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a  b  s  t  r  a  c  t

Very  asymmetric  hydrocarbon  mixtures  present  an  interesting  academic  challenge  for  their  modeling.  In
addition,  they  are  becoming  more  important  technologically,  since  the  world  oil reserves  are  becoming
heavier  in  average.

The  RKPR  EOS  was  developed  in  recent  years  in order  to  consider  asymmetric  systems  and  allow
for  a  good  representation  of  densities  for different  types  of  compounds  while  maintaining  the relative
simplicity  of  cubic  equations  of  state.  In  this  work  the  RKPR  EOS  is  applied  for  the  first  time  for  the
eywords:
ethane

thane
ydrocarbons
igh pressure phase behavior
KPR

correlation  of  phase  behavior  in the series  of binary  systems  methane  +  n-alkane  and  ethane  + n-alkane.  In
addition  to the use of  attractive  and repulsive  interaction  parameters  with  quadratic  mixing  rules,  the  role
of the extra  degree  of freedom  that  the  RKPR  model  offers  for setting  the  pure  compound  parameters  was
also examined.  A new  table  of  RKPR  pure  compound  parameters  was  defined  for  n-alkanes.  A comparative
study  was  made  with  the  Peng–Robinson  EOS,  based  on following  the  same  optimization  procedure  for
interaction  parameters.
. Introduction

It is usually assumed that the phase behavior of mixtures com-
osed of different alkanes can be reasonably predicted with classic
ubic equations of state (EOS) like SRK or Peng–Robinson (PR) and
ull interaction parameters (see for example Chapter 5 in Peder-
en and Christensen [1]). This can be true in mixtures where the
symmetry in size is not so high. In particular, in binary mixtures
f methane or ethane with higher alkanes, acceptable predictions
ould be obtained up to C10, or C16 respectively, at most. But, as
t can be seen from Fig. 1 through the comparison of predicted
nd experimental critical lines, the extension of the high pressure
iquid–vapor separation is clearly underestimated for more asym-

etric systems, especially for the methane-series and in the range
f temperatures around 300 or 400 K, which is of high technological
mportance for the oil and gas industry.

The RKPR EOS was developed in recent years in order to con-
ider asymmetric systems and allow for a good representation of

ensities for different types of compounds while maintaining the
elative simplicity of cubic equations of state [2]. It has been suc-
essfully applied to different types of mixtures and situations and
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by different research groups in the world [3–7]. The aim in this
work is to study the possibilities that the RKPR EOS  offers and to
exploit its flexibility in order to get the best possible representa-
tion of phase behavior for mixtures containing methane and higher
n-alkanes. The PR EOS, which in preliminary studies showed a bet-
ter performance than the SRK EOS for these mixtures, will also be
implemented for comparison.

2. Experimental data and evolution of fluid phase behavior
in the methane and ethane series

We performed a comprehensive review, finding around 70 and
40 articles with published data on fluid phase equilibrium for binary
mixtures composed of methane and ethane, respectively, plus a
higher alkane. In the first group, i.e., the methane-series, com-
positional information for both phases in biphasic conditions is
common in the systems with alkanes with carbon numbers up to
10. In turn, most of the data for more asymmetric systems consist
of isoplethic sets of points obtained through synthetic methods.
In particular, a collection of experimental data on the fluid phase
behavior of these asymmetric systems, very important in quantity
and quality, was  contributed from the Technical University of Delft

(TU Delft) during the last three decades [8–14]. The binary mixtures
of methane with higher n-alkanes exhibit phase behavior of type V
from C6 on, and probably of type III for higher carbon numbers like
20 and 30, although the solidification of the paraffin prevents from

dx.doi.org/10.1016/j.fluid.2013.09.039
http://www.sciencedirect.com/science/journal/03783812
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ig. 1. Prediction of critical lines for methane + n-alkane and ethane + n-alkane binar
eferences for the experimental critical or pseudo-critical points are given in Table

xperimentally studying the complete critical lines. Flöter et al. [15]
resented a review on the evolution of phase behavior in this series,

ncluding coordinates for the second critical end-points of different
ystems.

With respect to the ethane-series, although not as large as for the
ethane series, this collection of data is also important, including a

onsiderable diversity of molecular weights and also types of data,
rom analytic methods (compositional information for both phases
n biphasic conditions) to synthetic methods informing either vapor
r dew pressures, both far from and close to the critical region
epending on the case, and also LLV data. In particular, a collec-
ion of experimental data on the fluid phase behavior of these
symmetric systems, very important in quantity and quality, were
ontributed by Peters et al., from the Technical University of Delft
TU Delft) between 1986 and 1991 [16–22]. The binary mixtures
f ethane with higher n-alkanes exhibit phase behavior of type V
rom C18 on, which implies partial miscibility in the liquid phase.
lthough three-phase liquid–liquid–vapor equilibrium has been
xperimentally observed and measured up to C25, it is completely
bscured by solidification in the mixtures of ethane with C26 and
igher alkanes [20].

. Modeling approach and parameterization strategy

In a preliminary study on the correlation of fluid phase equilibria
or asymmetric alkane–alkane binary mixtures we found that bet-
er results can be achieved with the PR EOS in comparison to SRK,
till with important limitations in the most asymmetric cases. We
lso found that, with the RKPR EOS and pure compound parameters
eproducing the saturated liquid density at a reduced temperature
f 0.70 [6], the results were comparable to those with PR, a little
etter or worse, depending on the case.

During the same study we also tried different pure compound
arameters for the alkanes by setting free the extra flexibility of
he RKPR model, instead of imposing the reproduction of a certain
ensity value for each pure compound. We  observed that the per-
ormance of the RKPR EOS, in terms of the minimum value that
ould be achieved for a given objective function, was  quite sensi-

ive to the pure compound parameter sets. Therefore, a decision
ad to be made regarding which pure compound parameters table
o use for this work, in addition to the implementation of a mixing
ule and the definition of an objective function.
ems, with the Peng–Robinson EOS and quadratic mixing rules with null interactions.

3.1. Pure compound parameters

Besides allowing for the exact reproduction of the experimental
Tc and Pc for each fluid, the RKPR EOS provides one extra degree
of freedom in comparison to classic two-parameter cubic EOS like
SRK or PR, and different approaches were followed in previous arti-
cles. In the original RKPR development, Cismondi and Mollerup [2]
proposed the relation Zc

EOS = 1.168 Zc
exp as the default setting for

non-associating fluids, which was  later followed by other authors
[3,4,7]. In other works, Cismondi et al. decided to impose the repro-
duction of the liquid density at a specified temperature, either at
the triple point [5] or at Tr = 0.70 [6].

For this work, and in view of our preliminary studies showing
that this “pure compound degree of freedom” may have an impor-
tant effect on the correlation capacity of the model for these type
of asymmetric systems, we  decided not to impose any general rule
or the reproduction of a specific density point. Instead, we fol-
lowed this strategy: we selected some representative n-alkanes,
especially C10, C16, C20, C24, C36, and tried different sets of pure
compound parameters for each of them, each set defined by a
specified value for the third parameter ı1. We  performed multi-
ple minimizations of a given objective function for each system
(see Section 3.3), in order to see which set of parameters led to
the lowest value of the minimized function for each system. Paying
attention to both series of binary systems, and adjusting to a reg-
ular soft trend, we  finally came to the parameter sets presented in
Table 1 for all the alkanes considered in this work. In order to have
a reference to compare with the original rule proposed in the origi-
nal RKPR paper [2], the implied Zc ratio is also included in the table.
It can be seen that the value of 1.168 was  only slightly modified for
methane, but the departure increases with the chain length of the
alkane.

The third parameter can be interpreted as a structural parame-
ter, which increases with non-sphericity (and also with polarity,
but polarity is not present in alkanes). Then, one would expect
ı1 to increase continuously with carbon number. In turn, Table 1
presents a maximum value of 2.55 for C20, then decreasing to 1.70
for C36, the longest alkane considered. This trend, in principle sur-

prising, may  appear as the natural one if we  consider that a sort of
effective non-sphericity of the molecule, in average, should reach a
maximum at some point and then decrease, due to the molecular
folding that takes place, based on the rotation of the chain bonds.
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Table 1
Pure compound parameters for the RK-PR EOS (this work).

Compound ID Zc
EOS/Zc

exp ac (bar L2/mol2) b (L/mol) ı1 K Tc Pc ω

Methane C1 1.1717 2.3213 0.030088 0.85 1.50758 190.564 45.99 0.01155
Ethane C2 1.1883 5.6766 0.044874 1.10 1.85920 305.320 48.72 0.09949
Propane C3 1.1921 9.6133 0.061731 1.25 2.04972 369.830 42.48 0.15229
n-Butane C4 1.1932 14.3122 0.078573 1.40 2.21155 425.120 37.96 0.20016
n-Pentane C5 1.2031 19.7728 0.097066 1.50 2.39339 469.700 33.70 0.25151
n-Hexane C6 1.2151 25.8505 0.115976 1.60 2.56306 507.600 30.25 0.30126
n-Decane C10 1.2797 55.9827 0.195979 2.00 3.17836 617.700 21.10 0.49233
n-Tetradecane C14 1.3630 96.4756 0.286570 2.37 3.59412 693.000 15.70 0.64302
n-Hexadecane C16 1.3907 118.5254 0.331653 2.50 3.80078 723.000 14.00 0.71740
n-Eicosane C20 1.4340 161.8092 0.423406 2.55 4.37620 768.000 11.60 0.90688
n-Docosane C22 1.4640 185.3919 0.477206 2.49 4.58851 787.000 10.60 0.97219
n-Tetracosane C24 1.4885 208.3471 0.531299 2.40 4.90224 804.000 9.800 1.07102

0.645617 2.18 5.43355 832.000 8.500 1.23752
0.706264 2.00 5.67774 844.000 8.000 1.30718
0.881442 1.70 6.34063 874.000 6.800 1.52596
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Fig. 2. Critical lines for some asymmetric methane + n-alkane binary systems. Cal-
culations with the PR and RKPR EOS correspond to quadratic mixing rules with
parameters from Table 3. References for the experimental critical or pseudo-critical
points in Table A1.

T
T
w

n-Octacosane C28 1.5575 254.4137 

n-Triacontane C30 1.5811 275.6612
n-Hexatriacontane C36 1.6424 342.6040 

The Peng–Robinson EOS was implemented in the original and
raditional way, i.e., the ac and b parameters for each fluid were
alculated from Tc and Pc, while the constant m for the temperature
ependence of a was calculated from the acentric factor.

.2. Mixing rules and temperature dependence

We  adopted the hypothesis that quadratic mixing rules with
lassic van der Waals combining rules and both an attractive and a
epulsive interaction parameter should be appropriate to describe
he behavior of both the methane and ethane + n-alkane binary sys-
ems, probably with temperature dependence for the attractive
ne. Indeed, we found that such dependence was required for a
etter capture of the phase behavior in these systems and there-
ore to decrease the minimum values of the objective function that
ould be achieved. In accordance with previous works, we imple-
ented the following temperature dependence for both the PR and

KPR equations:

ij = k0
ije

(T/Tc1) (1)

here Tc1 is the critical temperature of the more volatile compo-

ent, i.e., methane or ethane in this work. Eq. (1) can be seen as

 restricted version of the functionality implemented by Cismondi
t al. [5,6], where k∞ = 0 (and consequently k′ is now called k0) and
* is fixed at Tc1.

able 2
ype and number of experimental points (and covered T–P ranges) considered for the optimization of interaction parameters for methane and ethane + n-alkane systems,
ith  the PR and RKPR EOS.

System Critical x–y (T, P) Psat (T, z) T range (K) P range (bar)

C1 + C2 2 5 0 210.0–270.0 16.1–66.5
C1 + C3 2 8 7 144.3–360.9 2.1–94.4
C1 + C4 2 4 4 222.1–410.9 6.9–126.2
C1 + C6 2 6 3 182.5–423.0 27.6–201.6
C1 + C10 2 3 5 277.6–583.1 30.5–361.3
C1 + C14 2 0 8 294.0–540.0 20.7–464.8
C1 + C16 2 0 8 292.7–361.4 45.3–695.5
C1 + C20 2 2 6 307.4–573.2 20.1–890.0
C1 + C24 2 0 8 322.6–453.2 119.2–1047.0
C1 + C30 2 0 8 341.2–472.5 66.0–1142.0
C1 + C36 2 3 9 373.0–573.0 20.0–1274.0
C2 + C3 2 5 4 310.9–355.4 20.7–51.9
C2 + C4 2 7 4 303.2–394.3 17.3–58.1
C2 + C5 2 6 4 277.6–444.3 10.3–68.3
C2 + C10 2 6 3 277.6–510.9 6.9–118.3
C2 + C16 2 0 7 302.7–453.0 24.9–138.0
C2 + C20 2 0 8 297.2–451.5 16.5–160.5
C2 + C22 0 0 11 300.0–360.0 13.5–92.8
C2 + C24 2 0 7 302.3–360.0 11.5–144.0
C2 + C28 2 1 6 330.0–423.2 17.6–164.8
C2 + C36 2 0 6 350.0–573.2 13.6–224.0
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Table 3
Optimized interaction parameters (see Eq. (1) for kij

0) and the corresponding minimum values for the objective function, for methane + n-alkane and ethane + n-alkane
systems, with the PR and RKPR EOS.

System PR EOS RKPR EOS

kij
0 lij O.F.min kij

0 lij O.F.min

C1 + C2 0.01122 −0.00214 0.479 0.00895 −0.00485 0.559
C1 + C3 0.03598 0.00799 1.739 0.05720 −0.00272 1.755
C1 + C4 0.09484 −0.04151 3.521 0.09984 −0.06525 3.337
C1 + C6 0.03754 −0.02993 4.848 0.01248 −0.06680 5.577
C1 + C10 0.13835 −0.01076 2.653 0.06891 −0.09227 4.316
C1 + C14 0.27424 −0.00246 8.823 0.12646 −0.11446 8.196
C1 + C16 0.22471 −0.02043 40.922 0.14031 −0.12441 5.511
C1 + C20 0.28146 −0.01030 51.873 0.11197 −0.11943 6.269
C1 + C24 0.31666 0.02946 87.097 0.11469 −0.09363 7.025
C1 + C30 0.35321 0.00845 65.713 0.12712 −0.05282 6.956
C1 + C36 0.41036 0.02878 70.220 0.11046 −0.02533 12.902
C2 + C3 0.04004 0.02232 0.409 0.01791 0.01332 0.582
C2 + C4 0.04618 0.00232 0.950 0.02108 −0.01748 0.917
C2 + C5 0.06878 0.01796 1.395 0.05960 −0.00102 1.459
C2 + C10 0.04385 0.00472 1.723 0.03023 −0.04909 1.715
C2 + C16 0.06611 0.00785 2.269 0.05641 −0.09261 3.382
C2 + C20 0.05522 0.03465 3.792 0.01552 −0.09459 3.517
C2 + C22 0.08321 0.02760 0.073 0.04644 −0.07507 0.091
C2 + C24 0.07103 0.03550 2.529 0.01398 −0.07093 4.981
C2 + C28 0.09670 0.04320 1.264 0.01294 −0.04895 5.242

4.583 

3

w
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w
a
“
l
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C2 + C36 0.10857 0.05597 

.3. Experimental data selected and objective function

Following Cismondi et al. [6] the objective function used in this
ork has the following form:

F =
NTP∑
i=1

(KPcalc
i

− KPexp
i

)
2

KPexp
i

+
Nz∑
j=1

[∣∣∣∣∣ln
(

zcalc
j,1

zexp
j,1

)∣∣∣∣∣+
∣∣∣∣∣ln
(

zcalc
j,2

zexp
j,2

)∣∣∣∣∣
]

(2)
here KPi is either the temperature or the pressure coordinate of
 binary phase equilibrium key point. The superscript “exp” means
experimental value” while the superscript “calc” means “calcu-
ated value”.
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arameters from Table 3.

ource: Data taken from [28–30].
−0.01166 −0.00211 1.888

In this work KPi can be a critical pressure (Pc, see Tables A1
and A2 in Supplementary Material) at a specified temperature, a
saturation pressure at given temperature and composition (Tables
A5–A8), and also a critical end point temperature (Table A9). zj,1
and zj,2 are, respectively, the mole fractions of methane or ethane
(1) and of the higher n-alkane (2). These mole fractions can be the
following: the critical composition (Tables A1 and A2), the compo-
sition of a phase under two-phase equilibrium conditions at given
temperature and pressure (Tables A3 and A4), or the composition
of a liquid phase under conditions of LLV equilibrium (Table A10).

NTP is the number of experimental pressure and temperature val-
ues used in the objective function. Analogously, Nz is the number
of experimental mole fraction vectors used in the objective func-
tion. Note that the terms for temperature and pressure coordinates
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re not dimensionless and that the values should be in K and bar,
espectively.

Table 2 resumes the type and number of points selected for each
ystem, together with the temperature and pressure ranges cov-
red. The specific information and corresponding references can
e found in Supplementary Material, Tables A1–A8. The number of
Psat” points for specified temperature and composition considers
oth bubble and dew points. For example, the number 8 indicated
or the system C1 + C24 is the result of 6 bubble points (Table A5)
lus 2 dew points (Table A7). The only type of information that is
ot accounted for in Table 2 is that one related to LLV behavior,
ince it was considered only for the systems C1 + C6 and C2 + C24
Tables A9 and A10).
. Results and discussion

Table 3 shows the optimized values for kij
0 and lij, along with

he corresponding minimum value achieved for the objective
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cane and n-hexatriacontane. Calculations with the PR and RKPR EOS correspond to

function defined by Eq. (2) and Tables A1–A10 in the Supple-
mentary Material. They are to be used with Eq. (1) for the
temperature-dependence of the kij interaction parameter. For the
RKPR EOS all lij values are negative (the only exception being
C2 + C3), with a maximum magnitude between C16 and C20 in both
series. This trend is clearly related to the trend defined for pure
compound parameters in Table 1, already discussed.

4.1. The methane + n-alkane series

Fig. 2, which should be compared to Fig. 1, presents the cal-
culated critical lines for the more asymmetric and challenging
systems considered for the methane + n-alkane series, both with

the RKPR and PR EOS. Clearly, a better agreement with experimen-
tal data is observed in general for the RKPR EOS, while PR tends
to underestimate the critical pressures, at least in the systems with
C16, C20, C24 and C30. So this can explain part of the difference in the
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inimum values reached for the OF by each model, which increases
ith the asymmetry of the system (Table 3).

But the main reasons behind the obtained values in the objec-
ive function are not in the critical lines, but in the description
f the biphasic behavior under them. The VLE behavior for sys-
ems with low asymmetry is well reproduced with both models,
eing difficult to find an important or systematic difference, as

t is illustrated for C1 + C6 in Fig. 3. Nevertheless, when going to
ore asymmetric systems some systematic differences become

vident. Different calculated isothermal VLE curves are presented
n Figs. 4–6, and compared to experimental data. Fig. 4 is focused on
ubble lines at low to moderate pressures for the systems with C16
nd C36. Figs. 5 and 6 present complete Pxy diagrams for C1 + C20
nd C1 + C16, respectively, but in the latter case the scale is log-
rithmic both in pressure and molar fraction of C16, in order to
ocus on the dew point or vapor branches. In all cases, a better per-
ormance of the RKPR EOS is observed systematically. Please note,
rom Tables A3, A5 and A7, that only one experimental point from
hose included in Fig. 6 (the dew point at 313.15 K and 150 bar)
as considered in the objective function for the optimization of
arameters.

The same can be observed when different isoplethic or con-
tant composition sets of data are analyzed along the series. From
ig. B1 it can be seen that both models achieve a reasonable
escription of the behavior for C1 + C10, with deviations of dif-
erent type and magnitude for the isopleths with methane molar
ractions higher than 0.60, which are located in the higher pres-
ure region. In turn, the examination of Figs. 7–9 and B2, which
resent similar plots for the systems with C16, C20, C24 and C30,
learly show again a better performance of the RKPR EOS and
arger deviations with PR, both in the low and high pressure
egions.

Fig. 10 presents Pxy diagrams for C1 + C36, calculated at four
ifferent temperatures between 373 and 453 K in comparison to
xperimental data from Marteau et al. [23]. Once again, a better
erformance is observed for the RKPR EOS, especially at higher
ressures and in both phases.
The comparisons presented through different diagrams in the
revious figures are complemented with numerical deviations in
he calculated saturation pressures with both models, presented in
able 4 for different asymmetric systems.
The results in Table 4 may  also allow establishing comparisons
with other regressions or modeling approaches. For example Gao
et al. [24], in their implementation of a new and more complex
mixing rule to the Patel–Teja EOS, considered some of the systems
treated here, with C1 + C24 being the most asymmetric of them. In
this case, they reported an AAD of 5.1% in saturation pressures with
their proposed model, based on 283 data points taken from Flöter
et al. [13] and covering pressures up to 203.9 bar. In turn, as it can
be seen from Table 4, the deviations informed for C1 + C24 in this
work are based on 421 data points from the same source, cover-
ing the whole range of pressure available for the system, which
reaches more than 1000 bar. The corresponding AAD with RKPR is
3.55%.
Fig. 7. Isoplethic diagrams for methane + n-hexadecane at different constant com-
positions (methane molar fractions indicated). Calculations with the PR (dashed
line) and RKPR EOS (full line) correspond to quadratic mixing rules with parameters
from Table 3.

Source: Data taken from [8].
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Table 4
Comparison of percentage average absolute deviations (AAD) in saturation pressure for some methane + n-alkane and ethane + n-alkane systems, with the PR and RKPR EOS
and  interaction parameters from Table 3.

System Niso T range (K) P range (bar) Ndata Reference AADPR AADRKPR

C1 + C20 20 286.5–372.3 4.0–886.7 200 Van der Kooi et al. [12] 18.25 4.98
C1 + C24 36 318.6–455.4 19.3–1042.6 421 Flöter et al. [13] 13.34 3.55
C1 + C30 10 338.1–472.5 16.4–1234.0 139 Machado and de Loos [14] 14.66 7.02
C2 + C10 8 307.9–353.5 32.6–86.4 32 Zamudio et al. [26] 2.59 2.15
C2 + C16 6 268–453.2 5.4–158.9 148 De Goede et al. [16] 3.90 6.00
C2 + C16 2 310–360 52.4–95.7 12 Schwarz et al. [25] 3.54 2.01
C2 + C20 17 292.31–451.8 2.3–168.5 174 Peters et al. [17,18] 5.99 6.45
C2 + C22 9 295.81–367.9 1.7–99.1 110 Peters et al. [21] 3.40 2.94
C2 + C24 7 136.5–368.7 4.2–129.5 76 Peters et al. [17,18] 7.83 5.61
C2 + C28 2 330.0–360.0 91.8–130.9 8 Schwarz et al. [25] 2.06 2.06
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Fig. 10. Isothermal Pxy diagrams for methane + n-hexatriacontane at 373, 398, 423
and 453 K. Calculations with the PR and RKPR EOS correspond to quadratic mixing
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.2. The ethane + n-alkane series

In contrast to the results obtained for the methane series, where
he difference in the minimum values reached for the OF increased
ith the asymmetry of the system and clearly favored the per-

ormance of the RKPR EOS, in this series only the system with
36 shows a clear difference in favor of RKPR. And the opposite

s observed for the systems with C24 and C28.
Fig. 11, which should be compared to Fig. 1, presents the calcu-

ated critical lines for the more asymmetric systems considered for
he series, both with the RKPR and PR EOS. A good agreement with

xperimental data is observed in general for both the PR and RKPR
OS. The only important difference to note is that PR predicts phase
ehavior of type III for the systems with C28 and C36. Although this
ould not be confirmed or discarded from experiments – due to
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parameters from Table 3.

solidification and the interruption of the critical line by a 2nd CEP
[20] – the slope of the critical line calculated with RKPR agrees bet-
ter with the pseudo-critical data taken from [25], leading to a phase
behavior of type V (or IV) as the other less asymmetric systems.

As expected, the VLE behavior for the more symmetric systems
in Table A1 is very well represented both with the PR and RKPR
models. This is illustrated in Fig. 12, and also Fig. B3 in Supplemen-
tary Material, through isothermal Pxy diagrams for the systems
with C10 and C4, respectively. In Fig. 12 only a small underesti-
mation of bubble pressures, which is slightly more pronounced
with RKPR, is observed at the higher temperatures. In turn, RKPR
describes better the composition in the vapor branches. A slightly
better performance of the RKPR for C2 + C10 is also observed in

Fig. 13, in comparison to isoplethic data in a lower temperature
range. Note that these data from Zamudio et al. [26] was not con-
sidered at all in the objective function.
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Quite similar and good performances of both models can be
bserved for the system with C16 through the comparison to iso-
lethic data in a wide range of temperature covering from 260
o almost 460 K (Fig. 14) and to Pxy data in the critical region
or five temperatures from 312.9 to 352.7 K (Fig. B4). The same is
alid for C24, C20 and C22 through the observation of isothermal
xy diagrams in Figs. 15, B5 and B6, respectively. A clear differ-
nce between the predictions from both models only appears in
he vapor branches in a logarithmic scale for the molar fraction of
20 (Fig. B5), with the RKPR showing better agreement with the
ata at 370 K and PR at 330 K.

Fig. 16 presents isothermal bubble pressure curves for C2 + C28

nd C2 + C36 at three temperatures for each system. Opposite to
hat was found in the study for the methane-series, here the RKPR

ystematically predicts slightly higher bubble pressures than the
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ig. 14. Isoplethic diagrams for ethane + n-hexadecane at different constant com-
ositions (ethane molar fractions indicated). Calculations with the PR and RKPR EOS
orrespond to quadratic mixing rules with parameters from Table 3.

ource: Data taken from [16].
with parameters from Table 3.

Source: Data taken from [22].

PR EOS, which is coincident with Figs. 15 and B4 for this range of
compositions richer in the heavy component. But depending on
both temperature and composition one or the other model can be
closer to experimental data.

Fig. 17 presents a comparison between calculated isothermal
Pxy diagrams and experimental data in the high pressure and
critical region for C2 + C36. A reasonable agreement with the exper-
imental data on the liquid branches is observed for both models,
but the vapor branches are clearly better described by the RKPR
EOS.

In summary, we  find that, different to the observations for the
methane-series, in this case there is no clear advantage for the
RKPR over the PR EOS in the description of the fluid phase behav-
ior, except a better representation of vapor phase compositions in
some systems.

A final comment is necessary regarding the possibility of extend-
ing the study to other three-parameter EOS, in particular Patel–Teja
(PT) [27] which is probably the most popular one. When the orig-
inal parameterization procedures proposed for both models are
relaxed, the only real difference that remains between the PT and
the RKPR equations is in the alpha function. The volumetric depend-
ence of the attractive terms looks different just because of the
way the third parameter is defined in each case, but they can be
converted one to each other, as it is shown in Ref. [2]. In the imple-
mentation for mixtures, there could also be an effect from the linear
mixing rule applied to one third parameter or the other, but such
differentiation effect is expected to be negligible. In other words,
the pure compound parameters for the RKPR EOS in Table 1 are
expected to give very similar results with the PT EOS  if the values
for ı1 are converted into the corresponding c values and the cho-
sen alpha function is adjusted to match the acentric factor with the
PT EOS. Accordingly, the interaction parameters in Table 3 are also
expected to produce similar results with the PT equation (if used
together with pure compound parameters equivalent to those in
Table 1), but some differences might appear depending on the alpha
function implemented.
5. Conclusions

A new table of RKPR pure compound parameters for n-alkanes
from C1 to C36 was  defined, with the objective of promoting an
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mproved description of the phase behavior for the asymmetric
ixtures between them while observing a regular trend along the
hole series.

Based on carefully designed objective functions, with selected
ata points covering the wider possible ranges of temperature and
ressure depending on the availability of information in the litera-
ure, attractive and repulsive interaction parameters were obtained
or 11 methane + n-alkane and for 10 ethane + n-alkane binary sys-
ems, for both the PR and the RKPR EOS with the new parameter
able. Although the attractive interaction was made temperature-
ependent, the chosen functionality always tends to zero for

nfinite temperature, and the reference temperature was  fixed to

he critical temperature of the light component in each series.
herefore only two constants were fitted per binary: kij

0 and lij.
Results clearly show a better representation of the phase behav-

or for the more asymmetric systems with the RKPR EOS in
ane and n-hexatriacontane. Calculations with the PR and RKPR EOS correspond to

comparison to the Peng–Robinson EOS. That was observed in terms
of critical lines, bubble pressures, solubility curves of the heavy
alkane in the vapor or light phase and also in complete sets of iso-
pleths in wide ranges of pressure. Still, the performance of the RKPR
EOS for some specific systems like those of methane with C6, C10
and C14 is not as good as one might expect from the results for the
other systems. This could be related to the quality of some experi-
mental points and a possible bad balance among the data selected
for the objective function of the system.

Despite the good results achieved in terms of the fluid
phase behavior of methane + n-alkane binary systems in the
temperature–pressure-composition space, a price is expected to
be paid in the description of volumetric properties, in comparison
to previous implementations of the RKPR model with other sets of
pure compound parameters. Nevertheless, that was never a strong
point of cubic equations of state, and moreover it could be corrected
through different empirical approaches.

In the case of ethane + n-alkane systems the results were quite
good for both models and no clear difference was  observed, despite
some systematic trends which do not seem to imply an advantage
for one or the other model when comparisons are made to exper-
imental data. Probably, the only exception is for some systems a
better prediction of the solubility of the heavy compound in the
vapor phase with RKPR. The fact that an advantage of the RKPR
model did not become evident for this series could be related in part
to the unavailability of data at higher temperatures and pressures
for the more asymmetric systems (where a higher immiscibility is
expected at high pressures, see Fig. 11) and, more important, to
the lower asymmetry considered here in comparison to the study
for the methane-series. Based on different possible measures, like
evolution in the type of phase behavior, shape and pressure level
of critical lines, molecular weights, pure compound EOS parame-
ters, etc., the asymmetry of C2 + C36 could be comparable to that of
C1 with carbon numbers between 10 and 16. Indeed, only in that
range of carbon numbers the superiority of RKPR EOS with the new
pure compound table started to become evident in the series with
methane.
Finally, the regularity observed both in the interaction param-
eters obtained and on the predictions for the different systems,
suggests developing a correlation of the binary interaction param-
eters for each series of binary mixtures in terms of the carbon
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ist of symbols

c attractive parameter for each fluid in the PR or RKPR EOS
 co-volume or repulsive parameter for each fluid in the PR

or RKPR EOS
OS equation of state
ij attractive interaction parameter in quadratic mixing rules

ij repulsive interaction parameter in quadratic mixing rules
LVE liquid liquid vapor equilibrium
c critical pressure
R Peng–Robinson
KPR generalized Redlich–Kwong–Peng–Robinson EOS
RK Soave Redlich–Kwong
c critical temperature
r relative temperature
LE vapor liquid equilibrium
c
EOS critical compressibility factor predicted from an EOS

c
EXP experimental critical compressibility factor

1 third parameter in the RKPR EOS
 acentric factor
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