4519241936+
111273333+
6519771181+
1011361286+
5+
160001459+
1512231265+
2111741177+
25420000+
6580021141+
1612931197+
2015541358+
4512581281+
6512141167+
2300001250+
2411318061+
2519781331+
1514171471+
£016041291+
112533332+
3000021467+
1812201425+
1127433
1128133
5C0G0C00G0+
4511981326+
5516171372+
3000021375+
6913661416+
6980031180+
2319778003+
6NBCGZ1195+
4412971298+
1912741244+
712611313+
0011321+

) ¢

3

3G

&

¢

TABLE XL

PROGRAM: BEATON CORRELATION

5100018003+
2730108003+

2419961957+

2419951958+
2419221997+
2419231997+
2419241997+
2419251997+
24192615997+

2419271997+

2419281997+
2419291997+
2419301997+
24193221997+

2419331997+
2419341997+

2415351997+
2419361997+
2419371997+
2411311134+
1719541256+
6911961299+
2313521356+
20116111564+
6380031170+
9812731325+
2419551158+
20118911%A+
1511941197+
1511528002+
1916171291+
6516171201+

112193333+
2112241477+
1019541305+
1513938002+
1012521360+
3500021311+
5512741954+

26180000+
€8Cc011133+
012861291+
3399000060~
419561411+
S13061423+
4512641907+

5913201423+

1513281283+
£613341239+
16124112%%+
4612481325+
2412811660+
6011541284+
6913801433+

6119551952+
5119509006+
6919541953+

7+
1081018002+
1080011934+
2215778002+
7119771911+
6019521963+
1619521963+
1119521963+
1519331989+
44619351987+
6018521963+
1519391943+
1080011993+
6582011942+
30002041916+
2419551208+
111363333+
1119641419+
2411531156+
2112121265+
1019641169+
1180021129+
2412811184+
1912231144+
2111531456+
6913251202+
1112091163+
69830031270+
112203333+
1611611215+
4511381375+
2119841338+
6514781336+
1014611354+
50+
2012238001+
3500041237+
2014171131+
65500001417+
6512981255+
1013461354+
2012741278+
113183333+
6014781333+
1519641270+
1089021247+
6516171600+

202101652+
4090079009+
2419971954+

2419391998+
2419401998+
2419411998+
2419421998+
2415431998+
2419441958+
2419461998+
2419481998+
2419611998+
24155621928+
2419631998+
24196461998+

2419651528+

2419651998+
2419671937+
6512191173+
1511401145+
1680021453+
2019771130+
1580011165+
2012191172+
6911751128+
1126181221+
2012741264+
1712741379+
24612031206+
2119561257+
6011741179+
4412751153+
6780031285+
1711881193+
6913001603+
151452140+

$13591312+
4611661367+
9813731475+
2112121315+
1112091213+
1519771232+
6012051462+
6516171474+
2411311284+
6512221225+
6519771481+
10196416569+
2112741440+
6913251
6912511449+

7090029900+
5090089004+
6919561955+

10000+
6519521911+
1119151920+
1619151937+
1519531941+
1619531913+
1019491961+
6919631970+
1519641969+
2419331987+
2100001988+

10000+
3500041930+
4680011972+
6980031975+

6080021147+
3500021151+
2119851338+
1519641369+
1112741279+
1619641259+
9811831265+
2012201189+
3508901417+
3500021457+
4612111162+
4511681319+
6519551159+
4611321233+
2112201374+
1613201276+
6012121217+
SNEND21365+
6512881343+
2213751178+
6080031335+
1512381242+
69124613909+
2413751192+

6G+
1680021417+

59+
6880021135+
2019841331+
201952147p+
6512661448+
& 601Lig+
4110000000+
1016161171+

1519589004+

2000+
7019516000+
2419981999+

2419681999+

2419691999+
2419701999+
2419711999+
2419721999+
2419741999+
2419751999+
2419761999+
2419871999+
2419881909+
2419891999+
2419911999+
2419931999+
2419941999+
24 1939+
1119541309+
1012031157+
6911991352+

111533333+
4512641465+
2411311484+

111743333+
3000021137+

111883333+
1911481451+
2412741428+

254100060+
6505001300+

112233333+
3000011337+
4611901191+
6580031451+
2500021308+
6NBNN21377+
6912181271+
2112381341+
1012531357+
6519521310+
3108501417+
3500021207+
6512741229+
1580011421+
6412241234+
2019851331+
1912881458+
6512461454+
6912511299+
6580031263+
1580011371+
1680021330+

813008000+
2790008002+
2415991956+
6919581957+
2219621971+
1080011976+
2219631967+
2019918001+
1019911948+
2219791991+
2219911965+
1119791932+
7N19943000+
6519911946+
2419491974+
6N00N01949+
2119421910+
6519511966+

1512191156+
1+
3600001469+
111543333+
111613333+
1580011173+
6512231227+
49+
111893333+
1417+
112033333+
4613631314+
1511891143+
112243333+
2111361139+
112383333+
2019771280+
65N0NN13N0 1+
1712621267+
2012091316+
1n11761231+
7119771378+
64800116C1+

2012531256+

4512541155+
2012741228+
1112681323+
4513761380+
1113531357+
1512898002+
1In86N011351+
2412531256+
3INONN21281+

3500011272+

1580011230+

0zt



13720007+
13790007+
13860007+
13930007+
14100007+
14170007+
14240006+
14370007+
14440007+
14510007+
14580007+
14650007+
14720007+
14790007+
14860007+
14930007+
15006007+
15070007+
15140007+
15210007+
15280007+
15350007+
15420003+
15390007+
15460007+
15530007+
15600007+
15670007+
15740007+
15810007+
15880007+
15950007+
16020007+
16090007+
16060007+
16130002+
16630007+
16700002+
16720007+
16790007+
16860007+
16930007+
17000007+
17070007+
17140007+
17210007+
17280007+
17350007+
17420007+
17490007+
17560007+
17630007+
17700007+
17770007+

6914261480+
1811821187+
6013251349+
2119781338+
6914631200+
2019781331+
6914441200+
4512401131+

273=
1012741479+
1013611415+
6512741429+
6914761352+
1680021287+
1499991898+
2018881543+

3600019684+

3500011516+
2019511504+
2419871972+
16070000+
6914881728+
6918951495+
1180031697+
115463333+
115533333+
115603333+
115673333+
115743333+
115813333+
115883333+
115953333+
6911961445+
116093333+
2018211524+
116133333+
116633333+
2112528001+
2419961499+
100011716+
5000+
2417721539+
6516161673+
2019531708+
1980021688+
1580011679+
2418321685+
1519511815+
117423333+
2016151733+
117563333+
6514291741+
2415431865+
2118851889+

TABLE XL  (Continued)

1011761450+
6019561291+

6913421296+

6516171472+
6513251442+

114183333+
2019541307+
1080011345+
6016171212+
6000001205+
6513621467+
6012521666+
2419551160+
2411311417+

6919991502+

6017011690+
6919381693+
6518661672+
6915181521+
3500041533+
1515321487+
6519991736+
6519511538+
4414941694+
115473333+
115543333+
115613333+
115683333+
115753333+
115823333+
1158933334+
115963333+
2412811292+
2116103333+
116073333+
2419871940+
116643333+
1612321437+
1516761681+
2018161526+
2117421795+
6018971744+
1041031853+

6917111614+

6517701775+
790000+
2419961699+
6917391498+
7019961996+
117503333+
1517601716+
4517211996+
1680021882+
2018311787+

2012241274+
6014391443+
6513981304~
6913921150+
1516651470+
1580011277+
6914821167+
6516171417+
2012231212+
3600001226+
6500001300+
114673333+
3500021396+
1511401245+
6019511888+
2418461749+
2219998003+
6916751729+
2019511704+
1517371491+
6518321842+
2019511754+
115443333+
1980021714+
115483333+
115553333+
115623333+
115693333+
115763333+
115833333+
115903333+
115973333+
6012381344+
116113333+
116083333+

116083333+

2016171398+
2016171398+
7019943000+
2419521707+
1580031695+
1519521713+
6519511507+
2418481788+
7019951995+
6517261731+
3500011537+
6516071767+
1519471696+
2017561762+
6917631717+
6017421400+
7019961996+
2418321786+

113753333+
6512901395~
6512901347+
2111881446+
1616161322+
2219591412+
6080021185+
2019541189+
6919531464+
1014611602+
6516171300+

114683333+
6912531167+
6016171422+
6914921495+
4415011738+
6516071773+
6918741728+
1580011525+
6516161522+
2319601513+
3500011496+
3500011496+
6918951495+
1915521823+

115563333+

115633333+

115703333+

1157733323+

115843333+

115913333+

115983333+
1619641266+

116123333+

116093333+
116093333+
2212521302+
2212521302+
6518141773+
6519851489+
2117601789+
6917461990+
1517561761+
6516161973+
2417261739+
2015491702+
1519391796+
6917431693+
1517481803+
100000+
2500041822+
6916741677+
6917761779+
2018851896+

1580011339+
6013251142+
6513971347+
6500001251+
2216161447+
1019551260+
3500021234+
1619541600+
1516161455+
2011761605+
1512161424+
2112741327+
6912421202+
4480011438+
6519511506+
1515001606+
6080031512+
3500011517+
6916741727+
6915281531+
1915521822+
1180031697+
1180031697+
6519511538+
115503333+
115573333+
115643333+
115713333+
115783333+
115853333+
115923333+
115993333+
2018211524+
116133333+
116103333+
116103333+
116673333+
116673333+
6916178003+
1016861541+
1517061740+

3500021689+

4415081500+
6019531858+
2417501903+
1515301535+
6514861542+
6917501812+
4699991803+

117603333+
4618701880+
1180031783+
3500041790+

3600001149+
6013941349~=
1112741441+
6519591413+
1180031473+
1980N011146+
3000011186+
1013461602+
2413751294+
6514601156+
4099999872=
2214671670+
6880021235+
6514171671+
2018241527+
2418901493+
3000011511+
2416161519+
1580011678+
6519511730+
1080021691+
4614941694+
4414941694+

115443333+

115513333+

115583333+
115653333+
115723333+
115793333+
115863333+
115933333+
4413031204+
116073333+
2419871940+
116113333+
116113333+
116683333+
116683333+
2419871940+
6516871992+
2416161520+
2018481998+
2418591712+
6916151718+
1618241881+
6514311741+
6519511534+
6916151990+
3500011540+
4416821732+
1119641720+
1517221878+
2418791782+
6517351890+

6512321283+

6013251142+
6014451249+
2419561325+
2414781466+
2412741377+
2412741377+
6913251350+
2111548001+
2112741427+
2419771348+
4513241326+
6913801483+
2118441497
2130041820+
1019021510+
3500021514+
3500041523+
1017241529+
6519601515+
3500011692+
1980021714+
1980021714+

1154533334

1155233334

115593333+

115663333+

115733333+

115803333+
115873333+
115943333+
1680011210+
116083333+
116153333+
116123333+
116123333+
2114781282+
2114781282+
1019311485+
2117771680+
2019511904+
6015031725+

6516171788+

2019531766+
4617231774+
2419871490+

6517371892+

1017521761+
5000000000+

12016171900+

1017658003+
6917761781+
6019521888+
3500011794+
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17840007+
17910007+

17980007+
18050007+
18120007+
18190007+
18260007+
18330007+
18400007+
18470007+
18540007+
18610007+
18680007+
18750007+
18820007+
18890007+
18960007+
19030004+
19310001+
19380001+
19450001+
19470001+
719500001+
19730001+
19900001+
19920001+
19950005+

018371891+
: 1+

117983333+
1519641719+
2418231777+
1018721877+
1018291833+
2118388C01+
1519511815+
1519521815+
2418141769+
6518141869+
1518711875+
2018791832+
2418851888+
2018471852+
1518071863+
6917061709+
3899269729+
6519511757+
2117981758+
6017011705+
6619511505+
3000041683+
2417501698+
6919451498+
1619511764+

1580031793+
1018471851+
9618021804+
1116091813+

4618161817+

6518231827+
1518301835+
2118391818+
1618441899+
6017011705+

23500001771+

2218651868+
4517721848+
1518791883+

2018381841+

2117981758+

1853+
4416841536+
4416841536+
4416841536+
4416841536+
4416841536+
4416841536+

4416841536+

4416841536+
4416841536+

6518141773+

TABLE XL (Continued)

3500011894+
6980021799+
6516071767+
890000+
118143333+
3600019684+
1518311785+
1018381843+
1518451850+
2218031806+
6918591862+
2118251778+
6180021780+
1180031836+
1580011892+
2118471818+
4419011803+
6080031803+
6080031803+
6080031803+
6080031803+
6080031803+
6080031803+
6080031803+
6080031803+
6080021803+
6519511906+

6918401893+
2417981751+

1680021759+
3500001771+
3540021771+
2418251828+
6015440000+
2418391792+
6918461849+
1617531857+

4518601861+

2418311734+
299260045+
2218311784+

2018008001+
2018531856+
4680011715+
4680011715+
4680011715+
4680011715+
4680011715+
4680011715+

4680011715+

4680011715+
4680011715+
2118591900+

1517911755+
60179817o%+

1018081873+
6015450000+
6518321842+
1530031898+
10000+

", 10000+
3899269729+
6918551810+
2219521710+
1040031853+
3500001847+
2415441865+
6518001805+
2418471772+
7019971715+

7019971715+ .

7019971715+
7019971715+
7019971715+
7019971715+
7019971715+
7019971715+
7019971715+
7019971715+

2115521879+

1180031747+
2017268001+

2030041820+
2218151768+
2018231826+
6516071767+
890000+
6015441549+
10000+
6918071864+
1041031853+
6518251880+
2018311834+
4518871886+
3500011801+

1680021854+

100011905+
100011905+
100011905+
100011905+
100011905+
100011905+
100011905+
100011905+
100011905+
100011905+
100011905+

1080011797+
2117531818+
1618071811+
1180021819+

6518211876+ - -

118253333+
6518851839+
3540011847+
2031041820+
2140041820+
1580011867+
2018321818+

6518851839+

4518841848+
2117421795+

2030041820+

2118851889+
2118851889+
2118851889+

2118851889+,

2118851889+

2118851889+
2118851889+

2118851889+
2118851889+
2118851889+
2118851889+

(4N
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Column Description
6 0
7 0
8 0
9 0
10 1
11 - 13 In each column indicate the

No. of variables per card

14 - 20 0

Data Cards:

Word 1 is reserved for identification.

‘Words 2 - 8 are for data. Fiﬁe digits are used for each
variable in fixed decimal point.. For example 00 0000 6455 means
- 0.6458.

Punch Instruction:

l; No High punch column 1

2. ©No High punch column 73
Trailer Card{

This is a load card with high punch columns 1, 20 and 30;

a lovaunch in column 10,
Columns 1 - 10: 00 00xx 1355
xx total No. variables

Columns 11 -~ 30 are zeros except column 17 and column 19 are 1,
Cutput:
| Output data cards are ready for Regression Deck. Be sure to

high punch column 1 before input to Regression deck.
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Machine Operétion:

Console Settings:

Storage entry 70 1951 3000

Progfammed STOP
Half Cycle. RUN
Control RUN
Display‘ ) UPPER
Overflow SENSE
Error STOP
Punéh Feed:
80-80 Board

Switch 1 up

| 2 middle

3-5 down
Starting Procedure:

1. Clear punch feed hopper and load with blank cards.
2. Load read feed.
3. Punch computer reset and program start.
4, qush read feed start, wait for end of file.
5. Push end of file,
6. End of displayé 70 1999 1000
7. Clear punch hopper.

Running time: About 3 minutes for each run.
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Program

Granet Multiple Regression

Purpose of Program:

Tﬂis program will calculate the regression coefficients from the
regression matrix by the least squares method. Other calculations in
this program are: standard deviation of betas, ﬁultiple regression, and
the inverse 6f matrices.

Program Language: 650 Macﬂine language

Program; Table XLI

Preparation of Data:
| ‘The input coﬁsists of three parameter cards and one control card
plus the following ffom the Beaton Correlation Routine:
1. the correlation matrix
2, the standard deviations

3. the means

~The First Parameter Card:

Columns 1 - 6 0
Columns 7 - 8 Number of variables
Columns 9 - 10 Total number of variables

Columns 11 - 30 For 7 variables:
' ' + +
0102030305 0607000000
The Second Parameter Card: (designated as card no. 38A)
Same as the first paraméter card except columns 2 - 6 are
10704.

The Third Parameter Card: (designated as card no. 40A)

~Same as the first parameter card except columns 2 - 6 are 10729,



8000501954+
6090031957~
6919521953+
2419971952+
2418611996+
2418711996+
2418531996+
2418791996+
2419031996+
2418801996+
2419001996+
2418581996+
2418511996+
2419061996+
2419101996+
2418741996+
2419071996+
2419841996+
2619881996+
2419641996+
2419011996+
2419451996+
2418981996+
2418663996+
2619161996+
2419381996+
2419761996+
2419801996+
2419201996+
2619261996+
2418991996+
2619221996+
2419671996+
26419191996+
2418651996+
2419181999+
2418501996+
1850+

6919521953+
2419971952+
2419881996+
2419891996+
2419921996+
24619851996+
2419821956+
1988+
7540007+
7610007+
7680007+
7750007+
7820007+
7890007+
7960007+

4019531956+
2920009005+
6919521951+
6919531954+
2218581911+
6918741878+
3500021859+
6680031887+
1518561662+
6918831886+
6918541857+
2400001964+
1619051909+
1918701940+
1518581863+
2018971902+
6518701925+
6919545003+
6919588003+
1516698002+
6519211876+
1518981908+
1118540000+
6018831937+
1119191923+
2018911994+
2019481969+
6519331939+
1519291934+
6619181683+
1619701931+
2619481972+
6519421949+
2018491866+
1000001982+
2399999999+
7019683000+

6919521951+
6919531954+
7019941951+
3500041981+
1019828002+
1580011993+
2400001977+

6507571080+
6511081063+
6516061512+
6907780781+
6515111115+
1607661571+

5100018003+
2790108003+
2419951954+
6919561957+
2419111997+
2418781997+
2418591997+
2418871997+
2418621997+
2418861997+
2418571997+
2418751997+
2419091997+
2419401997+
2418631957+
2419021997+
2419251997+
2419851997+
2419891997+
2419661997+
2418761997+
2419081997+
2418901997+
2419371997+
2419231997+
2419941997+
2419771997+
2419691997+
2419341997+
2419181997+

2419311997+

2419721997+
2419421997+
2419051997+
2418941997+

2419681997+

2419951954+
6919581957+
2419941997+
2419811997+
2419771999+
2419931997+
2419911997+

6516091763+
2409841037+
2015081811+

6119551952+
5119509006+
6919551956+
2419981955+
3500021867+
2418811884+
1180031917+
6918901893+
6918651866+
2218831936+
2418601967+
2018978001+
4519128000+
3500011947+
201858191 3+
6015061864+
3500041910+
6919558003+
7019908000+
6918771930+
6980031882+
1018908002+
4419633000+
1518911896+
4419281950+
6519481891+
2019481969+
4419731926+
3500041946+
2400009999+
4519411991+
6919811892+
6919521922+
6018481904+

7+

6519511855+

6919551956+
2419981955+
6519511979+
1580011990+
1019801985+
1119781983+
6919528003+

16076606771+
2119341038+
6906761079+

6500001505+

TABLE XLI

2092101952+
4090079009+
6919541953+
6919561957+
2418671998+
2418841998+
2419171998+
2418931998+
2418681998+

2419361998+

2418561958+
2419501998+
2419121998+
2419471998+
2419131998+
2418641998+
2419821998+
2419861998+
2419901998+
2419301998+
2418821958+
2419631998+
24196219%8+
2418961998+
2419281998+
2418911958+
2415781998+
2419731998+
2419461998+
2419801998+
2419411998+
2418921998+
-2419811998+
2419151998+
2419701998+

2418551998+

-

6919541953+
6919571956+
2419791998+
2419901998+

2419831998+
2419801998+

¥

6607600765+
241928G831+
4507740775+

2000C0+
6507300985+

1680021807+

7090029900+
5090089004+
2419961957+
7019958000+
44618711872+
3500041895+
2618701873+
2318901942+
2219211924+
1618891993+
5018491904+
7019613000+
15191518871+
4419011852+
6080011971+
2418811910+
6919528003+
6919568003+
1618941982+
2319211961+
2318851888+
1518548002+
6919211974+
1018891944+
1080011935+
3500021975+
2019481969+
2119291932+
2418601883+
6519331939+
1580011949+
2418911994+
3500021975+
6018491904+
6919591922+

6918581861+

2419961957+
2419991999+
6919821986+
2219781984+

4419871988+
10000+

308000955+
6400000950+
2016051758+
308001105+
2415081511+
2417081712+
922+

PROGRAM: MULTIPLE REGRESSION

1519589004+

2000+
6919588000+
2419998001+
2418721999+
2418951955+
2418721989+
2419431999+
2419241999+
2419931999+
2419211999+
2419611959+
2418811999+
2418521999+
2419711999+
2419061999+
2419831999+
2419671939+
2419651999+
2418691999+
2418681999+
24185419409+
2419742999+
2419441969+
2419351999+
2419751999+
2419791999+
2419321999+
2418831999+
2419351969+
2419491999+
2419911999+
24188921999+
2418651999+
2418491999+

2419118000+

6919588000+
7019950000+
2419861999+
2419841999+

2419871999+
2419781999+

200676C779+
10000+
2017591062+
6907830786+
2419270780+
2415141518+
100000922+

813008000+
2790008002+
6319561955+
3500041895+
6918751878+
1180033853+
3500021879+
3500041903+
2418771RB8D+
20189271900+
1020001982+
6518271851+

2018373001+

3000011910+
1519218001+

1019181964+
10001+
6580011945+
1+

2019481969+
6618601920+
20318482866+
1518831899+
2019338001+
70196730005

10000+
2400001964+
2400009998~

3500021867+

6919561955+

2219821989+
6519911992+

1080018002+ "

5010000000+
2410790882+
2015080761+
2407840787+
6509851539+

2006761629+

9¢T



8030007+
8100007+
8170007+

8240007+

8310007+
8380007+
8450007+
8520007+
8590007+
8660007+
8730007+
8800007+
8870007+
8940007+
9010007+
9080007+
9150007+
9220007+
9290007+
9360007+
9430007+
9500007+
9570007+
9640007+
9710007+
9780007+
9850007+
9920007+
9990007+
10060007+
10130007+
10200067+
10270007+
10340007+
10410007+
10480007+
10550007+
10620007+
10690007+
10760007+
10830007+
10900007+
10970007+
11040007+
11110007+
11180007+
11250007+
11320007+
11390007+
11460007+
11530007+
11600007+
1167C007+
11740007+

6580021061+
6580010923+
6780010923+
3000020877+
6509840789+
2009041058+
6009041012+
1509060912+
3100000886+
6680010827+
1808260834+
1509330887+
4508900895+
2009041007+
1509040909+
6709110920+
6509190972+
6500001080+
2009330948+
2415081661+
31999909C1+
2007550758+
6609601016+
1009196825+
2108260979+
2015081751+
1906761131+

2009040908+
2007551908+
4608860922+
1515751882+
2009041076+
6918651068+

3600001031+
6517151080+
3100010969+
2009190922+
2011470952+
3000011148+

2009190922+
2411171070+
2407591764+
1516241879+
650785108C+
1507661523+
3500041057+

100006000+
1680021177+
1011891195+

6009041109+
6680010923+
6880010923+
3000020837+
6580030839+
3500010996+
6009041012+
2208590918+
6580010827+
6780010827+
7000000922+
50+
6518301085+
6509041010+
6500001080+
4508620899+
1809190973+
3500020929+
6509330942+
4609400941+
1+
2017141667+
6609611016+
200919GC922+
3100010879+
6009040959+
2415081761+
3000011049+
100938000+
6509601066+
4708860922+
2011081011+
120002800+
1507661773+

2009041008+
1+
1507661021+
1410741124+
2015141661+
49+

6515080763+
6517151619+
1508721077+
2015081612+
1507661621+

.

1980011198+

1680021178+
1680021183+

TABLE XLI (Continued)

100958000+
6508021507+

6580010829+
3500010990+

6009041014+
1580010963+
6680010827+
6880010827+
3000021032+
6911160769+
1511471104+
6080020910+
6909561111+
3600000947+
6080020928+
6509330949+
£509040859+
1109440899+
3199950880+
6509040969+
3000011015+
1709190965+
4509260927+
2000000922+
6510791133+
2409851588+
2017141817+
6509611066+
6409681078+
4507761127+

100928000+
4510900842+
2417081812+
2007551558+
6909621017+
2409678001+
2011471054+
4508330922+
1567661873+

6907831536+

100048000+
6508810889+
6507840989+
6915781534+

4609031053+
1011611168+
1580011182+
3000011175+
3000011184+

100968000+
2009680971+
3000020877+

3500020838+

2009190922+
1906761131+
2009190922+
2209228001+
4409150917+
6580016827+
2015080762+
1080010939+
4408930856+
6909190836+

2009010900+
1609210925+
4609310930+
1180010938+
1009440899+
2209490852+
6507561911+

49+
2119341137+
7100000922+
4410861088+
6519271831+

4408860922+
1709190828+
2007841687+
7119271785+
6515111515+

6780031065+
2009190922+

3500010981+

2419280831+
3000011094+
1107661525+
1011611166+
2006761579+
6907641517+
6880021081+
2119341038+

100918000+

%

*
2011611164+
1580011174+
1680021180+
3000011185+

100978000+
6580010856+
3000020877+
1708400848+
6580020897+
2111470952+
2409040957+
3500020813+
1109190825+
6908740977+
6909800983+
6910871040+

6509020855+
2009110916+
4609220924+

3500040937+
2409550973+
6909430946+
2109040913+
308001655+
50+

6215081563+

6911161019+

1507661622+
4408490900+
6507041659+
4608630964+
2209220875+
2009840987+
2109041121+
6507551909+

1011611170+
1507661821+
1709190873+
4510261027+
4611350884+
6900008003+
2009041120+
1680021159+
6500011005+
1507661671+
2015641567+
6519271504+
2410190780+
6900008003+
2411531156+
1011601165+
4511691153+
1580011181+
3000011186+

100988000+
6580010923+
3000020877+
3500020885+
3008060854+
6080020851+
2109040857+
6880020966+
6580010856+
6909740977+
45082208%9+
2108400843+

2009040907+

90000+
6880026934+
1509440965+
6509330901+
1709110965+
6909450852+
6780030905+
6511081080+
6500001080+
6910721150+
2015081112+
2208370895+
44099308%4+

6507591513+
2415031707+
4509781129+
1009351143+
1507661822+

6910561111+
6511281883+
6009191073+
2000C0G000+
1510840889+
6080021055+

4611131067+

70000+
4511261627+
2415111114+
6507551059+

1980011152+
1011611167+
1680021173+
1580011192+
6480011100+

100598000+
6680010923+
3000020877+
6680020897+
2000060922+
6009041009+
1909040876+
6509110914+

6580010827+ -

4609320883+
6511430898+
100016999+
2009040958+
6780020965+
2409190922+
100000+
3600000850+
800+
2009040658+
3160000901+

2069190922+
2107561560+
3000021033+

1907550759+
4508860922+

2409841537+

1108811036+
2210928001+
2211431146+

6509041069+
3000028002+
2415031757+
6907830986+
1511171071+
1507661023+

1980011190+
6680021969~

4410821083+
1519291683+
6907910794+

3000011158+
1980011196+
1680021176+
32000011179+
3000011188+

Le1



11810007+
11880007+
11950007+
12020007+
12690007+
12160007+
12230007+
12300007+
12370007+
12440007+
12510007+
12580007+
12656007+
12720007+
127900607+
12860007+
12930007+
13000007+
13070007+
13140007+
13210007+
13280007+
13350007+
13420007+
13490007+
13560007+
13630007+
13700007+
13770007+
13840007+
13910007+
13980007+
14050007+
14120007+
14190007+
14260007+
14330007+
14400007+
14470007+
15030007+
15100007+
15170007+
15240007+
15310007+
15380007+
15450007+
15520007+
15590007+
15660007+
15730007+
15800007+
15870007+
15940007+
16010007+

1011891194+

6480011172+
1680021103+

2000001324+

2+

2214451252+
6599991362+
6912201224+
1080021231+
1514831288+
2414941301+
2214961299+
6512601281+
2014641325+
1012231321+
3600021427+
6514811335+
6914881341+
6780031349+
2014521355+
1014591221+
1580011343+
1012201429+
6914801333+
1580031391+
1180021350+
4413521424+
2484581311+
1012571429+
2014731330+

6014881444+
3500021399+
1513031356+
2419281631+
3000021717+
2410790982+
2007551558+

308001906+
6908410994+

1507661522+
6916701875+
2009851132+
6915831586+
2419271530+

7119271561+

1011891193+
5+
3000011153+

1512431255+
2214781234+
2212201278+
2414591262+

3000021213+
6914111217+

2214071269+
2414851417+
2412351239+
6912221293+
1514591400+
6912081211+
1112421317+
2014771408+
6514811343+
1514831337+

49+
3100021351+
4613531404+
1514111365+
1112231321+
2114261375+
6914811341+
1180011443+

2014551358+
2014118001+
3600001384+
6514781412+

2414881342+
1014941414+
2214531306+
1516241529+
6906761079+
6916751678+
2107831736+

308001756+
1507661573+

6917661820+
6019531907+
6517551559+
2007551608+
1516241729+
6916111666+

TABLE XLI (Continued)

1511871191+
3000011052+
5+

2212081300+
6512591289+
2112351245+
2014881442+
3600021253+

1580011261+

6912711273+
2214971294+
1614591290+
6912421274+
2212581279+
6912581295+
4413221320+
3500041377+
4413821328+
6780031338+
2013928001+
4613471348+
4513541427+
2114661420+
4413701359+
2114271380+
2013341387+
6114891396+
1014961356+
1614831265+
2499991445+
1580011372+
1080011430+
50+
1514881343+
6780031410+
5010000000+
408001555+
1507661972+
1507661122+
2009841937+
2409841550+

6907640767+
2415641618+

55+
6500001806+
1507661623+

6480011162+
1080031199+
3000011155+

2212091264+
1180031327+

2414901446+
2212431305+
+
2012591263+
3500041272+
10000+
2212571287+
2499991308+
6914071266+
6913031207+
2199991422+
4513161366+
4414211423+
60142713231+
1512451441+
1714911346+
3500021307+
3000011360+
6512081368+
6112221373+
1014261431+
2012451439+
66145013454+
6014971401+
1514548003+
6999991233+
1512681285+
6512581329+
1614831438+
1080011443+
3000021450+
*
6515081713+
1507661521+
2116141917+
6507841039+
2408721625+

2007551658+
2119291132+
1607601615+
2007551859+
2409841600+

*

*

6480011171+
1011971101+
1080031157+
6912091212+
3500021219+
2099991386+

6980031240+
2414991408+

2012601218+
1512431254+
6912221276+
2214921297+
6913411277+
6912821291+
6914081284+
6912571275+
3500051323+
1580011329+
2114911426+
1614851340+
4413931394+
16149914013+
1014581314+
6914641432+
1612711375+
2414271381+
2012451389+
1580018003+
2114501406+
6414551383+
2014641367+
2212421283+
6514771332+
10148313288+
2414901334+
3000011402+

1507661772+
6500001505+
2007590955+
2007551060+
1607661923+

6907831636+
1611161721+
2409841138+
6507841089+
2411081962+

2006510954+

6480011163+
1680021151+
2412381206+
2213031415+

1580011371+

6999998002+

1914771210+
1514591304+
2414801267+
2214081296+
2214541270+

1680011213+
3500021319+
2014731434+
6514811435+
2213411344+
4513151238+
3500051309+
6080021413+
6014641369+
6912091374+
2014751433+
6514881343+
6014921447+
1014501357+
2014581361+
1814661425+
6913361241+
6914791432+
1513341339+
1580011395+
6500001440+

1507661771+
2017551808+
2019271030+
2415081961+
2417081912+
6509531080+

6600011705+
4510240975+

1507661973+

6407051656+

400000000+
1680021154+

6599991312+

6599991437+

2099991386+
6914451251+

1+
2414821252+
2414831286+
6912561448+
2412221302+
6912421416+
4513161326+
6514731378+
2414771280+

3099991363+

6914521405+

1614581313+
3500021419+
1914731376+
2114811245+
3100011390+
3500021398+

-1614531310+

1114581364+
6599591418+
3500021232+
15142814069+
46132851436+
6513921397+
6914491407+

1507660772+
6600011606+
2007850788+
6915331136+
6907830936+

2119341137+
6915511064+
6407551605+
2011071761+

308001805+
2410190780+

6510031080+

1507661723+

821



16080007+
16150007+
16220007+
16290007+
16360007+
16500007+
16570007+
16640007+
16710007+
16780007+
16850007+
1699000 7+
17060007+
17130007+
17200007+
17270007+
17340007+
17480007+
17550007+
17620007+
17690007+
17760007+
17830007+
18040007+
18110007+
18180007+
18250007+
18320007+
18460007+
18530007+
18600007+
18670007+
18740007+
18810007+
18950007+
19020007+
19090007+
19160007+
19230007+
19300007+
19370007+
19440007+
119610007+
19680007+
19756002+

6509671871+
1900001855+
2007841587+

308001506+
2415081062+
2007551709+
6518301035+
6507551609+
2015118001+
2416051760+
2016761735+

6515081813+
1607661672+
6507300585+
6517081963+
6918651868+

1906521107+
6918651018+
2409840888+
2010508001+
2019291582+

6515641519+
6918251778+

6407051656+

1107661974+

6919641718+
1017141520+

59+
6518301585+

1507661774+
1519271917+
4516261028+

6515031607+
1619021913+
6516641080+

2410501553+

6406520802+
6917201925+
2007841787+
6916331686+
2419271580+
2019271601+
6507601565+
6407551905+
4508761527+

308001706+
2410190780+
6507831737+
6911161769+

4615241025+
2417551810+
£510501816+

6515081913+
1507661722+
2106761834+
4518801681+
6180031050+
6515081663+
6911161815+
2409840988+

7119271827+

1507661572+
2415031716+
2417591616+
3500081001+

6915161620+
6907831786+
2115781832+

6919151118+
1518741782+

TABLE XLI (Continued}

2107551660+
6907701724+

1+
6509841639+

6400001650+
2418301734+
4515261727+
6507291733+
2419271630+
1516241651+

6600011606+
2016090812+
2019271780+
3600001610+

408001856+
6907901043+
6907771634+
2015118001+
2416061566+
650777113C+
1607601765+
1607661872+
2416761784+
6519271731+
6516761884+

2007551858+
6907901543+
2019271881+
1607661824+
1616141569+
7119271900+
2407851538+

10000+

1611161823+

6900001503+

6917251728+
6916281584+
300000+

1607661673+

6680021020+
6007551510+
2017081711+
7119271877+

*

*

308001526+
6917701975+
2015031657+
6519271581+
2415081562+
6519271701+
6515141119+
64080001720+
2008021961+
1016321887+
2415081862+
3000081125+
6907641967+
4515741129+

2019281531+
1507660773+
6517811535+
1607661726+

408001006+
2417811134+
2018301681+
7119271911+

6519011911+
6406520802+

4516741075+
4516741075+

6507851139+
1507661922+
2017811034+
2409841700+

6515141080+
2411071860+
2006510954+
6518301635+

3000021867+
1017140970+
2411288001+
1516241829+

2006761679+
250000+
2018308001+
2119301662+
2419271730+
6511071861+
lo0+
2007841637+
2019271830+

6019521857+
3600001732+
6600011705+
1607661921+

6507841589+
16076€1123+
4419231926+

1119151920+
6917681775+

2016061809+
2016061809+

1607661971+
2417151818+
6516801080+
2415111814+

6517081613+
2119311950+
2409841837+

2019251532+

6516051509+
2416091965+
1906521107+
2107551110+

6918641568+
1007661924+
4515281682+

6517591863+
1507661776+
4615761777+
63900001503+
6907200793+
7119271677+
6507601665+
2419281631+
4509761577+
1518151869+

2119331901+
3500041767+
2006761579+
2009678001+

1519291943+
1619151937+

2018308001+
2018308001+

20107920782+
6500011005+

1517141919+

1907551759+
1607661022+
2006761679+
6911161669+

6911161570+ .

1906511755+
6018151719+
1016241779+
4516850754+
1619291783+

6515641080+
2006761629+
2408021510+
3500080951+

6919141663+

€007551710+ .

2011288001+
3500080799+

2017141617+

2018301833+
2017081762+
2119271830+
2119341851+

308001106+
2006760779+
2017150768+

6580011942+

1515027941+
2119321900+
2410791684+
2107901093+
2107901093+

62T
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Control Card: (card no. 210)

This is the last card read into the machine.

Column Description
1 ~‘10 Machine constant . 65 1954 1955 .-

11 - 20 No. of equations 00 0000 OQXX
21 - 30 .Order of matrix 00 0000 00XX
31 - 40 XX is same above XX 0000 0000
41 - 50 Machine constant 69 1956 1200
51 - 60 Machine constant - 00 0000 1850
61 - 80 Blank

Order of Program for Loading:
1, Two drum clear cards

2, First 35 cards of Granet Multiple Regression deck

+ +

3. 1l = card no. 36 Transfer card 00 0000 1850

4. 1 - card no. 36-A lst parameter card

5. Correlation matrix as punched out by the Beaton Correlation

routine, Identification no, 11 in Columns 5 - 6, This is in

floating point arithmetic. The characteristic in this floating
-

point arithmetic is in the 9th and 10th digit of the word; i.e.
et EAR
the two left digits. Note; There must be a 1l in polumn 19 of

the trailer card of the Beaton routine.

6. 1 - card no, 37 Blank cardi

; : + -+
7. 1l - card no. 38 Transfer card 00 0000 1850
8. 1 - cafd no. 38-A 2nd paraﬁéter card
9. Standard deviations as punched out by the Beaton Correlation

routine. JIdentification no. 09 in Columns 5 ~ 6, This is in

floatihg pbint arithmetic, Noté: There must be a 1 in Column



10,

11.

12,

13.

14.

15.

16,

131

17 of the trailer card of the Beaton routine.

1 - card no. 39 Blank card
1 - card no. 40 "Transfer card 00 0000 1850
1 - card no. 40-A 3rd parameter card

Means as punched out by the Beaton Correlation routine, Iden~-
tification no. 07 in Columns 5i~ 6. This is in floating point
arithmetic, Note:> There must be a 1 in Column 17 of the
trailer card of the Beaton routine.

1 - card no, 41 Blank card

169 cards -~ cards no. 42 to 209

Granet Multiple Regression Program

1 - card no 210 Control card

Punch Instruction: Same as Beaton Program

Output:

20 in Col. 5-6 Betas (std. partial regression coeff.)

21 in Col. 5-6  r;; (partials)

22 in Coln 5-6 Spi &std, deviation of betas)

23 in Col. 5-6 bi &regression coeff.)

24 in Col. 5-6 R, b; or a (multiple‘R and regression constant)
30 in Col, 5-6 Inverse matrix

Machine Operation:

Console Settings:

Storage entry 70 1951 3000
Programmed STOP

Half Cycle RUN

Control RUN

'

Display ' PROGRAM REGISTER



Overflow | STQP
Error “ grop
Punch Feed:
533 Read-Punch unit with the 80-80 board
Switch 1 ’ ué
2-4 | down
Operation::.Samé as Beaton Program
End of display: 01 0000 0000

Running time:; About 4 minutes for each run

132



Purpose of Program:

Program

Core IV

This program will compute the uncorrected and corrected sums of

squares and cross products,

deviation.

Program Language:

Program: Table XLII

Input Card:

650 machine language

e

1. Program: 2 core=drum clear
2 4-Card loader
5 7-card loader
41 program deck

the correlation coefficients and standard

2. Control card

3. Data

Output Sequence;
A. Uncorrected sum of squares and cross products
B. Corrected sum of squares and cross products
»C, 'Correlation coefficients
D. Standard deviations
E. Means

F. Sums

Control Card Format:

-

Word 1 00000000NN No. of variables
Word 2 0000 OMMMMM No. of observations
Word 3 No. of observations

Floated M
: in floating point



Word 4 KKKK000000

Word 5 ABCDEF0000

Input Format:

134

Identification

Control word. A non-zero
digit in any of the first
6 digits will cause output
corresponding to it in
output sequence.

Variables in words 1 - § in floating point

Zero in 6'— 7

Word 8 xxxiiiijj

where iiii is the observa-
tion number and jj is the
card number under the
particular observation

If the number of variables is not divisible by five the odd number

of variables must be placed in the first card starting with variable 1.

Output Format:

Machine Operation:

Word 1 KKKKPPPPPQ

KKKK is taken from word
four of control card. Q
is the digit corresponding
to the numerical .digit in
word five of control card.
PPPPP is the card no.
under Q.

Word 2 No. of words in card

Word 3 : No.

Word 4 - 8 Answers

\

(RN

Console Settings:
Storage entry
Programmed
Half Cycle
Control

Display

of variables

70 1951 9999

STOP

RUN

RUN

DISTRIBUTOR
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Overflow: : STOP
" "Error b STOP

Running Time: About 3 minutes per each run,

To process more than one problem without reloading program place
input data sets directly in back of each other, each set preceded by a

proper control card.



8000501954+

6090031957~
8000501954+
609003195 7-
6919521953+
2419961996+
2419881996+
2419891996+
2419921996+
2419831996+
2419801988+
7+

70007+

140007+

210007+
280007+
350007+
420007+
" 490007+
560007+
630007+
700007+
770007+
840007+
910007+
980007+
1050007+
1120007+
1190007+
1260807+
1320007+
1400007+
1470007+
1540007+
1610007+
1680007+
1750007+
1826007+
1890007+
1960007+

2030007+

2100007+
2170007+
2240007+

2310007+

2380007+
2450007+
2520007+
2590007+
2660007+
2730007+

4019531956+
2920009005+
4019531956+
2920009005+
7019953000+
6919541953+
7019940100+
3500041981+
1015828002+-
4419871988+
10000+
6580030007+
10006100015+
6580030022+
3500010030+
3500020036+
6040400003+
1650000025+

3240000025+

5080010069+
8280030228+
6980030084+
7002510151+
8980010147+
2790500103+
2490010061+
8080030070+
1980010093+
1601610171+
2401860239+
8180030148+
6100510112+
8180010160+
1+
5200010224+
5200010081+
5800010138+
6923470200+

65005102054 °
8380010166+
3980010120+
4202280278+ .
2102360090+
24926002404+
6502360241+

6939990261+
8180010279+

5100018003+
2790108003+
5100018003+
2790108003+
2419991954+
2419971997+
2419941997+
2419811997+
2419771997+

2419871997+

4500042000+

1680020023+

1000250029+
1680020038+

1900390012+
1960000025+

2 5+
6079990264+
6900640084+
6990020091+
8917100098+
2002360243+
6910000153+
4601160067+
3490010173+
6980050083+
6080050141+

4000700C95+-
2190530237+

5800100098+
2190010269+
1601610265+
2490000132+
6900530176+
6000640140+
6901000133+
8180010210+
6590010169+
6090010225+
2179990268+
2490540188+
2790500094+

6190010225+
2159990272+

TABLE XLII

PROGRAM: CORE IV

6119551952+
5119509006+
6119551952+
5119509006+
6919551956+
6919561955+
6519511979+
1580011990+
1019801985+
1080018002+

2100060026+

3280030024+
3480010027+
8280030035+
8120000005+
2230000025+

1000510107+
4502030177+
6092600165+
6100890143+
6400960157+
7000510101+
8180010163+
4200790068+
5800010170+
6900510154+
4002210139+

802510221+

7190520199+
802510063+

8380010119+
6079990164+

6900800133+
1501610234+
4002370245+

8180010111+
4601670217+
5180010175+
3490000130+
1601610180+
5800010146+

2494600213+
4901210222+
8980020183+

2092101952+
4090079009+
2092101952+
4090079009+
6919521951+
2419981999+
2419791998+
2419901998+
2419851998+
2419821998+

1000060011+

3280010032+
4780010001+
3980010034+
2460000025+

802800092+

2490020079+
6900510204+
2790500142+

802750137+

6900520105+
6001610065+
8980020073+
8980010178+
2090020086+
5800010193+

3200530179+

5000010207+
1601610115+
8002140020+
8380020125+
6123470201+
1000540231+
6500510273+
4901900186+
1102580113+
6980060219+
6902230133+
2802510220+

1400840235+
1501440099+

5800010168+
6079990212+
5000010182+

7090029900+
5090089004+
7090029900+

5090089004+

2419951999+
6919581957+
6919821986+

2219781984+ .

1580011993+

2400001977+

2100100013+

4100160032+

5000000056+5

8200030000+
5000000000+

2680000025+

100670116+
4400770078+
4202660085+

8280010178+

6990020263+
4801550106+
5800010216+
2402500104+
2123470150+
2179990276+
6500550131+

S 104
2792600156+
5200010114+
3994600110+
4201780076+
2190000087+

4001890197+
2479990230+
4001600211+
2190010073+

6092600271+
6092600117+,

4401400150+
6901450133+

8980016170+
8180010126+

8180010233+

1519589004+
2000+
1519589004+
- 2000+

2419861999+
2419841999+
2419931999+
2419911999+

6500100021+
1580010002+
1180030028+
1180010033+

4500370005+

4200008005+
2880000025+

2790500066+
5000010124+
2179990152+
6980050088+

1000000051+

2+

'2879900102+
~3279990075+

3994600162+

4001270128+
3500010187+

4001320242+
6500510277+
5800010158+
6900620133+
6990020122+
2179990262+
8980020189+
2000550181+

3943470097+
3279990125+
3223470123+

2790500227+

5000010135+

-813008000+
2790008002+
813008000+
2790008002+

411

412
2219821989+
6519911992+
1119781983+
6919528003+

3000020019+ -

1180030031+
3280010014+

5300010040+

1223000025+
3070000025+

6990020118+
6002500206+
5000010082+
8280010079+
6900510232+
3400530208+
4000780108+
1400640074+
8180010174+
2179990202+
6023470226+

6901920133+ -

5000010191+
2402500203+

6092600215+

6180030217+
6900510209+
4401850186+
5590020195+
8980010184+
4901090159+
8380010266+
5200010172+
6500510270+
5000010136+

16979990238+

12490520149+

4602670218+
3490000274+
5000010134+

2090010072+
5200010229+
1801610275+

98T
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Program

Core IV-l

Purpose of Program:

This program will compute regression coefficients for the equation
Y = bjX) + boXy + bgXg+ ... (c-5)
!

Other calculations are inverse of the regression matrix, inverse of the

inverse regression matrix and XY matrix.

Program Language: 650 machine language

Program: Table XLIII

Input Sequénces:
1. Progfam
2, Qutput data from Core 4
3. Trailer card

Output Seqﬁences:

1. Inverse of regression matrix
2, bl’ b2, b3 cees
3. Inverse of inverse regression matrix

4. XY matriz
+ +
Trailer Card: 00 0000 0150 00 000N 0001 N No. of b

Console Setting:

LA 2 ]

Same as Core 4 program except storage entry is



8000+
8000501954+
6090031957~
7090109010+

7090029002+

2119841999+
T+
70007+
140007+
210007+
280007+
350007+
420007+
490007+
560007+
630007+
700007+
770007+
840007+
910007+
380007+
1050007+
1160007+
1230007+
1350007+
1420007+
1490007+
1560007+
1630007+
1700007+
1770007+
1840007+
1910007+
1980007+
2050007+
2120007+
2190007+
2260007+
2330007+
2400007+
2470007+
2540007+
2610007+
2680007+
2760007+
2830007+
2910007+
2990007+
30606007+
3130007+
3200007+
4000007+
4070007+
4140007+

4210007+
4280007+
43350007+
4420007+
4490007+

1952-

CORE 4
4019531956+
2920009005+

4680021989+
2400030006+
4200100101+
3000040025+
6900240027+
3400680020+
6900380091+
6500560061+

100000600+

100000000+
168G010078+
6000870028+
1500800035+
1600560063+
2200380042+
8000000005+
4600030106+
6503090263+
2201700173+
2001890142+

6501550159+

1690020307+
2003090312+

. 2325+
6902230280+
4001800181+
2001260234+
5100010170+
2790020254+
1780010213+
4501160267+
2402220235+
5000010182+
6501860239+
4001430144+
4603010362+
2801270248+
3500040221+
1702870292+
5000010232+
8090010191+
680309021 8+
158007G322+
1896000317+
6903150118+
6703090216+
7090029011+
6690019018+
1580079025+

1990009032+
6992019053+
2090019013+
1+
100009050+
2790101953+

INVERSE
5100018003+

2790108003+

6939511988+
8280021995+
2100560009+
2200050058+
3500040075+
2200190072+
6900680037+
1500110066+
6100680099+
3200680024+
4800430019+
1500170021+
2200180076+

6900370093+

3500040045+
8300680051+
2400520018+
2000490012+
3500040277+
1602500206+
2801270139+
5090010186+
6590020157+
3000060121+
8000070120+
2050020228+
6719520207+
2001720283+
4690100142+
6701550110+
2090000166+
2002170220+
6701550259+
69023000004+
6802750284+
6902900194+
4003160321+
2003090162+
1780010319+
1580010236+
6902800183+
1701720185+
3500060258+
6601890244+
3500040167+
6501860141+

6090049012+

1590029019+
1690529026+

1580069033+
5980019040+

2499999054+

904009010+

TABLE XLIII

PROGRAM: CORE 1v™

6119551952+
5119509006+

5220001987+
5300011994+
16900050008+
6500110015+
6900190022+
2200690073+
100000000+
2400680054+
2000490002+
5000010007+
6000560062+

2200120016+

1600340089+
3900680050+
3500040097+
220037001 2+
1500040109+

2403210174+

1990020160+
5900010200+
1501559027+
6902110264+
2002110215+
2402230276+
2201260229+
6902230172+
6702220285+
4801530154+
2001610164+

1590010171+

2002750278+
6580000135+
2002900193+
3000040203+
1702020308+
5180020316+
1502170162+
2003150168+
1701700231+
4501380241+
2490000199+
6801270297+
8300060318+
6590000124+
2001270296+
2190009045+
4590209059+
3500040151+

1690529034+
4890579056+

2499999055+

2092101952+
4090079009+

5100011991+
2440001990+

107+

6100520079+
20000000+

-2100680102+

2200280081+
6000680028+
2000560059+
1000000G0+
6900120065+
6900690023+
1500340040+
20010000+
1000000051+
4200380098+
5900010057+

1001610227+

2402230226+ -

6790020195+
5090000211+
1501559035+
3000040119+
4503200241+
6901260179+
5100010120+
3000040197+
2490000300+
1690010209+
1880050268+
6802750282+

3000040140+
1590000243+
1602500255+

S 1+
2390000214+
2202110314+
2003090313+
5100010170+
1602500156+
1702500208+
7101270198+

6790020224+
1602500305+
8200019014+
4690599021+
6990539028+

3500040152+
5800019058+

6990009039+

7090029900+
5090089004+

3000041986+
8080021997+
40000000+
100000000+
3900680069+
2100300033+
2200290082+
2000110064+
1500800036+

2200500103+

4200290104+
6900200074+
2200200026+
1600340039+
5300010094+
2200920046+

5200010051+

1500110067+
2192020177+

2390010146+

3000040257+

6890020261+
1501630117+
6901700123+

2003090266+

2790020136+

3500040205+

T+
3500040169+
1702170271+

6090000137+
1702500306+
2001890192+
3500040262+
1001250238+
6530000323+
4802460299+
2402230176+

4001480299+
2461340196+
5100010272+
3500020274+
2301880242+
8800019016+
24500193050+
2290539029+

6990549036+
4290498000+
5280015043+
5380019042+

1519589004+
2000+

6519511985+
5300011996+
8800680043+
8200680070+
8200680029+
63900290032+
1180010041+
6900430096+
6500500053+
5300010060+
1500300085+

6900280031+
1500560013+
6900920095+
2200430047+
6500300086+
3000040210+
2001250178+

1590010147+
3500040158+
6790020311+

6703090313+
2201720225+
5190000190+

5200010252+
1701880294+
1702900245+

1890010237+
2001700273+
3000040249+

6980020251+

4003100299+
3000040269+
8080020187+
6802750281+
1702110165+
5200010295+
6503210247+

1890010219+
6940000303+

7090029016+
1190529023+
6080073030+

2290549037+
5200019044+
4090519015+
5880019041+

138

813008000+
2790008002+

7019981998+
4019941999+
2000110014+
6900180071+
2100680088+
2200240077+

10000+
3500040001+

1600340105+
1900300100+
2100680092+
6900790083+
2200790084+
4500440048+
1600340090+
6500490055+

3000040201+
5100010204+
3250000+

6902650118+

6901720175+
4002790211+
2202800233+
4001450186+
8280020256+
4802600299+
6902230126+
6980030324+
8890000283+
5190010240+
2201860289+
5800010318+
2461340286+
5800010318+
6902900293+
2002870291+
1701260184+
3000040149+
2001270302+
2090000212+
6803150270+
1702220286+

8190039017+
1990009024+
1190529031+ -

5000099038+
8840009058+
6080069022+
5100089050+
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Program 0040

Calculation of Equilibrium Compositions
From Redlich=Kister Constants

Purpose of Program;

This program was written for the purpose of the calculating the
equilibrium compositions from Redlich-Kister constants by using Redlich-
Kister equations. The three unknown compositions x., xg and xg in
Redlich=-Kister equations are fourth order. To solve these values an
iterative trial and error method is involved, This program does not
converge very rapidly. Before applying this program, be sure the input

Redlich-=-Kister constants are the best possible values.

Flow Diagram: Table XLIV

Program Language: 650 Fortran

Program: Table XLV

Input and Output Data:
Data are in floating point system. The detailed formats for input
and output data are as shown in Table XLVI and Table XLVII respectively.

Punch Instruction:

1. High punch column 73
2, No high punch column 1

3, Leave last word blank
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TABLE XLIV

FLOW DIAGRAM OF PROGRAM 0040 - CALCULATION OF TERNARY LIQUID -
LIQUID EQUILIBRIUM COMPOSITIONS FROM REDLICH-KISTER EQUATIONS

Load, Float, PCH Input

Calc. log {’

Calc., log h/' d

Calc. log xi

"

Calc- xl’ xg

\

- " " -
Test xl - xl <0 . 0001
n-1 n

yes

Punch xy, X3
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TABLE XLIV {Continued)

!

No

Calc, log Zfz

Calc. log Zfé

Calc. log Xé

Calc, X,

11}
20 X3

Test | X, - X5 [ << 0.0001
m —

-1 m

" "
Punch X2"x3




TAELE XLIV {(Continued)

No

Calc. log X 3

Calc. log Kﬁé

Calc. log Xé

" "
Calc. Xl’ x2

x" - xg == 0,0001
j k

13} 11
Punch Xz, X3

Yes

142
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TABLE XLV

PROGRAM OO&O

¢ 0000 O‘CALCULATION OF LIQUID- COMPOSITILA I“CI

C 0000 0 REDLICH~KISTER CONSTANTS
READsDAVE -
1.0 READ,XAA,XBA,XCA;YAA,YBA9
1 1 YCAsAAAA _ o
20 READ»BCAsBABsBBCyCCA»CAB,y
"2 .1 CBCsDCADABDBCHPROB
3 0 CHUNG=123456789
4 0 UTS=12345
S5 0 WW=O ‘
.101 0 RRR=XAA ‘ ‘
102 0 SA=BCA*XCA%*(1le0= XAA)
103 0 SB=SA+(BAB*XBA¥(1,0~XAA))
104 0 SC=SB~(BBC*XBA%¥XCA) ,
105 0 SD=CCA®((2+0%XCA%(1s0=XAA)*
105 1 (XCA=XAA})=(XCA¥%2,0))
106 0 SE=DCA*(340%XCA*(140=XAA)
106 1 #¥((XCA=XAA)®%24,0)=(240%/{
106 2 XCA®%240)%{XCA=XAA))) . .
107 O SFA=CAB#*({Ze0%XBA)*({140~XAA)
107 1 #*(XAA=XBA))+(XBA®%240))
108 0 SG=DAB*(3.0%XBA%*(1e0-=XAA)
108 1 %((XAA=XBA)%%2,0)+(2e0%
108 2 (XBA#%240)%(XAA=XBA)))
109 0 SH=CBC*(=240%XBA¥XCA%* (XBA
109 1 =XCA))
110 0 SJUA=DBCH#(~3,0%XBA*¥XCA%({XBA
110 1 —XCA)*%2,0)) v
111 O $=5C+SD+SE+SFA+SG+SH+SJA
202 0 UA=BCA#YCA#({1s0-YAA)
203 0 UAA=UA+(BAB*YBA*{1e0=YAA))
204 0 UAB=UAA~{BBC*YBA%YCA)
205 0 UAC=CCA*((2,0%YCA*(140=YAA)
205.1 #{YCA-YAA) )=(YCA%%2,0))
206 0 UAD=DCA#{340%YCA%*(1e0=YAA)"
206 1 #F{(YCA~YAA)*%2,0)={240%(
206 2 YCA#%2,0)%(YCA=YAA)))
207 O UBA=CAB*((2+0%YBA)#({1a0~YAA)
207 1 *{YAA-YBA) )+ (YBA®#2407)
208 0 UBB=DAB¥(3.0%YBA¥({1e0~YAA)
208 1 #*((YAA-YBA)®¥*2,0)+(240%
208 2 (YBA®%2.0)%(YAA-YBA)))
209 0 UBC=CBC%(=2,0%YBA%*YCA*(YBA
209 1 ~YCA))
210 0 UBD=DBC*(~3 O*YBA*YCA*((YBA—
210 1 YCA)*%2,0))
211 0 U= UAB+UAC+UAD+UBA+UBB+UBC
211 1 +UBD
. 300 0 A=LOGFI(YAA)
301 0 H=-S+U+A
302 0 XAA=EXPF(H) _
303 0 XCA=1e0-XBA=XAA
304 0 W=RRR-XAA
0: CHUA=ABSF (W)

"305



315"
1502

-15013
316
306

- 400

499
500
501

502
503
504
505
505
506
506
506
507

507 .
508

508
508
509

509

510

510

511
511

602

603
604
605
605
606
606
606
607

© 607
608

608
608
609
609

610

610
611
611
700
701
702
703
704

705"

715

TOOO0O0O00OH OO M orwy~c>hno$uhaopuc>o<3c>hao+~c>w<3naw OHONHOROOODOO VOO0 O |

? TABLE XLV (Continued)

IF(CONSF(l O))1502,1502 316 - -

'PUNCH9CHUA;XAA,RRR-

GOTO306
CONTINUE = .
IF (CHUA-DAVE ) 40054005101

- PUNCHy XAA » XCA

ATS=12345

Vv=0

SS8S=XBA. .

TA=BAB#*XAA#{140- XBA) :
TAA=TA+(BBC*XCA*(140~XBA))
TAB=TAA-(BCA%XCA¥*XAA)
TAC=CAB*({2+0#XAA*(1e0~XBA)
¥(XAA-XBA) )~ {XAA%®%240) )
TAD=DAB#* (34 0%XAA¥* (14¢0—-XBA)

F((XAA-XBA)¥%240)=(240%(

XAA#%2 40 )% ( XAA=XBA)))
TBA=CBC*((240%¥XCA)*¥( (140~ XBA)

#(XBA=XCA) )+ (XCA%%240))

TBB=DBC*(340%#XCA*(1e0=XBA)
#{(XBA-XCA)#%24,0)+(240%
(XCA%%2,0) % (XBA-XCA)))
TBC=CCA%¥(~2 O*XCA*XAA*(XCA
~XAA)) :

"TBD=DCA*(~3¢ 0¥XCA¥XAA* ( (XCA
=XAA)®¥%240))

T=TAB+TAC+TAD+TBA+TBB+TBC
+TBD

WA=BAB*YAA* (1, O YBA)

WAA=WA+ (BBC*YCA*(140-YBA))
WAB=WAA-(BCA*YCA%*YAA)

"WACECAB#* ((240%#YAA*(140=YRA)

¥(YAA-YBA) )~ (YAA¥%240))
WAD=DAB# (34 0%YAA#*(1e0-YBA)
FO(YAA=YBA) #%240)~(240%(
YAA#%2,0)# (YAA= YBAY)Y -
WBA=CBC*( (24 O%YCA)#((10-YBA)
*(YBA=YCA) J+(YCA®%24,0) ) - -
WBB=DBC*(340%YCA%(1e0-YBA)
*¥(YBA=YCA)¥%2,0)+{2.0%
(YCA%%2,4,0)¥(YBA-YCA)))
WBC=CCA* (=2, O*YCA*YAA*(YCA
~YAA))

WBD=DCA#* (~3 O*YCA*YAA*((YCA
~YAA)#%240))

W= WAB+WAC+WAD+WBA+WBB+WBC

-+WBD

B=LOGF (YBA)
=-T+W+B
XBA=EXPF(G)
XCA=1e0-XAA~XBA
V=555-XBA )
CHNA=ABSF(V)

‘IF(CONSF(I.O))1504v1504 716

144



1504
1505
716
706
800
. 899
900
501
902
. 903
904
905
905
906
906
906
907

. 907

908
908
908

309

909
910
910
911
911
1002
1003
1004
1005
1005
1006
1006
1006
1007
1007
1008
1008
1008
1009
1009
1010
1010
1011
1011
1020
1021
1022
1023
1024
1305
1315
1500

1501

1316
1306
1400
1401
1402
1402
1403
1405

NeloNecNoRoNoNoNoRoNoN

o
C

OO OQCO0OQOCO OO OHOFHONFROR O CHOOOODR,OHOHONHORONKRIOHO

| TABLE XLV (Continued)

PUNCH» CHNA s XBA $SSS
GOTO706 :

CONTINUE

IF (CHNA-DAVE ) 80098005501
PUNCHsXBA»XCA
BTS=12345 .

VVA=0

TTT=XCA
EA=BBC*XBA#*(140-XCA) _
EAA=EA+{BCA¥XAA% (1+40=XCA))
EAB=EAA~-(BAB*XAA%¥XBA)
EAC=CBC*{ {24 0%XBA%(140=XCA)
#{XBA=XCA) )= {XBA%%240))
EAD=DBC#* (340%XBA#%(1e0=XCA).
#{(XBA=XCA)#%240)~(200%{
XBA%%240)%*(XBA=XCA)))
EBA=CCA*((2e0%¥XAA)¥{ (1e0~XCA)
#{XCA-XAA) )+ {XAA%%2,0) )
EBB=DCA*{340%XAA%(140=XCA)
¥O(XCA=XAA)#%240)+(2e0%
(XAA%%240) % (XCA-XAA)))
EBC=CAB* (~24,0¥XAA®XBA% (XAA
~XBA})
EBD=DAB* (=34 0%XAA*XBA* ( (XAA
=XBA)##*240))
E=EAB+EAC+EAD+EBA+EBB+ERC
+EBD

RA=BBC*YBA%({1,0~YCA)
RAA=RA+{BCA*YAA¥*(140-YCA))
RAB=EAA—~BAB*YAA*YBA
RAC=CBCH ({24 0%YBA%(140-YCA)
#(YBA=-YCA) )= (YBA*%240) )
RAD=DBC* (34 0%#YBA%*(140~YCA)
#{{YBA=YCAI##240)={ 24 0*{
YBA*%240)% (YBA-YCA) })
RBASCCA*{{240%YAAY*((1s0=YCA)
*(YCA~YAA) )+ (YAA*%240))
RBB=DCA* (3+0%YAA*(140-YCA)
#{{YCA=YAA) #%240)+( 24 0%
{YAA*%2.0)#{YCA=YAA)))
RBC=CAB* (=24 0% YAAX¥YBA* (YAA
~YBA) )
RBD=DAB* (=34 0% YAA*YBA® ( (YAA
~YBA)¥#240))
R=RAB+RAC+RAD+RBA+RBB+RBC
+RBD . :

C=LOGF (YCA)

D=~E+R+C

5

XCA=EXPF (D)

XAA=140~XBA=-XCA
VA=TTT-XCA

CHG=ABSF (VA)
IF(CONSF(10))15009150041316
PUNCH’CHGQXCA’TTT“
60T01306

CONTINUE
IF(CHG~DAVE ) 1400914004901
PUNCHsXCA s XAA
PUNCHsEsR»CsD

READ s XAAsXBAsXCAsYAAsYBA
YCAsAAAA

IF(AAAA) 1405510102

END
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TABLE XLV¥I

INPUT DATA FORMAT FOR PROGRAM 0040

—t

Card No. Word No, Fortran Code Actual Value
1 1 XAA X"
la
2 BA "
X x2a
X A 16
3 CA x3a
4 YAA X’
T1a
5 BA !
¥ xza
6 YCA X
¢ 3a
7 XX 0000 005X Problem No,
8 —————
2 BCA B
1 C a1
2 BA
B . Bl2
B B
3 3 ¢ ~23
4 CCA 031
5 AB
o] cl2
6 B
CBC 023
7 YCA D
DC a1
8 ——— '
3
1 DAB Dlz
2 DB D
i 23
3 XX 0000 005X  Problem No.
4 - 8 ———
4 A "
1 XAA xlb

2 XBA N
‘ X2b
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TABLE XLVI (Continued)
Card No. Word No. ' Fdrtran COdé Actual Value
3 XCA xgb
4 YAA X1,
5 YBA X0
6 YCA X2
7 00 0000 0000
8 ——
N 1 XAA x;n
2 XBA xgn
3 XCA xgn
4 YAA X
5 YBA - Coxy
6 YCcA Xy
7 00 0000 0000
8 ———
TABLE XLVI]

OUTPUT DATA FORMAT FOR PROGRAM 0040

Card No. Word No. Fortran Code Actual Value
1 1 XAA X1,
2 XCA X3,
3 - 8 o <
2 1 XBA -

X2a
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TABLE XLVII ({Continued)

Card No. Word No. Foftran Code . Actual Value
2 XCA x"
3a
3-8 o o
3 1 XAA "
1la
2 XCA x"
R 3a
3-8 -
4 1 E See Fortran program
2 R
3 C
4 D
5~ 8 e
t
5 1 XAB le
19
2 XCB X3b
3-8 ——
6 1 XBB X2b
14
2 XCB XSb
3-8 e
k3]
7 1 XAB le
e
2 XCB Xsb
3 ~ 8 —em

8 1 E See Fortran program
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TABLE XLVII {(Continued)

Card‘Non Wofd“No, 7 "bFo;tran Code. Actual Value
| 2 N R |
3 Cc
4 D.
5 -8 ————
etc,

Machine Operation:

Console Settings: -
Stérage entry
70 i952 9999 -~ conditional punch for each iteration
+ no punch on each iteration
70 1952 9988 on line operation
70 1952 9999 off line operation

70 1952 9989 on line punch

Programmed RUN
Half Cycle REN
Control RUN
Display UPPER
Overflow SENSE
Error STOP

Run New Problem Without Re-running Program:
1. Program stop. Set address selection switch to»1999
2, Control switch changed manual
3. Depress computer reset

4, Depress transfer



150

S. Return control switch to RUN
6. Depress program start

7. Feed next set of problem data

Running Time:
About 3 to 5 minutes for each tie-line calculation. If
there are 10 tie~lines in each problem to be evaluated, then

about 40 minutes is required.
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Program 0045

Conversion of Mole Fraction
to Weight Fraction

Purpose of Program:

Thié program is developed for the purpose of conversion of mole
fraction to weight fraction, a reverse process of the program 0021.
This process can be omitted if the solubility curve and tie lines are
plotted on the base of mole fraction.

Flow Diagram; Table XLVIIX

Program Language: IBM.656‘Fortran
Program: Table XLIX‘

Input and Output bata:

Data are in floating point system. The detail formats for input
data and for output data are as shown in Table LI and Table LII respec-
tively.

Punch Instruction: Same as program 0021

Machine Operation: Same as program 0021
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TABLE XLVIII

FLOW DIAGRAM OF PROGRAM 0045 - CONVERSION
OF MOLE FRACTION TO WEIGHT FRACTION

Load, Float, PCH Input

Calc., weight of each component

X 'MW XMW

|

Calc. total weight

X 'MW X"MW

Calc, weight fraction

e

x! X
W W




NN

(o)

oo

o O
[eNe]

et

N OVYCOoO~NOWM S WNDN

0
0]
()
0

OO OO0 O0D

TABLE XLIiX

PROGRAM 0045

CONVERSION OF MOLE FRACTION
TO WEIGHT FRACTION

READ s XAA s XBA s XCA s AMW s BMW 9 CMW
W= {XAAXAMW )+ (XBAXBMW) + {XCA%
CMW ) '
XWAA=Z ( XAA®AMW ) /W

PUNCH s XWAA

XWBA={XBA*BMW) /W

PUNCH s XWBA

XWCA={ XCA*CMW) /W

PUNCH s XWCA

READ » XAA s XBA s XCA » AMW » BMW » CMW
IF(AMW) 1291292 '

END
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TABLE L

INPUT DATA FORMAT

Card No. Word No. Fortran Code Actual Value
1 1 XAA X
la
2
XBA X2a
. v
‘ X?A X3a
4 AWM Mwl
) BWM1 sz
6 CWM MW3
? o e e
8 . -
2 1 XéA le
z B *ab
8 xcA X3p
4 - AWM Mwl
) BWM sz
6 CWM MWS
7 oo
8 oo

etc,
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TABLE LI

OUTPUT FORMAT FOR PROGRAM 0045

Card No. Fortran Code Actual Value
1 XWAA X
wla
2 XWBA x
w2a
3 XWCA X
_ w3a
4 XWAA xwlb
5 XWBA xw2b
6 XWCA owb

etec.
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