Korean J. of Chem. Eng, 13(2), 115-122 (1996)

MODIFIED RESPONSE SURFACE METHODOLOGY (MRSM)
FOR PHASE EQUILIBRIUM-THEORETICAL BACKGROUND

Jong-Chul Park', Dong-Myeong Ha* and Moon-Gab Kim**

Dept. of Chem. Eng, Kyung Hee University, Suwon 449-701, South Korea
*Dept. of Industrial Safety Eng, Semyung University, Jecheon 390-230, South Korea
**Dept. of Chem. Eng., Sang Ju National Polytechnic University, Sangju 742-170, South Korea
(Received 29 September 1994 = accepted 22 August 1995)

Abstract~ The effect of molecular interaction energy among different molecules in the mixed solutions significantly
depends upon the size of individual molecule size and molecular arrangement. In order to compensate these effects
on the existing method, a new method of representing the relationship of temperature and compositions ¢f each
phase (vapor and liquid phases in equilibrium) and azeotropic mixture is proposed. The optimized models of the
RSM (response surface methodology) and MRSM (modified response surface methodology) are briefly described.
The applications of these models to the solution thermodynamics are also explained.
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INTRODUCTION

Studies on the nonidealities of solution thermodynamics and
vapor-liquid equilibria of mainly binary and ternary systems have
been conducted by many scholars and results are reported in
various published journals [King, 1969; Gmehling et al., 1981;
Prausnitz et al., 1986; Reid et al, 1987].

However, such studies have been undertaken mainly for binary
and ternary systems. Furthermore, theoretical investigation and
representation methods of equilibria of vapor-liquid phases be-
yond ternary are few and can be regarded as an unexplored case.

Various equations to estimate the thermodynamic properties
of chemical solution have been proposed, such as TPTT (two pa-
rameters two terms) equations: Margules [King, 1969], van Laar
[Prausnitz, 1986], Wilson [Wilson, 1964], NRTL [Renon and
Prausnitz, 1968], ASOG [Kojima and Tochigi, 1979], UNIQUAC
[Abram and Prausnitz, 1975] and UNIFAC [Fredenslund et al.
1979] etc, MPMT (multiple parameters multiple terms) equa-
tions: Redlich-Kister [Redlich-Kister, 1948], Wohl [King, 1969,
Lu-Li Ting [Lu-Li Ting, 1959], Chao-Hougen [Chao-Hougen,
1958] and Nagata [Nagata, 1962], TCR (temperature-composition
relationship) equations of Malesinski [Malesinski, 19651, Hilm
[(Hilm et al, 19701, Wisniak-Tamir [Wisniak-Tamir, 1977] and
Hu [Hu, 1994].

Previously reported results of comparative studies of these
methods by various investigators [Park, 1977, 1979, 1982, 1985,
1986; Lee and Starling, 1985] indicated that a further study of
compensating non-ideality is required, based on chemical solution
theory of polymerization and association due to hydrogen bond,
and statistical molecular thermodynamics due to different mole-
cular size and various configuration among molecules, molecular
interaction energy between similar and different molecules [Lee
and Starling, 1985; Lee, 1988; Park, 1979, 1982, 1986, 1988].
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Current theoretical study of the solution theory has made signi-
ficant advances. The progress is chiefly due to the studies of

(1) molecular theories based on statistical molecular thermody-
namics

(2) numerical simulation of molecular movements by advanced
computer simulation engineering

(3) scattering experiments with X-ray, neutrons, etc.

Previous studies conducted by numerous scholars also indica-
ted that the Wilson’s parameters (or TPTT’s parameters) are not
constants but varies depending on a composition of the mixed
solutions and data sources of the parameter estimations [Lee,
1985; Park, 1977, 1979, 1982, 1986]. Statistical analysis of many
binary mixed solutions clearly demonstrated that the range of
variation of these parameters gi-g11 & g-g2» and molecular inter-
action energy parameters g, & g are more than significant be-
yond the range of the expected experimental errors [Park, 1977,
1979, 1982, 1986].

Recent development of statistical molecular thermodynamics
are briefly described. The theoretical backgrounds of the newly
proposed Modified Response Surface Methodology (MRSM) are
also explained. This new method of finding a type, composition
and temperature of the multicomponent azeotropic mixtures (par-
ticularly ternary and quaternary) is also found to be extremely
useful [Park, 1983, 1985, 1987, 1988, 1990, 1991, 1992].

STATISTICAL MOLECULAR THERMODYNAMICS
AND PARAMETER ESTIMATION

1. Parameter Correlation

The published vapor-liquid equilibrium data of several binary
systems were carefully screened by the statistical and thermody-
namic methods known to us [Gmehling et al., 1981; Reid et al,,
1987]. Then, a few were selected for the purpose of this study.
Individual experimental points of a data set were regressed by
means of the Wilson formular and two parameters were estimated
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Fig. 1. Wilson constant parameters g,,-g:1 & g21-822 vs. liquid composi-
tion x, for the system of benzene(l)-cyclohexane(2).
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Fig. 2. Wilson constant parameters gi-gi1 & g21-g2» vs. liquid composi-
tion x, for the system of methyl acetate(1)-benzene(2).

at different temperatures and composition of each data set. Series
of the regressed pair gi-gu & gu-g» vs. liquid compcesition x,
of the system of benzen(1)-cvclohexane(2) are plotted on Fig. 1
and of the system of methyl acetate(1)-benzene(2) on Fig. 2.

From these results, the molecular interaction parameters (or
pair correlateion function) gi; & g are estimated and the esti-
mated values of g;» & g» vs. liquid composition x, for the system
of methyl acetate(1)-benzene(2) are plotted on Fig. 3.

From the results of this study, it has been demonstrated that
the TPTT paramelers gi:-gi & ga-gx and the parameters g &
g, are not constant, but change with composition of the mixed
solutions as shown on Fig. 1, 2 and 3 [Park, 1977, 1979, 1982,
1986, 1988, 1992].

The variation of these parameters throughout a whole composi-
tion range makes an estimation of the parameters applicable for
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Fig. 3. Molecular interaction energy parameters, g2 & g vs. liquid
composition x; for the system of methyl acetate(1)-benzene(2).
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Fig. 4. Correlation of the Wilson constant parameters gi-gi; vs. g~
g, for five different binary systems.

an entire composition range rather difficult on the contrary to
the previously accepted assumption that the values of only two
constant parameters (Wilson’s or TPTT’s) are required for the
individual mixed solutions. Various methods of finding a correla-
tion between two Wilson's parameters gi»-g11 & gi-g had been
attempted by Park [Park, 1979, 1988, 1992]. Among these studies,
a plotting of two parameters on X-Y coordinate {(gi-gu VS Z1-820)
had shown to be the most reasonable correlation between two
parameters. The plotting of each points which represent the re-
gressed pairs of individual experimental points on the X-Y coordi-
nates are connected to be shown as locus of parabolas for five
different binary mixtures; methyl acetate-cyclohexane, benzene-
cyclohexane, ethanol-benzene, benzene-n-heptane and n-heptane-
ethanol on Fig. 4, similarly, g2 vs. ga for three different binary
mixtures; methyl acetate-benzene, methyl acetate-cyclohexane,
benzene-cyclohexane on Fig. 5 [Park, 1977, 1979, 1986, 1988,
19927. Similar correlations of the Wilson, NRTL and UNIQUAC
parameters are also made for six different binary mixtures, and
the results are reported [Shin and Park, 1988].
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Fig. 5. Correlation of the molecular interaction energy parameters, g;;
vS. gy, for three different binary systems.

2. Statistical Molecular Themodynamics

Analysis of variation of the TPTT parameters versus composi-
tion, molecular size and molecular interaction energy of the solu-
tion based on statistical molecular thermodynamics has been re-
ported [King, 1969; Lee and Starling, 1985; Park, 1979, 1982,
1986, 1991a, 1991b]. Based on these studies, the TPTT parame-
ters are function of the molecular interaction parameters (the pair
correlation functions) g,(r) which is dependent on the tempera-
ture, density and composition of the mixed solutions [Lee, 1988;
Park, 1979, 1986, 1988].

When the equation of state developed for a pure substance
is extended to mixtures, one of the important questions is the
composition dependence of the new equation. This dependence,
in practice, is incorporated into the equation through mixing rules
applied to the reduced state variables and the parameters of the
equation [Lee, 1988; Park, 1988].

The equation of state for binary mixture, mixture of N, mole-
cules of type A and Nz molecules of type B is expressed in terms
of the pair potentials U; and molecular pair correlation function
(pch) g; as

P

et —'369 ZExx J’ dr rga%-’ g p T, X) oy

Attempts have been made to approximate the above equation
by the van der Waals n-fluid theories (ie. one-fluid, two-fluid,
and three-fluid theories), where the composition dependence is
simplified and the gi{r) are evaluated at reduced states character-
ized by the energy ¢, and size parameters o,. The assumptions
made in the n-fluid theories are on the relations between the
mixture g;(r) and pure g(r). The mixture pair correlation function,
g;(X) are function of mixture composition X=(x4, xz), but pure
g(r) are not.

r r kT
g;-,(w: p, T, X)Zgo(—; po’, *'>
) Ox x 7
ol= E?x.x,c,,"‘
8,0,3:§§x.x, £0;° 2)

By these approximation, the composition dependence in g; is
substituted by equating g; to the pure fluid g, [Lee, 1988].
The liquid theory of local compositions explains that the near-

est-neighbor number, Nag(L) of B molecules surrounding a cen-
tral A molecule within a sphere of radius L is

Nas(L)= ps f ' dr 4nr’- gay(r) )
_ Neaw
Xea= = N AL+ Noallo)

LBA . LAA B}
XBJO dr 4nr"~gBA(r)/f0 dr 4nr?- gua(r)

- Ly , Laa @
Xa+ XHL dr 4nr?- gg,;(r)/f“ dr 4nr?- g (r)

Comparing with the equations of Wilson for the local composi-
tions [Lee, 1988; Park 1988].

_ XpAga
A= X4+ XpAga ®
LBa i
JU dr 4nr?- gpa(r)
App=7— (6)

J':Mdr 4nr? gaa(r)

Furthermore, we could rewrite the pair correlation function
gi{(r) in terms of the potentials of mean force.

LiA LBA . .
fo dr 4nr®- gua(r)= J:) dr 4nr* exp[ — BWga(r)]
=Vga-expl — BWpi(n)] (7
Vga= %Tf Lgs®

Wi(r) : potential of mean force force evaluated at some mean
location in the region of integration

Apa= %ﬂ expl — B(V_VBA - W] &)
AA

The pair correlation functions gaa(r), gas(r), gss(r) and the poten-
tial of mean force Waa(r), Was(r) are all composition dependent.
The parameters A; are also composition-dependent [Lee, 1988;
Park, 1988].

TPTT (or Wilson) parameters gi»-gi1 and ga-gz» as shown on
Fig. 1, 2 [Chao and Hougen, 1958; Nagata, 1962], and the molecu-
lar interaction parameters g, g of Fig. 3 show the variation
of these parameters with liquid composition, x; of the mixed solu-
tions [Park, 1983].

3. Parameter Estimation and Model Selection

In general, any systems of chemical processes can be expressed
by the following mathematical equation relating the expected val-
ues of a response n to the experimental variables xi, xz =, X,,

n=1Bi B2*Bp; X1, Xa,**.%p) 9)

Where By, BB, are the parameters of the system [Box, 1954;
Hill and Hunter, 1966].

Under the standard statistical assumption the dependent varia-
ble n can be given by the following linear-one-parameter model
with a matrix notation

n=Xp (10)

Where, for the same dependent variable measured n times the
dimension of n are [nX 1] and those of variable vector X are
[nXpl. The parameter vector B is [pXx1].

Thus, we have

Korean J. Ch. E.(Vol. 13, No. 2)
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n= (11

X Xz °7t Xpp
X21 X2 7t Xz

x=| _ (12)

B

B2
B=| . 13)

Bp
As the expected values of unbiased estimations Y and b are
Y=n(X, B)+&=BX+¢ (14)
E(Y)=n (15)
Eb)=8 (16)
b=[X"X]"' [X"Y] (17)

where X7 is transpose of the matrix X, and [X"X]"' for the
inverse of the matrix [X"X].

When information regarding the measurement error is present
and o/ is far from constant (or non constant variance), the maxi-
mum likelihood method can be used.

by =[X"0"'X]'X"0"'Y (18)
Sw=[Y-XB]'¢~'[Y-XB] 19
Then, the covariance of by is

Covibpy)=[X"o'X]" (20)
Covariance matrix of the observation errors ¢ is

o=0°Q (21)

where  is known part of ¢ where o? is unknown and o? is vari-
ance of observation errors

then,

by =[X"Q'X] ' [X'Q27'Y] (22)
Su=0 *[Y-n]'Q ' [Yn] (23)
Rz = (Y-Y)'Q HY-Y), Y=X byy (24)

where by, is a parameter matrix of the multiple regression,
Sy is the maximum likelihood sum of squares, and
Ry, is the maximum likelihood residual sum of squares

PROPOSED NEW METHODOLOGY

1. Response Surface Methodology (RSM) Model

RSM (response surface methodology) which has been used as
an optimization method of statistics has been adapted [Park, 1979,
1983, 1985, 1987 and modified for our purpose as a new method
to express the relationship of temperature T and composition x,,
Xs, X3 (or x;3=1—x,—x;) of the mixed solution of liquid phase
and vy, y» vy (or y3=1—y,—v») of the vapor phase. This method
is also used to predict a type, temperature and composition of

March, 1996

Table 1. RSM models

Model T
Model formular No. of
~_no. parameters
1 T=a+bx,+cxp+dx,>+ ex,? 5
2 T=a+bx +cxetdx®+ex®+ fxixe 6
7 T=a+bx +cxe+Hdx+ex;* + fxixz 11
+gx %%+ hx x2% + kx 2% + 1% + mx3
12 T=a+bx;+cxo+dx?+ex,? + fxx, 15

+ gXFXz + hX]Xg2 + kX12X22 + 1X23 + mXIZng
+nx %+ pxixa® + @+ rxy?

the azeotropic mixtures of ternary and quaternary systems. The
graphic contours can be obtained by computer garaphics in the
triangular coordinate for ternary and tetrahedron for quaternary
[Park et al, 1990, 1992; Kim et al, 1995].

Table 1 shows four (4) models of twelve to correlate the temper-
ature with solution composition. Individual models are fitted with
previously published experimental data in various journals [Chao
and Hougen, 1958; Nagata, 1962] by multiple regression method
[Park, 1977, 1983, 1985, 1987].

The statistical method adapted is briefly described above by
matrix notation, and the estimated parameters are shown by B
matrix [Box, 1945; Hill and Hunter, 1966]. The model selection
of the best fitting was performed by the maximum likelihood
method and statistical analysis of variance (ANOVA). The finally
selected model for this purpose is called RSM model and is shown
as the Eq. (27) for ternary systems.

The final equations of the estimated parameters for ternary
system of ethyl acetate(1l)-benzene(2)-cyclohexane(3) [Chao and
Hougen, 1958] for vapor and liquid phases are shown as the Eg.
(25) of vapor phase and the Eq. (26) of liquid phase.

Vapor phase:

T = 82.7854 —42.7389y, — 19.5076y, + 45.0135y,° + 20.3635y.*
+63.8495y,y, — 22.110y %y, — 17.7043y,y.* + 6.34787y:’v?
—7.18502y," — 3.2630y° (25)

Liquid phase:

T =78.9092 — 30.2648x; — 4.10856%; + 34.0256%,” + 0.0809658x*
+18.3108x;x,+ 3.75410x,x, + 14.2123x, x,° + 11.1745x,%x,*
—6.36677x,°+5.27023x,* (26)

It was found that some systems which behave closely like an
ideal system, can be fitted with a simple model such as model
1 or 2 of Table 1 [Park, 1983] or model shown as the Eq. (27)
for quaternary system [Park, 1985, 1988].

T=a+bx;+ cxz + dx* + ex® + X1 %o+ gxi%Xe + hx %% + kx,”x,°
+1x + mx,? @270

By computer graphics technique, the response surfaces of liquid
and vapor phases for ternary system of ethyl acetate-benzene-cy-
clohexane are shown as Fig. 6 and 7 [Park, 1979, 1983, 1985,
1987].

2. Modified Response Surface Methodology (MRSM) Mod-
el

The RSM model has been further modified for general applica-
tion of ternary and quaternary-this is the MRSM model. This
methodology estimates the equilibria temperature of the system
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Fig. 6. Response surface of ternary system, ethyl acetate(1)-benzene
(2)-cyclohexane(3), data source: K. C. Chao & QO.A. Hougen
(liquid phase).
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Fig. 7. Response surface of ternary system, ethyl acetate(1)-benzene
(2)-cyclohexane(3), data source: K.C. Chao & O.A. Hougen
(vapor phase).

from the known phase compositions of the N components system
directly without experimental data. This methodology should pro-
vide an information of the possible azeotropic formation on liquid
and vapor phases (type, composition & temperature) in ternary
and quaternary systems. Actual application of this method for ter-
nary and quaternary systems is well described in the previous
publications of this series “Modified Response Surface Methodo-
logy (MRSM) for Phase Equilibrium-Application” [Park et al,
1990: Park, 1992; Kim et al,, 1995].

The individual independent variables xi, Xs X3 '+ X, X;
%, for liquid phase, yi, y2, ya ** Vi ¥j ** ¥, for vapor phase and
e interactions between independent variables such as xix,, Xix;,
XoX3 o, XK & ViV, ViV, Yoya oot V'Y are related to the phase

temperature T as MRSM-1 and MRSM-2 models [Park et al,
1990; Ha and Park, 1991].

MRSM-1 model:
T=XTx+ZZAxx+EZEB;xx(x,—x) (liquid phase)
T=ZTy.+ZZA'jyy, + ZEB',yy{y.—y) (vapor phase) (28)

MRSM-2 model:
T=ZTx+EZZAxx + ZEZB,xx(x, — x) + ZEC,xx,(x; — x))*
(liquid phase)
T= ETAY! + ZEA',',y,y} + ZZB,U'%YI(YI - Y)) + ZECI!}YIYJ'(YI - y/)2
(vapor phase) (29)

where, A, B; & C; are binary interaction parameters for liquid
phase.
A’,, B'; & C'; are binary interaction parameters for vapor
phase.

These two models, MRSM-1, and MRSM-2 model, have been
compared and fitted with 26 group-group combinations of the pos-
sible 64 group-group combinations of whole organic compounds.
The MRSM-2 model is found to be a slightly superior model to
use for a general application. Nevertheless, MRSM-1 model can
be used for various compounds of the less nonideality with slight-
ly large variance of an estimation error.

Therefore, the generalized MRSM for N components is pro-
posed as [Park et al, 1990; Park, 1992; Kim et al. 1995].

NV NN NN

N
T= X Tx+ ZT Axx+ X Bjxxix,—x)+ X Cixx(x — x)°
el 13 5

Ve
(liquid phase)
NIV N IN NoIA

N
T= }:l Tyi+ ZZ A'yyy+ ZZ B yyly —y)+ ZZ Cyyly, — v

%) ixj iz

(vapor phase) (30)
When the MRSM is expanded to binary system;
T=Tx;+ Toxe+ Apxixo + Bioxixo(s — %)+ Coxixe(xi — x2)* (31)

Similarly the MRSM can be expanded to ternary or quaternary.
For ternary system:

T=Tx+ Toxo + Taxa+ ApxiXs + ApsxiXa + ApiXoXs + Brxixa(x,
—x2)+ BuaxiXa(xi — %) + BusXoxa(x2 = %)+ Craxixo{xi — x2)°
+ CoaxaXa(x; — Xa)* + CogXaXa(xz — x3)° 32)

For quaternary system:

T=Tix;+ Toxe + Tixs+ Texs + ApxiXo + Apxixs + AuxiX + AnxeXs
+ AugxoXs + AgiXaxy + Biaxixe(x) — %) + Buxixs(x — x3)
+ Braxixa(xi — Xq) + BagxteXa(x — xa) + B ixoxa(x2— Xe) + Baaxaxy
(%3 — Xg) + CraXy Xo(X; — X2)° + Craxixa(x) — %a)* + Craxixa(X) — Xo)°
+ CoXoXa(xXo— Xl 4 CoyXoXy (X2 — X+ Cuxada(xs — X3 (33)

Then, the MRSM is transformed into the RSM model by replac-
ing x,=1—x,— X3, x> =(1 —x;—x2)%, and xy'=(1—x,— wYorxy=1
—x;—X:— Xz and so on with the regular requirement of £x,=1
for liquid phase, Zy,=1 for vapor phase.

The RSM model requires estimation of the numerous unknown
parameters for Eq. (27). To the contrary the MRSM-1 and MRSM-
2 models contain only two and three unknown parameters [refer
to Eq. (28) for MRSM-1 model and Eq. (29) for MRSM-2 model
respectively] which can be estimated without experimental data.

RSM used as a statistical method of optimization will give maxi-
mum or minimum point on response surface. This concept is di-

Korean J. Ch. E.(Vol. 13, No. 2)
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rectly applied to engineering purpose to predict or estimate azeo-
tropic point, maximum, minimum, saddle or cacoon on triangular
plane for ternary system, tetrahedron corn for quaternary system.

THERMODYNAMIC EXPLANATION OF MRSM

From the fundamental relationship of thermodynamics, the gen-
eral equation of Gibbs free energy is

d(nG)=(nV)dP—(nS)dT+ Zp.dn, (34)

Eq. (34) may be written for each of liquid and vapor phases
of the multicomponent system

d(nG)*= (nV)*dP — (nS)*dT + Xy, dn, (35)

d(nG)’ = (nV)*dP — (nS)dT + Zy, dn, (36)
At equilibrium

Zptdn, + Zpfdn, =0

therefore the total Gibbs free energy of the equilibrium system
(closed) is expressed as;

dG=—S8dT+VdP 37

For mixture, the Gibb’s free energy change of the solution AG
is
AG=Zx,-AG =Z[x{—S(T,—T)}] (38)
AGE= AG“ — AG“ ‘
=E[ x4 =S4T~ TH)] - E[ x4 — ST —T")}]
=Z[x{—(SF+S,~RInx (T —T"){] - Z[ x| — (S, — Rinx,)
(T —T")i]
=(—ZxS + RZx Inx (T — T“) — Zx,S,A(T“' — T*) (39

The MRSM model is
T=ZTx+ZZAxx+ZZBxx(x— %) + ZEC,xx(x; — %) (29)
Replacing the following with a reasonable assumption,

T=T", T‘=ETx,
T —T=EZEAxx+ ZEBxx(x,— x) + ZZC;xx{x,— x)*  (40)

Substituting Eq. (40) into Eq. (39), the following is obtained

AGE=[(—Zx5,+REx Inx {TTA, x.x,+ ZEB,x,x,(x, — X))
+EZCxx(x — %P ]~ EL xSH (T~ T)] (41

By definition of activity coefficient of the component i, y; can be
given.

[ a(n-AG*/RT) ]
Iny,=
on; T,

_ L Treée '
T RT [aﬂ, [n-[(—ZxS+ RExInx)- {ZZA;x:x;

+ZEBxx(x;— x) + ZEC,xx,(x; — ) — Zx, SE(T#
~Ti1) 42)
For multicomponent system, the activity coefficient of individual

component i of the mixed solution can be expressed as a function
of the MRSM model, such as shown by Eq. (42).

CONCLUSIONS

Recent advances and new developments in the field of molecu-
lar thermodynamics have made significant change on the concept
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of vapor liquid equilibrium. These advances necessitated introduc-
tion of the new concepts and methodologies.

MRSM is one of these new methodologies based on the theory
of statistical and molecular thermodynamics. This was also found
to be useful to engineers for predicting or seeking complex azeo-
tropic mixture of ternary and quaternary systems. Further de-
velopment of computer graphic simulation of this methodology is
needed. Previous studies of the azeotropes for binary, ternary
and quaternary systems had shown that a good agreement of the
results between the experimental values of the published journals
and the estimated values obtained by this methodology.

It is also possible to apply this technique for estimation of phy-
sical properties of liquid and gas phase mixtures.
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NOMENCLATURE

AlZ' Aliiv A|4, AZ:%; A24: A&h Bl?; Blﬁv BHv B‘Z.’Sv B24. B.’Nv Cl?: C[l&v CM,
Cy, Cos, Cya: binary interaction parameters

A, B; C, Ay, B, C';: binary interaction parameters of compo-
nent i & j defined by Eqs. (28), (29) & (30)

ab,cdefghklmn,p,qr:regression parameters of re-
sponse surface model

b : parameter matrix

E(b) : expected value of unbiased estimation, b

E(Y) : expected value of unbiased estimation, Y

G : Gibbs free energy

GF  :excess Gibbs free energy

g.(r) :pure pcf (pair correlation function)

g1, 822, S, €21, & ¢ molecular interaction parameters or pair corre-
lation function {(pcf) due to the interaction force between
two neighbour molecules

gi{r) :pcf of the mixed solution of i molecule and j molecule

N : number of data

n; : number of moles of component i
N(L) : nearest-neighbour number
r : radius of sphere, position within molecule

Ty : intermolecular distance
P : system pressure
R : gas constant
S : entropy
T

: system temperature of mixture

T, T, T T, T Ts:system temperature of pure component i,
5, 1.2 3 4

T : T=ZxT,+ Tcorr=ExT;

U, :pair potentials of molecule i and j

W,(r) : potential of mean force of molecule i and j

\ : system volume

X4, Xg: mixture composition

X1, X2,°°",X;, X,**, X, : mole fraction of component 1, 2, ---, 1, j, -,
p in liquid phase

X : variable vector, composition vector

Y : dependent variable vector

Vi ¥ Y1, Y2 Y3 Ya:mole fraction of component i, j, 1, 2, 3, 4 in
vapor phase
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X"  :transpose of the matrix X
[X”X]!:inverse of matrix [X"X]

Greek Letters
Bi, Pz---.Bs : expected value of parameter by, by--, by

B : vector notation of parameter

B : defined as 1/xT of Eq. (1)

Yi : activity coefficient of component i

& : energy parameter of Eq. (2)

E : error vector

N, Me''s, M. expected value of dependent variable Y;, Y, --Y,
n : vector notation of responses 7

K : proportionality constant

A, A Az, Agz, Az : molecular interaction parameters due to the
interaction forces between two similar or different mole-
cules in pure and mixed solution

: Wilson’s local composition parameter

p : density

e} : standard deviation of observation errors
O« : size parameter

¢ : covariance matrix of the observation errors
[} : matrix of the known part of ¢
Superscripts

E . excess property

act. : actual

id : ideal

0 : standard state

Subscripts

1,234 : component 1, 2, 3, 4
A, B : molecules A & B
exp :exponential

i : component 1

j : component j

i :i-j pair

pre. :predicted

0 : pure

X : liquid composition
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