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Vapor-Liquid Equilibrium of Near-Critical 
Binary Alkane Mixtures 1 

J. C. Rainwater 2 and F. R. Wil l iamson 2 

The modified Leung-Griffiths model of Rainwater and Moldover is used to 
correlate vapor-liquid equilibrium (VLE) surfaces in pressure, temperature, and 
density for binary mixtures in the near-critical region. The systems studied are 
butane-pentane, propane isopentane, butane-hexane, and ethane-butane. The 
model, which has also successfully fit several other mixtures, is based on scaling- 
law equations of state expressed in terms of field variables. It incorporates a 
variation of the principle of corresponding states as well as the coupling of den- 
sity and composition change across the phase boundary. As the width of the 
dew-bubble curves increases, additional parameters are required to obtain suc- 
cessful VLE correlations. 

KEY WORDS: binary mixtures; butane; critical region; field variables; hexane; 
isopentane; pentane; propane; vapor-liquid equilibrium. 

1. T H E  T H E R M O D Y N A M I C  M O D E L  

This paper reports some further results of an ongoing project to correlate 
the vapor-liquid equilibrium (VLE) of binary mixtures in the critical 
region. The thermodynamic model is that of Leung and Griffiths [ 1 ] as 
modified by Moldover, Rainwater, and co-workers [2-5]. Only a very 
abbreviated description of the model is described here. Further details, 
including its thermodynamic foundations, have been presented elsewhere 
[2-5]. 

The system of interest is a binary mixture whose coexistence surface in 
the pressure-temperature (P-T) plane is bounded from the sides by the 
pure fluid vapor pressure curves and from above by a continuous critical 
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line. The coordinates of the coexistence region defined by the model are 
and t, where 

e#~/RT 
= Ke~2/I~T + e~l/Rr (1) 

T -  To(~) 
t = (2) 

Tr 

where #i is the chemical potential of fluid i, R is the gas constant, K is an 
arbitrary constant, and Tc is the composition-dependent critical tem- 
perature. Our convention is that fluid 1 has the higher critical temperature 
and the (molar) composition x equals zero for pure fluid 1 and one for 
pure fluid 2. From the divergence of/~i at infinite dilution, ~ = 1 at x = 0 
and ~ = 0 at x = 1. A basic assumption of the model is that, along the 
critical line, x = 1 -~ .  

The mapping from {P, T} to {~, t} is given by 

P T~(~) 

TP~(~) 
- - - - = I  +C3(~)(-I)I9 +C4(~)I.-kCs(~)t2-+-C6(~)I 3 (3) 

Here Pc is the composition-dependent critical pressure, and 

C,({)  = C} 2) + ~C; (4) 

C; = Cl  1) - C I  2) (5 )  

where the coefficients Ci u) are determined from fits to the vapor-pressure 
curves of the respective pure fluids. 

The objective is to predict, for a given thermodynamic state point 
{~, t}, the coexisting liquid and vapor densities Pt and Pv and the coexisting 
liquid and vapor compositions x~ and xv, given the pure fluid saturation 
properties, the critical line in T, P, and p, and a minimal number of 
additional adjustable parameters. The model yields the following solutions: 

p/p~(~) - -  1 +_ c , ( ~ ) ( -  t) ~  + c~(~) t (6) 

L Pj Po 

where Pc is the composition-dependent critical density, plus refers to be 
liquid and minus to the vapor, and j = l, v. The quantities Q and /7 are 
defined as follows. 
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O(~, t)= PTc d Pc Pc t)k9 
RTP~d~ T~ t- ~ - ~  [ C ; ( -  +C'4t+C'st2 +C'6 t3 ] 

+ Pc d(1/To) 
R 

- -  (1 + t) E - 1.9 C3( - t) ~ + C4 + 2C5 t + 3 C  6 t 2 ] 

/t(~, t )=  CH(1 + C z t ) -  
din  Tc 

d~ 

(8) 

(9) 

where Pc, To, and C~ are ~ dependent, and C2(~) obeys Eqs. (4) and (5) but 

C~ 2) -}- ~ [ C ]  1) - C~ 2)] 
c , ( r  = ( lO) 

1 + cx r  - r IO(C, O)l/p~(~) 

TO complete the model, the critical line is fit to polynomials con- 
strained to the appropriate pure fluid critical properties at the limits x = 0 
and x = 1. 

1 1 - x  x 
RT~(x)-RT~ ~--~2~2 +x(1-x)[T '+(1-2x)T2+(1-2x)2T3]  (111 

P~(x) (1--XT) Pol XTPc2 
_ _  - -  .3 C 

RT~(x) RTcl RT~2 (12) 

+ XT(1 --xr)[P1 + (1 --2XT)/52 + (1 --2Xr) 2/53] 

pc (X)  = (1 - -  XT) Pcl  "+" XTPc2 (13) 

+ Xr(1 -- Xr)[Pl + (1 -- 2XT) fi2 + (1 -- 2XT) 2/53] 

where Tci is the critical temperature of pure fluid i, similarly for Pci and poi, 
and 

1/rc,- 1/T~(x) 
XT-- l/To,- l/To2 (14) 

An alternate formulation [2, 4 ] replaces Eqs. (12) and (13) by polynomials 
in x with unbarred coefficients P~ and pi, but this alternative is less advan- 
tageous for the mixtures considered here. 

Knowledge of the pure fluid saturation properties and the critical line 
determines all parameters of the model except for the three adjustable 
parameters CH, Cx, and Cz. The experimental results analyzed here con- 
sist of dew-bubble curves (loci of constant xt and xv in the P-T plane) and 
temperature-density coexistence curves at fixed composition. Construction 
of the corresponding theoretical loci requires a numerical inversion of 
Eq. (7). In our work, theoretical curves are calculated and displayed 
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graphically by a minicomputer, and the parameters CH, Cx, and Cz are 
optimized visually. Further details of the fitting methodology are described 
elsewhere [4]. 

The model is expected to provide a quality fit in the "critical region," 
-0.1 < t <  0, 0 ~< ~ ~< 1, and should not be used outside this region. It thus 
complements cubic equations of state such as the Peng-Robinson equation 
[6], which typically can be optimized for very accurate fits for t < -0.1 
but, if so optimized, typically deviate from experiment significantly in the 
critical region. 

All pure fluid parameters required for the present study have been 
tabulated elsewhere I-3, 5, 7] with the exception of those of hexane. 
(Alkanes named here are understood to be their normal isomers unless 
otherwise indicated.) According to Young [8], for hexane Tc=507.95 K 
and Po= 2.974 MPa. Our previous policy has been to impose the con- 
straints C3 = 30.0 and C6 = 0 for fluids, such as hexane, for which the 
critical divergence of the constant-volume specific heat is unavailable. 
Following this policy, we fit Young's data to Eqs. (3) and (6) and find that 
Pc=2.718kg-mol 'm 3, C1=2.071, C2= -0.971, C4=6.519, and 
C5 = -21.644. 

2. BUTANE-PENTANE 

The results of our model as applied to the mixture butane-pentane are 
shown in Fig. 1. The experimental points are those published by Kay et al. 
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Fig. 1. Dew-bubble curves (a) and coexisting density curves (b) from the theory for 
butane-pentane. The dashed lines represent the model critical locus. Mole fractions of 
butane of the experimental data, from Ref. 9, are ( O ) 0.1399, ( s ) 0.3493, (O)  0.5444, ( [] ) 
0.7518, and (V )  0.8745. 
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[9] and are not the original, unpublished data points but, rather, the 
published smoothed data values at an evenly spaced set of pressures. The 
use of original data would be preferable, but at the present level of visual 
fitting the alternative of using smoothed data is not expected to alter the 
results substantially. Similar comments apply to our later fits of butane- 
hexane and ethane-butane. The theoretical curves for this and subsequent 
fits span the region - 0.09 < t < 0. 

Our model fits all data points in the critical region to within 0.7 K in 
temperature, 0.03 MPa in pressure, and 3 k g . m  3 in density. Kay et al. 
[9] state a precision for their data of 0.5 K, 0.014 MPa, and 1 kg. m-3 for 
liquid densities and 0.1 kg. m -3 for vapor densities, with possibly larger 
uncertainties near the critical line. 

Critical-line parameters are listed in Table I. The parameters of Eqs. 
(11)-(13) were obtained from a linear-regression fit of mixture critical 
points listed in Ref. 9 to those equations, subject to a few minor 
adjustments. Our critical line agrees with that of Kay et al. to within 0.35 K 
in temperature, 0.023 MPa in pressure, and 3.7 kg. m -3 or 1.6% in den- 
sity, given the assumption that the entry for x = 0.5444 in Table VII of 
Ref. 9 is misprinted as 0.2250 and should be 0.2350. 

The optimal mixture parameters are found to be C H = - 6 ,  
Cx = Cz = 0. This result is typical of normal (i.e., nonazeotropic) mixtures 
with narrow dew-bubble curves, such as propane-butane [5] (CH = - 7 )  
and isobutane isopentane [7] (Cn = -12),  where Cx and Cz may be set 
equal to zero because they are not needed in the model. In fact, the simpler 
model first proposed by Moldover and Gallagher [2] (which is equivalent 
to the present model with C H = C x  = C z = 0  and thus predicts the 
coexistence surface, without adjustable parameters, directly from pure fluid 

Table I. Cr i t ica l -Line  Pa rame te r s  

Butane  + Butane  + P ropane  + E thane  + 

pen tane  hexane  i sopen tane  bu tane  

T1 ( k g - m o l ' M P a  1 . m - 3 )  - 8 . 0 6 6 •  10 -3 
T 2 ( k g . m o l .  M P a - l . m  3 ) - 1 . 3 4  •  5 

T 3 (kg-mol  - M P a  -1 .  m -3)  --2.682 • 10 -3 

/~1 ( k g - m o l . m  3) 0.1186 

P2 (kg -mol .  m -3)  0.07543 
/53 (kg-mol  �9 m -3)  0.07846 

Pl (kg-mol  �9 m -3)  0.2159 

P2 (kg-mol  �9 m -3)  - 0 . 1 5 2 8  
/73 ( k g - m o l . m  3) - 0 . 2 9 5 5  

- 2 . 5 5 6 •  -2 3 . 6 9 2 •  -2 - 9 . 2 3 3 •  2 

8.36 x 10 3 1.024 • 10 -2 3.465 • 10 - z  

- 3 . 2 1  x 10 3 - 9 . 5 6  x 10 -3 1.265• 10 -2 

0.4054 0.7795 1.8849 

0.0329 0.1063 0.3011 
- 0 . 0 1 9 7  0.1353 0.0435 

0.0511 0.661 2.0775 

- 0 . 1 0 8 9  - 1.088 - 0 . 5 4 4 3  

0.0956 - 0.2485 0.2636 
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saturation properties and the critical line) provides a fit for butane-pentane 
to within 1.3 K of the data, but those predictions quite clearly are 
systematically high in temperature. 

3. BUTANE-HEXANE 

The results of our model as applied to butane-hexane are shown in 
Fig. 2. Once again, the experimental points are smoothed data published 
by Kay et al. [9]. The model fits all data points in the critical region to 
within 1 K, 0.02 MPa, and 6 kg" m-3, where the greatest deviation in den- 
sity is at the edge of the critical region on the liquid side for x = 0.7017. The 
experimental precision, as stated by Kay et al., is the same as that for 
butane-pentane. 

Critical-line parameters, listed in Table I, were again obtained from 
linear-regression fits of Eqs. (11) (13) to mixture critical points listed in 
Ref. 9, followed by some minor adjustments. Our critical line agrees with 
that of Kay et al. to within 0.22 K in tem?:rature, 0.016 MPa in pressure, 
and 3.6 k g . m  3 or 1.6% in density. 

The mixture parameters are C r y = - 9 ,  Cx=0.15,  and Cz=0 .  This 
result is typical of mixtures with medium-width dew-bubble curves, such as 
nitrogen methane [4] (CH = --6, Cx=0.3)  and propane-pentane 1-5] 
(CH= -6 ,  Cx =0.3), where Cz is not needed in the model and thus is set 
equal to zero. 
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Fig. 2. Dew-bubble curves (a) and coexisting density curves (b) from the theory for 
butane-hexane. Mole fractions of butane of the experimental data, from Ref. 9, are (V)  
0.1035, ( [ ] )  0.2841, (O)  0.4928, (A)  0.7017, (O) 0.8127, and ( 0 )  0.899. 
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4. PROPANE-ISOPENTANE 

The results of our model as applied to propane isopentane are shown 
in Fig. 3. Experimental data are the original data points of Vaughan and 
Collins El0]. Unlike the other experimental measurements due to Kay and 
co-workers [-9, 11] cited in this paper, data for propane-isopentane are 
sparse in the critical region. Vaughan and Collins provide only two or 
three measurements on each of the liquid and vapor sides for five com- 
positions over the region -0.09 < t ~< 0. 

Our model provides a quite reasonable correlation of these limited 
experimental results. There are two apparent outlier data points. The point 
x=0.794, T~= 383.16 K, P=4.088 MPa, is high in pressure, compared to 
the model predictions, by 0.12 MPa, but is fit well on the T-p graph. The 
point x=0.101, T=398.16K, p=450.1 kg.m -3, is low in density, com- 
pared to the model predictions, by 23 kg' m 3 or 5 %, although this point 
would be fit well by the model, if extended to lower t, on the P-T graph. 

Otherwise, the data are fit to within 1 K in temperature, 0.05 MPa in 
pressure, and 10 kg'm 3 or 3 % in density. Vaughan and Collins state a 
precision of 0.02 K in temperature, 0.2% in pressure at the highest 
pressures, and as much as "several per cent" in coexisting liquid volumes. 
They also state that their critical volumes "may be in error by several per 
cent." Our critical line agrees with theirs in temperature to within 0.68 K 
and in pressure to within 0.037 MPa but is systematically below theirs in 

5,0 

4.5 

4.0 

3 .5  

~ 3.0 

2.5 

2.0 

1.5 
a20 

I I 

[] a 

3 6 0  400 

T,, K 

/ 

I 
440 500 

480 I 

440 

~ 400 

3 6 0  

320 
480 0 

I ; I I 

zxc~ / 

110 I I 200 310 40O 

p~ k g  " r f f3  

Fig. 3. Dew-bubble curves (a) and coexisting density curves (b) from the theory for 
propane-isopentane. On the temperature<tensity plot, the solid vertical curve is the model 
critical locus and the dashed curve is the critical locus according to Ref. 10. Mole fractions 
of propane of the experimental data, from Ref. 10, are (~7) 0.101, ([]) 0.393, (O) 0.588, 
(&) 0.794, and (O) 0.899. 
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density by as much as 12.1% at x = 0.393. Both critical lines are graphed in 
Fig. 3b and our critical-line parameters are listed in Table I. As explained 
elsewhere for nitrogen-methane [4] and methane-ethane [5], we believe 
that in some cases our model can provide a more accurate critical line in 
density than that determined by direct experimental measurement. 

The mixture parameters are CH = --6, Cx=0.1. Like butane-hexane, 
this result is typical of mixtures with medium-width dew-bubble curves. 
This fit provides an example of how our model can provide reasonable 
correlations from limited experimental data. A more thorough experimental 
investigation of VLE for propane-isopentane in the critical region would 
be desirable. 

5. ETHANE-BUTANE 

As a final example, the results of our model as applied to ethane- 
butane are shown in Fig. 4. Experimental points are smoothed data as 
published by Kay [11]. This mixture possesses wide dew-bubble curves 
qualitatively similar to other alkane mixtures with 2:1 carbon-number 
ratios and hence approximately 2:1 molecular mass ratios (e.g., methane- 
ethane [5] and butane-octane [4]), for which nonzero values for Cz are 
required. A subsequent experimental study of ethane-butane isotherms in 
P-x space by Mehra and Thodos [12] produced results in good agreement 
with those of Kay. 
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Fig. 4. Dew-bubble curves (a) and coexisting density curves (b) from the theory for 
ethane-butane. On the temperature~tensity plot, the solid vertical curve is the model 
critical locus, the dashed curve is the critical locus according to Ref. 11, and the small ver- 
tical bars locate where t = -0.045. Mole fractions of ethane of the experimental data, from 
Ref. 11, are ( �9  0.1749, ( A )  0.541, ( O)  0.6577, (73) 0.8218, and (V)  0.9472. 
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Critical-region VLE data become increasingly difficult to fit as the 
dew-bubble curves become wider. Previous fit standards, nevertheless, are 
maintained here in the P-T diagram, for which our model fits the data to 
within 1 K in temperature and 0.06 MPa in pressure. (Kay does not specify 
the experimental precision.) However, on the T-p diagram, the model 
deviates from experiment toward high densities significantly and 
systematically away from the critical line. 

The vertical bars on the theoretical curves in Fig. 4b locate the mid- 
points of the fitting region, i.e., where t = -0.045. Substantial deviations 
between theory and experiment of more than 3 k g . m  3 occur only when 
t < -0.045, whereas over a "restricted critical region," -0.045 ~< t ~< 0, the 
fit in density is reasonable. The range of accurate representation of 
coexisting densities could probably be increased by adding to the model a 
quadratic ~ term in Eq. (4) for C2(~), the slope of the "rectilinear diameter" 
as a function of zeta. 

The mixture parameters are CH = --7, Cx = 0.45, and Cz = -1.0. This 
result is typical of normal mixtures with wide dew-bubble curves, such as 
butane-octane [4] (CH = -- 12, Cx = 0.3, Cz = - 1.3) and methanemthane 
[5] (CH = --7, Cx=0.5,  Cz = -1.4). Similar difficulties in fitting 
coexisting densities away from critical have been experienced with those 
mixtures also [4, 5]. 

Critical-line parameters are listed in Table I. Our critical line agrees 
with Kay's to within 0.32 K in temperature and 0.038 MPa in pressure, 
with the greatest pressure deviation for pure ethane. The critical densities 
differ by as much as 13 kg. m -3 or 6%, in part because Kay's critical den- 
sity for pure ethane (220 k g . m - 3 )  differs from the presently accepted value 
(207 kg .m-3) .  As explained in Ref. 5, for mixtures with wide dew-bubble 
curves the model critical densities may differ from the actual critical den- 
sities by 2 or 3 %, although the critical densities quoted in experimental 
papers can be even more in error. 

6. S U M M A R Y  

Using the modification of the Leung Griffiths [ 1 ] theory of Rainwater 
and Moldover [2-5] for critical-region VLE, we have successfully fit data 
in temperature, pressure, and density for the mixtures butane-pentane, 
butane-hexane, propane-isopentane, and ethane-butane over the region 
-0 .09 ~< t ~< 0, except that coexisting densities for ethane-butane are ade- 
quately represented only over the region -0.045 ~< t ~< 0. This work brings 
to 14 the total number of mixtures whose critical-region VLE behavior has 
been successfully fit by the original [I, 13, 14] or modified [2, 4-6, 15] 
Leung-Griffiths method. 
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W e  are in the process  of developing  a user-fr iendly min icompute r  
p rog ram package  to implement  our  model ,  with which the user can easily 
calculate phase equi l ibr ium curves for compos i t ions  o ther  than  those 
exper imenta l ly  measured  and can employ  the mode l  to fit da t a  for new 
mixtures.  
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