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Abstract 

The molar excess enthalpies HE of various kinds of binary systems at high pressures are 
represented by the PRSV equation of state coupled with the NRTL mixing rule. 47 sets of data 
for binary HE in the liquid, two-phase, and gaseous regions are studied. Good agreement is 
obtained between calculated and experimental values for all the systems. 
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IT binary parameter 
w acentric factor 
K function of reduced temperature and acentric factor 
Ko function of acentric factor 
K1 pure component parameter 

Subscripts 

C critical property 
i, i components 
M actual composition of mixture 
R reduced temperature 
I, II phases I and II 
M) at infinite pressure 

Superscript 

E excess property 

INTRODUCTION 

Recently, the flow calorimeter has become well established for the 
determination of excess enthalpy (HE) data at elevated temperatures and 
pressures. As a result of its development, the HE data in the critical region 
are available for the testing of thermodynamic models. There have been 
several reports discussing the representation of binary HE data in the high 
pressure region by the use of equations of state [l-6]. 

The PRSV equation of state [7,8] is useful in the representation of 
thermodynamic properties. The calculations of vapor-liquid equilibria 
(VLE) have been successfully made for binary and multicomponent 
systems at low pressures using the equation of state with the Huron-Vidal 
mixing rules [9]. Furthermore, this equation of state has been extended to 
predict ternary excess enthalpy data from binary NE data alone for highly 
non-ideal systems at ambient pressure [lo]. 

It is the purpose of this work to show that the PRSV equation of state with 
the NRTL mixing rule is capable of representing the excess enthalpies in the 
liquid, two-phase, and gaseous regions for various kinds of binary mixtures 
containing non-polar, polar, and associating substances. 

CALCULATION OF EXCESS ENTHALPY 

Lewis et al. [l] have presented the derivation of excess enthalpies from 
an equation of state. The excess enthalpy HE is calculated in terms of the 
enthalpy departures as 

HE = AH’ - 2 x,AH: (1) 
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where x, is the mole fraction of component i, and AH,’ and AH’ are the 
enthalpy departure functions for pure components and mixtures. These 
functions can be obtained from an equation of state using the thermo- 
dynamic relation 

AH’ = /” [T(U%C), -P] du + RT(z - 1) (2) 

where z = PvIRT. 
The enthalpy calculations for the mixture in the two-phase region were 

made on the following basis. A mixture consists of amounts A of phase I 
and B of phase II. The compositions of phases I and II in equilibrium are x1 
and xl1 respectively. When the actual composition of the mixture is given by 
xM the equations 

x,A + xIrB = xM (3) 

(l-x,)A+(l-x,,)B=l-x, (4) 

must be satisfied where xM7 x, and xI1 are mole fractions of the same 
component. When we solve for A and B, the enthalpy departure of the 
mixture is given by 

AH’ = A(AHh), + B(AH& (5) 

where (AHL), and (AH& are the enthalpy departure functions of phase I 
of composition x1 and phase II of composition x,~. 

THE PRSV EQUATION OF STATE WITH THE NRTL MIXING RULE 

In this work the PRSV equation of state is selected to evaluate the AH’. It 
has the cubic in volume form of the Peng-Robinson equation of state [ll] 

RT a 
p=-- 

u-b u(u+b)+b(u-b) 
(6) 

with 

a = (0.457235R2T~lPc)~ (7) 

b = O.O77796Rz/P, (8) 

where 

Q = [l + K(1 - Tz5)]’ (9) 

The expression for the term K is given by Stryjek and Vera [7,8]. 

K = K. + K1(l + Tt5)(0.7 - TR) (10) 

where 

K,, = 0.378893 + 1.4897153~ - 0.17131848w2+ 0.01965540~ (11) 
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and K~ is a pure component adjustable parameter, which is available in the 
literature [8,12], together with critical constants and the acentric factor. 

For mixtures, the NRTL mixing rule developed by Huron and Vidal [13] 
was utilized, i.e. 

b = 2 x,b, (13) 

where c is the numerical constant which depends on the equation of state. 
The NRTL equation [14] was employed to represent the excess Gibbs free 
energy at infinite pressure GE, i.e. 

with 

GZ, = exp( - a,, r,,) 

r,, = a,,lT 

(15) 

(16) 

where (Y,, (= ail) is a non-randomness constant. The values of (Y~, for binary 
systems were taken from previous papers [9, lo]. The binary energy 
parameters a,, were assumed to change linearly with temperature, i.e. 

a, = C, + D,,( T - 273.15) (17) 

The adjustable parameters C,, and D,] were determined by the simplex 
method [15], which minimizes the sum of the squares of deviations in 
experimental and calculated HE values. 

RESULTS 

It is convenient to classify the calculated results into three groups: the 
results in the liquid region, in the vicinity of the critical region, and in the 
gaseous region. 

The liquid region 

Fifteen sets of binary data for strongly non-ideal liquid systems were 
studied, and the calculated results are listed in Table 1. 

Of the n-butane-alcohol mixtures at 298.15 K and 2.985 MPa, three 
representative examples are shown in Fig. 1. 
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Fig. 1. Comparison of experimental and calculated excess enthalpies for n-butane(l)- 
alcohol(2) systems at 298.15 K and 2.985 MPa. Experimental (McFall et al. [16]): 0, 
n-butane(l)-methanol(2); A, n-butane(l)+-pentanol(2); H, n-butane(l)-n-octanol(2). 
Calculated: -. 

0.0 0.2 0.4 06 08 1.0 

x1 

Fig. 2. Comparison of experimental and calculated excess enthalpies for the ethanol(l)- 
water(2) system. Experimental: 0, at 333.15 K and 0.4 MPa (Ott et al. [IS]); A, at 423.15 K 
and 5.0 MPa (Ott et al. [19]); n , at 473.15 K and 5.0 MPa (Ott et al. [19]). Calculated: -. 
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Fig. 3. Comparison of experimental and calculated excess enthalpies for the 
cyclohexane(l)-acetonitrile(2) system at 15.0 MPa. Experimental (Ott et al. [20]): 0, at 
323.15 K; A, at 348.15 K. Calculated: -. 

For the ethanol-water system at 333.15 K and 0.4 MPa, which gives rise 
to a double minimum in HE, the present equation of state can reproduce the 
unusual data with good accuracy, as shown in Fig. 2. 

Figure 3 shows the results for the partially miscible cyclohexane- 
acetonitrile system where the HE vs. x curves have a linear portion due to 
liquid-liquid phase separation. The calculated results are in excellent 
agreement with the experimental data. 

The vicinity of the critical region 

The HE values in the critical region vary markedly with temperature, 
pressure, and composition. Twenty-four sets of binary data for three 
mixtures in the vicinity of the critical region were investigated here. Table 2 
shows the results for these mixtures. 

Plots of HE vs. x for the carbon dioxide-cyclohexane system at three 
temperatures are shown in Fig. 4. The dramatic changes in HE are caused 
by phase changes within the critical locus. The linear sections of 
the isotherm-isobars in Fig. 4 correspond to two-phase regions in which gas- 
eous and liquid phases of fixed composition are in equilibrium. The shapes 
of the calculated HE curves are very close to those of the experimental 
data. 

Figure 5 shows the results for the ethane-chlorodifluoromethane 
(Freon-22) system over the entire composition range at nine temperatures 
and 5.15 MPa. The curves of HE vs. x in the two-phase region can be well 
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Fig. 4. Comparison of experimental and calculated excess enthalpies for the carbon 
dioxide(l)-cyclohexane(2) system at 308.15,358.15, and 413.15 K. Experimental (Christen- 
sen et al. [21]): l , at 7.50 MPa; A, at 10.50 MPa: n , at 12.50 MPa; (a) at 308.15 K; (b) at 
358.15 K; (c) at 413.15 K. Calculated: -. 

reproduced from the present equation of state, and in the other liquid and 
gaseous regions. The deviations of the calculated results from the 
experimental values for this system are much smaller than those of 
Christensen et al. [4], who used seven equations of state. 

A wide diversity of shapes is obtained for HE vs. x plots of the 
ethane-methanol system at 298.15,323.15, and 348.15 K and at pressures of 
7.5 and 15 MPa, as shown in Fig. 6. Figure 6(a) indicates that the equation 
of state works well for the system where liquid-liquid and vapor-liquid 
equilibria are present at 298.15 K and at 323.15 and 348.15 K respectively. 
As shown in Fig. 6(b), however, the results for the system at 15 MPa which 
forms a supercritical single-phase fluid mixture at each temperature slightly 
deviate from the experimental data. 

The gaseous region 

The excess enthalpies of eight sets of binary data for three gaseous 
mixtures were also calculated using the above equation of state. The results 
for these mixtures are given in Table 3. Figure 7 illustrates three examples 
of these. Good representation of the experimental data is obtained. 
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Fig. 5. Comparison of experimental and calculated excess enthalpies for the ethane(l)- 
Freon-22(2) system at 5.15 MPa. Experimental (Christensen et al. [22]): (a) 0, at 293.15 K; 
A, at 303.15 K; n , at 313.15 K; V, at 323.15 K. (b) 0. at 333.15 K; A, at 343.15 K; n , at 
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Fig. 6. Comparison of experimental and calculated excess enthalpies for the ethane(l)- 
methanol(2) system at 7.5 and 15.0MPa. Experimental (Sipowska et al. [23]): 0, at 
298.15 K; A, at 323.15 K; W, at 348.15 K. (a) at 7.5 MPa; (b) at 15.0 MPa. Calculated: -. 
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Fig. 7. Comparison of experimental and calculated excess enthalpies for gaseous systems. 
Experimental: 0, nitrogen(l)-methane(2) at 201 K and 5.56 MPa (Wormald et al. [24]); A, 
methane(l)-ethylene(2) at 293.15K and 1.114MPa (Gagne et al. [3]); n , methane(l)- 
carbon dioxide(2) at 313.15 K and 3.546 MPa (Barry et al. [25]). Calculated: -. 

CONCLUSIONS 

The PRSV equation of state coupled with the NRTL mixing rule were 
utilized for the calculation of excess enthalpies of strongly non-ideal 
systems at high pressures including the vicinity of the critical region. The 
present approach for the binary systems gives good results with sufficient 
accuracy. 
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