Han et al. / J Zhejiang Univ SCI 2005 6A(Suppl. 1):17-22 17

ZUS

Journal of Zhejiang University SCIENCE
ISSN 1009-3095
http://www.zju.edu.cn/jzus

E-mail: jzus@zju.edu.cn

Extension of LCVM-type mixing rule to three-parameter equations

of state for vapor-liquid equilibria of mixtures”

HAN Xiao-hong (#il%41), CHEN Guang-ming (F4:5:W])™, WANG Qin (£ #l), CUI Xiao-long (£ &)

(Institute of Refrigeration and Cryogenics, Zhejiang University, Hangzhou 310027, China)
"E-mail: hanxh@163.com; gmchen@zju.edu.cn
Received Apr. 9, 2005; revision accepted July 17, 2005

Abstract:  In this paper, the LCVM mixing rule is extended to the multi-parameter equations of state by combining infi-
nite-pressure and zero-pressure mixing rule models. The new LCVM-type mixing rule, coupled with Patel-Teja equation of state
(EOS) is applied for vapor-liquid equilibria of different polar and non-polar systems in which the NRTL activity coefficient model
is used to calculate the excess Gibbs free energy. The tested results agree well with existing experimental data within a wide range
of temperatures and pressures. In comparison with the Van der Waals mixing rule, the new mixing rule gives much better corre-

lations for the vapor-liquid equilibria of non-polar and polar systems.
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INTRODUCTION

Vapor-liquid equilibrium (VLE) calculations
often use activity coefficient models. Such approach
is quite popular, mainly because of the availability of
methods for predicting the activity coefficient models,
like NRTL model (Renon and Prausnitz, 1968).
However, it does not solve the problem of treating
systems containing gaseous components and/or in the
critical region. The EOS (equation of state) methods
enjoy many potential advantages, such as the possi-
bility of treating high pressures and the near-critical
range and calculating a consistent set of phase prop-
erties. There is great progress in making full use of the
merits of the two methods, and in using excess ther-
modynamic properties in combination with EOSs and
activity coefficient models. Several classical based on
excess free energy models mixing rules proposed in
recent years combine the advantages due partially to
equations of state and activity coefficient models for
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liquids to obtain better extrapolation at high tem-
peratures and pressures and to achieve an accurate
description of the composition of non-polar, polar and
strong polar systems for VLE prediction. These
mixing rules include HV (Huron and Vidal, 1979),
MHV1 and MHV2 (Michelsen, 1990), PSRK
(Holderbaum and Gmehling, 1991), LCVM (Bou-
louvalas et al., 1994), HVOS (Orbey and Sandler,
1995). But most of them were proposed for
two-parameter EOSs. There are very few reports on
application of these excess free energy models to
three-parameter EOSs (Yang et al., 1997; Han et al.,
2005). Thus, with the rapid development of computer
technology and the merits for three-parameter EOSs,
the mixing rule proposed for two-parameter EOSs can
be extended to three-parameter EOSs. Therefore, how
to apply excess free energy type mixing rule to
three-parameter EOSs to improve their prediction
accuracy is worth investigating. The LCVM mixing
rule with no theoretic but empirical base was origi-
nally developed by combing infinite-pressure and
zero-pressure mixing models. This model provides
reasonable results for highly asymmetric mixtures. In
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addition, LCVM mixing rule’s parameter ¢ which
influences the Flory-Huggins logarithmic term and
the excess energy term make the model have rela-
tively high accuracy for predicting highly asymmetric
mixtures. In this paper, we extended the concept of
LCVM-type mixing rule to three-parameter EOSs to
correlate the VLE of mixtures. The correlated results
agreed well with the experimental data over a wide
range of temperatures and pressures.

DERIVATION OF LCVM-TYPE MIXING RULE

Taking Patel-Teja EOS (Patel and Teja, 1982) as
an example, the new LCVM-type mixing rule for
three-parameter EOSs was derived.

Patel-Teja equation of state
The Patel-Teja (P-T) equation of state is written
as

p=RT/(v—b)—a/[v(v+b)+c(v—b)] (D)

where p is the pressure, v is the molar volume, 7'is the
absolute temperature, R is the universal gas constant,
and a, b, c are the equation of state’s dependent pa-
rameters, given as

a=a(T)QRT /P, )
b=QRT./P 3)
c=QRT /P 4

where
Q =1-3¢ (5)

0Q,=302+3(1-20)2, + % +1-3¢, (6)
while @, is the least value of the following equation
Q)+ Q=362 +3¢0,-¢1=0 (D)

The temperature-dependent function a(7}) is defined
as

a(T.) =[1+(0.452412 +1.309320

2 0.5\72 (8)
~0.2959370°)(1-T*%)]

where w is the acentric factor.

Derivation of the new LCVM-type mixing rule
Using the basic thermodynamic relations and

Eq.(1), the excess Helmholtz free energy at constant

temperature and pressure of component i is given by

A° 1-b /v,
A Sxm In
L { J 25 [1 b/vj
a a.
+——A =D x| —= |4

BRT ™ Z‘xl{biRTJ !

m

)

where subscript ‘m’ means mixture.

Assuming ume=vn/bn=vi/bi=u;, the expressions
for the parameters A and Ay at zero pressure are
obtained by Eq.(9) as

Ao = !

0T 5
I+ 6w, + w5
u, +(W0+1+./1+6y/0+(//10 )/
”zo +(l//10 +1-y1+ 6y, +l//i02)/2
1

(10)

Ao =
\/1+6l//m0 +l//m02
+(1+y/m0 +yl+6y,, +v, )’ )/2 an
x In
+(1 +l//m0 - \/l+ 6(//1110 +l//n102 )/2
where

Vi =¢/b 12)
Taking the 2:1 geometric average of the Lorentz and
Arithmetic rules (Sadus, 1993), the parameter o can
be expressed by the following combining rule as

Vo = ZZ[M, (v +w," )/2)2
X((V/io 'H///o)/z)m}

(13)

At zero pressure, the optimum value u=
umo=1.18 obtained by Twu et al.(1998) and at infinite
pressure, Upe=vm/bu~vilb=u;»,=1, while the expres-
sions of A;, and A, can be obtained in the same form
as given in Egs.(10) and (11), by changing u;o to ;s
and umo tO Ujs.

The formulation of the new mixing rule for pa-
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rameter o (=a/(bRT)) is based on the concept of the
LCVM mixing rule, that is, the parameter apcym.m in
the new mixing rule is expressed as a linear combi-
nation of a, (HVOS mixing rule expression at infinite
pressure) and oy (MHV1 mixing rule expression at
Zero pressure), as given by
A evan = 00, +(1-0)ay, (14)
Using Eq.(9), the expressions of a, and ay are
obtained as

1 (4, b
“ Z[ ﬂmbRTj AM[RT +i{x"1“biB ()

)[4 b,
a 2[ @obRrj z[ RT (‘bﬁ (e

where superscript E is excess property.
Substituting Eqs.(15)~(16) into Eq.(14), yields

L1920 ) 4,
bRT_Z,-:|: [ A JbiRT}

m0

(S, 0-9)4
A i JRT

()

We chose EOS parameter by, satisfying the two
known boundary conditions, that is, at low pressures,
the equation of state should produce a second virial
coefficient which is quadratic in composition and at
high densities, the equation of state should behave
like an activity coefficient model. Therefore

(17)

B —b, ___ZZ[xl.xj(b—a/(RT))ij] (18)

while, for the parameter ¢y, the following expression
is adopted

cm = (l//mO + Wmoo )bm /2 (19)

Thus, Egs.(17)~(19), together with Eqs.(10)~(14),

constitute a complete set of the new LCVM-type
mixing rules. Here, the parameter J [in Eq.(17)] de-
termining the relative contribution of MHV1 and
HVOS models, was obtained by fitting the bubble
point pressures for a variety of binary mixtures at high
and low pressures. We used 6=0.36, the same value
used by Boukouvalas et a/.(1994). The mixing rule
uses two reference pressures, and has no basis in
theory. But depending on the assumptions (Orbey and

Sandler, 1995) that 4 and A;:_,O are identical, the

P
parameters obtained from a liquid activity model at
low pressure are directly usable for both pressures.

Fugacity coefficient

The general expression of the fugacity coeffi-
cient ¢ for a species in a mixture, needed for phase
behavior calculations, is calculated from the expres-
sion below

op RT

RTIng, = j(——— v—RTInz

(20
14

The mixture fugacity coefficient ¢ of P-T EOS
can be obtained by Eq.(1) and Eq.(20), as

_ _ L o(n;b,,)
Ing, =In(Z - B) + > [—ani J

1 dma,) [a(nrdm)_amrem)j

L in on on, on,
RT Kb, (Kb,)’
| a4, o(n,d,) 1 _a, one ) 1
RTh, K on \v—-d, RTp, K On \v—e,

21

where

L, (2241, +c,)+b,KIp/(RT)
Kb \2Z+[(b, +c, )b KIp/RT) )

K={c2 /b2 +6c, /b, +1, d =0.5[~(b,+c,)+b,K],
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NRTL model

The excess Gibbs energy calculated by using the
NRTL local composition model, is

G(ET

T..
x.exp(—a.. -”’j
/ " RT
P) _
RT _Zx[;z: ( Tki)m
X, exp| —a,; —
. k ki p

(22)

while the relation between the activity coefficient and
composition in the NRTL model is given by
x.G.

270, 257G
J J Y /

Iny, = J + T, —
D> %G, TOXxG | DxG,
k k k

(23)

where Gji=exp(—ajirji), a;=aij, T,',i:(), Cli,,‘:O. aji, Tji and

7;; are adjustable parameters. The parameter a; is
composition and temperature independent but is only
a characteristic parameter of solution dependent, in
other words, if ;=0, the solution is random, if a;#0,
the solution is not random. Renon and Prausnitz
(1968) chose a;; of 0.20~0.47 for different substances.

In the present paper, we chose a;,=0.3. While the
parameters 7;; and 7;; are adjusted directly to VLE
data, using the objective function through the fol-
lowing algorithm

N

OF = Z((ylanP - yl,cal )tz + (yZ,exp - yZ,cal )12)

i

24

where subscripts ‘exp’ and ‘cal’ mean experimental
value and calculated value, respectively.

RESULTS AND DISCUSSION

In Table 1, dp and Ay are the calculated average
derivations of the pressure and vapor composition
respectively

(25)

6p =1/NZ|(pcal _pexp)/pexp

i

Ay=1/NY (26)

ycal - ycxp

i

The new LCVM-type mixing rule, coupled with
P-T EOS, was tested for VLE of nonpolar-nonpolar,
nonpolar-polar and polar-polar systems, such as
cryogenic mixtures of Ar-N;, N»-O,, Meth-
ane-ethylene, refrigerant mixtures of R134a+R143a,
R134a+R600a, Propylene+propane, R134a+R235fa,
R600a+R235fa, R32+R227ea, R290+R600a and
other mixtures of ethanol+water, methyl-acetate+ethyl
-acetate, hydrogen sulfidetpropane, in which the
NRTL activity coefficient model is used to calculate
the excess Gibbs free energy. The average absolute
deviation (AAD) of vapor pressure obtained for P-T
EOS with the new mixing rule and P-T EOS with the
Van der Waals mixing rule is shown in Table 1
showing that over a wide range of temperature and
pressure, using P-T EOS, combined with the Van der
Waals mixing rule, yields large deviations for several
systems, for example, ethanol+water, methanol+
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Table 1 Correlation results for different systems using P-T EOS
P-T+VDW P-T+the new
System Temp. ranges mixing rule LCVM-type mixing rule Ref.
® Doy A po) Ay
R143a+R134a 273.15~313.15 27 5.0231 0.0816 3.4460 0.0209 Lim et al.(2002)
R143a+R152a 303.15~313.15 12 6.0123 0.0563 2.9869 0.0217
Ethanol+water 423.15~473.15 15 12.3598 0.0236 1.3892 0.0418  Niesen et al.(1986)
R134a+R600a 293.66~303.68 19 3.0498 0.0056 2.0878 0.0170
R134a+R235fa 283.96~303.68 15 2.0023 0.0032 4.0637 0.0201 Bobbo et al.(1998)
R600a+R235fa 303.68 12 3.3897 0.0162 3.5820 0.0075
Methanol+water 321.91~373.15 36 14.0261  0.0401 4.4058 0.0208
Acetone+water 298.15~423.15 22 12.3224 0.0456 5.3093 0.0190
Carbon dioxide+ethylene 252.95 12 6.3215 0.0105 4.6863 0.0084
Acetone+methanol 373.15~423.15 25 7.3215 0.0188 6.0683 0.0325 .
Mitsuho et al.(1986)

Methanol+ TEGDME 293.15~393.15 36 11.3243  0.0325 5.8995 0.0152
Propylene+propane 260.95~329.85 23 3.3029 0.0147 0.9456 0.0173
Methane/ethylene 186.25~206.25 19 53021 0.0221 2.5860 0.0103
Hydrogen sulfide+propane  243.15~288.15 19 10.3856  0.8020 1.4498 0.0189
MTB-+methyl-acetate 353.15~373.15 30 0.3243  0.0212 2.0477 0.0097
Acetone+methyl-acetate 293.15~313.15 33 0.0626 0.0057 0.1777 0.0048 Lee et al.(1997)
methyl-acetate+ethyl-acetate 353.15~373.15 24 8.2535 0.0203 1.6193 0.0166
N,+0, 70.15~77.65 30 3.6201 0.0103 3.8012 0.0170 Kagan et al.(1974)
R32+R227ea 283.20~323.21 21 8.3642 0.0364 5.2318 0.0198  Coquelet e al.(2003)
R290+R600a 253.15~323.15 36 3.2589 0.0213 1.1380 0.0198 Jong et al.(2004)

water, acetone+water, methanol+TEGDME, hydro-
gen sulfidet+propane, while the results from the new
LCVM-type mixing rule with P-T EOS is in good
agreement with the existing experimental data, and
shows much better agreement with data than the Van
der Waals rule. Besides, the average derivations of
pressure and composition are smaller, that is to say,
the new LCVM-type mixing rule with P-T EOS gives
much better correlations for VLE systems.

CONCLUSION

Though multi-parameter EOSs were not used
widely in many calculations in the past, now with the
development of computer technology, they can be
widely used in view of their own merits. For mixtures,
many mixing rules (e.g. the proposed G"-type mixing
rule in recent years) were proposed only for
two-parameter EOSs, thus decreasing their applica-
tions in G'-type mixing rules. Therefore, it is neces-
sary to extend them to multi-parameter EOSs. In this

paper, based on the experiment of LCVM mixing rule
adapting to two-parameter EOSs, i.e. forming the
linear combination of a, at infinite pressure and ay at
zero pressure, it has been extended to the
multi-parameter equations of state. In the new
LCVM-type mixing rule adapting to the
three-parameter EOSs, the reduced parameters 4y and
A» were introduced. The parameter 0 which deter-
mines the relative contributions of zero pressure and
infinite pressure was obtained by fitting the bubble
point pressures for a variety of binary mixtures at high
and low pressures. In addition, the parameter by, in the
model satisfies the second virial coefficient boundary
condition based on statistical mechanics. Although
the new LCVM-type mixing rule has no basis in the-
ory, it can use the activity coefficient model at low
pressure. Coupled with Patel-Teja equation of state
(EOS), it has been applied for vapor-liquid equilibria
of different polar and non-polar systems in which the
NRTL activity coefficient model is used to calculate
the excess Gibbs free energy. The results showed that
it could give out much better correlations for the VLE
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systems by comparison of the VDW mixing rule and
P-T EOS.
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