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ABSTRACT: A simplified hard-chain dimer theory is employed with perturbed-chain statistical associating fluid theory (PC-
SAFT) in calculating the vapor pressures and saturated liquid volumes of pure n-alkanes from methane to n-eicosane. Compared
to the original PC-SAFT, the developed model is in better agreement with the experimental vapor pressures and saturated liquid
volumes of n-alkanes along the vapor−liquid coexistence curve and the critical properties from n-butane toward longer n-alkanes.
Predicting the vapor−liquid equilibria (VLE) of binary mixtures containing methane and a long-chain n-alkane, the new model
describes the mixtures more accurately than PC-SAFT. With no binary interaction parameter, the model adequately describes the
experimental VLE data, in particular, near the critical points. In the prediction of the VLE of mixtures containing ethane, propane,
n-hexane, and a long-chain n-alkane, the differences between the two models become less appreciable.

■ INTRODUCTION

Equilibrium features of petroleum fluids can also be found in
phase equilibria of short and long n-alkane mixtures. In
particular, hyperbaric reservoirs, where the fluids coexist at high
pressure and high temperature, are composed of short- and
long-chain hydrocarbons.1 The difference in size causes
asymmetry, thus making phase equilibrium calculations
inaccurate, especially when a cubic equation of state is
used.2,3 Equations of state with a theoretical basis, however,
have been fruitful in describing the phase equilibria of short-
and long-chain hydrocarbon mixtures.4−6 In particular,
statistical associating fluid theory (SAFT)7,8 has gained much
interest because of its accuracy in describing the phase
equilibria of chain molecules and polymers.9,10

Since its conception, the SAFT approach has been modified
to accurately describe the phase equilibria of different mixtures.
For practical purposes, the SAFT version of Huang and
Radosz11,12 gained particular interest for almost a decade.
Thereafter, new approaches in SAFT modeling emerged. Vega
and co-workers developed soft-SAFT.13−15 These investigators
employed crossover theory to study the behavior of n-alkane−
n-alkane mixtures away from and close to the critical points.16

Applying White’s idea,17,18 the authors quantitatively described
the phase equilibria of the systems methane + n-pentane,
methane + n-hexane, ethane + n-decane, and ethane + n-
eicosane. SAFT for potentials of variable range (SAFT-VR) is
another fruitful approach.19 Rescaling the SAFT-VR parameters
by experimental critical points, McCabe et al.20 succeeded in
describing the vapor−liquid equilibria of the systems containing
n-butane with other n-alkanes. Despite significant improvement
near the critical points, poor agreement was obtained at lower
pressures, especially at lower temperatures. Circumventing this
shortcoming with SAFT-VR, Sun et al.21 applied the proposed
approach of Kiselev22,23 to predict the phase equilibria of short
n-alkanes away from and close to the critical point. Introducing
a new dispersion term,24 Gross and Sadowski25 developed an
improved version of SAFT called perturbed-chain SAFT (PC-

SAFT). Using thermodynamic perturbation theory (TPT) for
dimer molecules,26 Dominik et al.27 developed a new SAFT
approach called perturbed-chain dimer SAFT (PC-SAFT-D).
PC-SAFT-D markedly described the phase equilibria of
hydrocarbon mixtures without applying binary interaction
parameters. Although based on a mean field theory, PC-
SAFT-D accurately described the vapor−liquid equilibria of
systems containing short- and long-chain n-alkane molecules far
from and near the critical points. Despite its merits, PC-SAFT-
D suffers from a major drawback; that is, PC-SAFT-D cannot
be applied to spherical molecules or molecules with less than
two equivalent segment numbers. Compared to the original
PC-SAFT, the dimer version also looks more complicated.
Indeed, the difficulty originated from TPT dimer theory

(TPT-D), which was independently developed by Ghonasgi
and Chapman28 and Chang and Sandler.29 The authors
considered hard-dimers as building blocks of long-chain
molecules. Consequently, the theory cannot be applied to
hard-sphere molecules. Furthermore, the dimer theory takes
advantage of the radial distribution function for hard-dimer
molecules, which exceeds the complexity of the theory,
especially for mixtures. TPT-D can be simplified using the
hard-dimer radial distribution function developed by Nasrifar
and Bolland.30 The hard-dimer radial distribution function of
Nasrifar and Bolland30 is simply expressed in terms of radial
distribution function of hard-spheres by

σ σ=g S gd ln ( ) d ln ( )hd
R

hs
(1)

where g is the radial distribution function at contact, σ is the
hard-sphere diameter, hd represents the hard-dimer, hs
represents the hard-sphere, and SR is the ratio of the surface
area of a hard dimer to the surface area of a hard-sphere with
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the same volume as the hard-dimer. The numerical value of SR
is easily found to be 21/3. The TPT-D can significantly be
simplified if eq 1 is used for the radial distribution function of
hard-dimers. The major problem with TPT-D was then fixed by
setting eq 1 into TPT-D and shifting the constant 1.1150 to
1.31 The modified TPT-D reads

η η
η

δ η
σ

η
= + −

−
+ −

∂
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⎛
⎝⎜

⎞
⎠⎟Z m m

g
1

4 2
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(1 )
ln ( )hc

2

3
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(2)

where Z is the compressibility factor, m is the segment number,
η is the packing fraction, and δ is a constant equal to (1 + 21/3)/
2. If the parameter δ in eq 2 approaches 1, TPT will clearly be
recovered. When eq 2 was compared to the original TPT-D in
calculating the compressibility factor of hard-chain molecules,
its accuracy was a bit less.31 However, eq 2 can easily be
extended to monomers as well as long-chain molecules.
This paper employs a model almost identical to the PC-

SAFT approach to describe the critical and saturated properties
of pure n-alkanes and the phase equilibria of systems containing
short- and long-chain n-alkanes. Our aim is to maintain the
characteristics of the PC-SAFT equation of state while
improving its significance related to n-alkane chain length.
Equation 2 is used to describe the repulsive behavior of chains
as well as spherical molecules. The dispersion contribution is
adapted from the original PC-SAFT equation.25 The equation
parameters are obtained from the fit of vapor pressures and
saturated liquid volumes of n-alkanes from the triple point to
the critical point. For the first few hydrocarbons, pressure−
volume−temperature (PVT) data are also included as these
species are often supercritical at reservoir conditions. Although
no binary interaction parameter is used, the equation is applied
to describe the phase equilibria of binary n-alkane mixtures near
and far from the critical points. Compared to the original PC-
SAFT, which uses TPT, the PC-SAFT approach in this work
uses a simplified TPT-D and shows improvement in predicting
pure component properties and certain vapor−liquid equilibria
(VLE) of binary systems containing short- and long-chain n-
alkanes.

■ PC-SAFT APPROACH

In this approach, the residual Helmholtz free energy of a fluid at
the temperature and density of interest can be expressed by

= + + +a a a a ares hc disp assoc polar (3)

where ares = Ares/RT and Ares is the residual Helmholtz free
energy. Equation 3 expresses that different interactions
contribute to the residual Helmholtz free energy of a fluid,
that is, hard-chain repulsion, dispersion, association, and polar
interaction, respectively. This work entirely focuses on short-
and long-chain n-alkanes. Then, the association7,32−34 and polar
contributions35−39 to the Helmholtz free energy of hydro-
carbons vanish. The hard-chain contribution to the residual
Helmholtz free energy of chain molecules is expressed by

= +a a ahc hs chain (4)

where ahs and achain stand for the Helmholtz free energy of
hard-spheres and chain connectivity, which form the chain
molecules. The hard-sphere contribution (ahs) was defined
independently by Boublik40 and Mansoori et al.41 as expressed
by
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where

∑ζ π ρ= ∈x m d n
6

with {0, 1, 2, 3}n
i

i i ii
n

(6)

and ρ is the number density, xi is the mole fraction of
component i, mi is the number of segments for component i,
and dii is the segment diameter. The parameter dii accounts for
soft repulsion between segments. In terms of segment diameter
(σii) and the depth of square-well potential (εii), the soft
repulsion diameter is expressed by42
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The chain connectivity contribution (achain) accounts for
bond formations between the segments of a molecule. In most
SAFT theories, monomer segments are the building blocks of
chain formation. Chapman et al.7 derived an expression of chain
connectivity based on this premise and Wertheim’s theory of
association. The Chapman et al.7 equation of chain connectivity
is often used in the literature; however, it oversimplifies the
bond formation process. In fact, bond formation in chain
molecules is a sequential process, and the presence of previous
bonds cannot be ignored in the formation of new bonds.
Ghonasgi and Chapman28 fixed this drawback by introducing
dimer segments in the process of bond formation. The
Ghonasgi and Chapman28 chain connectivity term dramatically
improved the previous chain connectivity term7 at the expense
of more complexity. However, a new shortcoming also
emerged. The newly developed term was singular for molecules
with less than two equivalent segment numbers. The latter was
examined by Nasrifar,31 and finally eq 2 was derived
semiempirically. On the basis of eq 2, the chain connectivity
contribution to the Helmholtz free energy of a chain molecule
is derived as

∑δ= −a x m g d(1 ) ln[ ( )]
i

i i i ii
chain hs

(8)

where δ = (1 + 21/3)/2 and gi
hs (dii) is the radial distribution

function at contact for segments of component i in the hard-
sphere system. Clearly, if δ approaches 1 in eq 8, the Chapman
et al.7 expression of chain connectivity will be recovered. In eq
8, gi

hs (dii) is given by41
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In the PC-SAFT approach, the dispersion contribution to the
Helmholtz free energy is a second-order perturbation theory25

= +a a adisp
1
disp

2
disp

(10)

For chain-like molecules, the parameters a1
disp and a2

disp have the
forms

Industrial & Engineering Chemistry Research Article

dx.doi.org/10.1021/ie400081a | Ind. Eng. Chem. Res. XXXX, XXX, XXX−XXXB



∑ ∑
ε

σ= − πρ ⎜ ⎟⎛
⎝

⎞
⎠a I x x m m

kT
2

i j
i j i j

ij
ij1

disp
1

3

(11)

∑ ∑
ε

σ= −πρ ̅ ⎜ ⎟⎛
⎝

⎞
⎠a I mC x x m m

kTi j
i j i j

ij
ij2

disp
2 1

2
3

(12)

where m̅ is the mean segment number

∑̅ =m x m
i

i i
(13)

and C1 is the compressibility of hard-chain fluid
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In eq 14, Zhc is the hard-chain compressibility factor. The values
of Zhc and its derivatives are evaluated from eq 2. Setting eq 2
into eq 14 yields
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It must be pointed out that the impact of δ is appreciable on
the value of C1 and may not be ignored. The term (1 + 0.2m̅)
was inset empirically to augment parametrization of the new
model near and far from the critical points, especially for short
hydrocarbons. The value of 0.2 is arbitrary. A larger value would
lead to a better description of vapor−liquid equilibria near and
at the critical points. However, the accuracy of the model
declines at lower pressures. The integrals I1 and I2 are functions
of hard-chain site−site correlation function, chain length, and
density. As the hard-chain site−site correlation functions are
not accurate for long-chain molecules and the calculations were
tedious, Gross and Sadowski25 provided the following two
approximations for I1 and I2:

∑ η= ̅
=

I a m( )
i

i
i

1
0

6

(16)

∑ η= ̅
=

I b m( )
i

i
i

2
0

6

(17)

The coefficients are provided by ref 25
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where a0i, a1i, a2i, b0i, b1i, and b2i are constants. These constants
were provided by Gross and Sadowski.25

For calculating εij and σij, conventional combining rules are
employed

ε ε ε= − k(1 )ij ii jj ij (20)

σ
σ σ
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+
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ii jj

(21)

where kij is the binary interaction parameter. In this work, kij is
set to zero.

■ RESULTS AND DISCUSSION
Describing the PVT and phase equilibria of pure hydrocarbons,
the modified PC-SAFT requires three parameters for each

species, that is, m, σ, and ε/k. The parameters were obtained by
minimizing the following objective function along pure n-alkane
coexistence curves
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Table 1. Average Absolute Deviationsa in Calculating
Saturated Vapor Pressure and Saturated Liquid Volume of n-
Alkane Series from Methane to n-Eicosane (for PC-SAFT-D
from Propane to n-Eicosane)43−50

eq of state saturated pressureb saturated liquid volumec

PC-SAFT 2.33 1.08
PC-SAFT-D 2.13 1.22
this work 1.72 1.06

a% AAD = (100/n) ∑j
n|cald − expl|j/explj.

bThe total number of
points is 2245 (for PC-SAFT-D the total number of points is 1979).
cThe total number of points is 2584 (for PC-SAFT-D the total
number of points is 2116).

Figure 1. Correlations of pure component parameters of the new
model as a function of molecular weight.
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where psat is the saturated pressure and vl is the saturated liquid
volume. For the first few n-alkanes, the PVT behavior at
supercritical temperatures was also used in the fits. The pure
component parameters for normal alkanes from methane to
eicosane are reported in Table S1 in the Supporting
Information. Also given in Table S1, the new model accurately
fits the vapor pressures and saturated liquid volumes (and PVT
in cases of methane to n-pentane) of short- and long-chain n-
alkanes. In Table 1, the model is compared to the original PC-
SAFT and PC-SAFT-D with the parameters obtained from the
same sets of experimental data and eq 22 as the objective
function. The fitted parameters of PC-SAFT and PC-SAFT-D
are given in Tables S3 and S5 of the Supporting Information,
respectively. Given in Table 1, the model outdoes PC-SAFT
and PC-SAFT-D in correlating the vapor pressures and
saturated liquid volumes of pure n-alkanes from methane to
n-eicosane.
The model parameters behave smoothly with molecular

weights as shown in Figure 1. The correlation can be
represented analytically by

= + +k q q qparameter ( ) M M Mk k k0, 1 1, 1 2 2, (23)

with

Μ =
−M jM

Mj
i

i

W, W,CH

W,

4

(24)

where parameter k can be m/MW, σ, or ε/k and MW,i is the
molecular weight of component i. The coefficients q0,k, q1,k, and
q2,k are provided in the Supporting Information: Table S2 for
the model and Tables S4 and S6 for PC-SAFT and PC-SAFT-
D, respectively. One of the features of eq 23 is that the equation
can also be used to extrapolate the model parameters to chain
molecules longer than n-eicosane. Given in Table 2, the new
model, PC-SAFT, and PC-SAFT-D with eq 23 were used to
predict the vapor pressures of n-docosane, n-tetracosane, and n-
octacosane. The agreements with experimental data were good
for the three equations of state. PC-SAFT surpasses the two
others, however.
Because SAFT and its derivatives are based on a mean field

theory, significant disagreement is expected at or near the
vapor−liquid critical points. The new model, which takes
advantage of a dimer theory, however, provides improvement
compared to PC-SAFT. As shown in Figure 2, the improve-

Table 2. Precisions of the SAFT Approaches in Predicting
the Saturated Vapor Pressures of n-C22H46, n-C24H50, and n-
C28H58 (Experimental Data from Morgan and Kobayashi51)

% AADa

component n T range (K) PC-SAFT PC-SAFT-D this work

n-C22H46 12 453−573 1.23 2.32 4.40
n-C24H50 12 453−588 0.48 0.98 2.15
n-C28H58 12 483−588 6.35 6.35 6.68

a% AAD = (100/n) ∑j
n|psat

cald − psat
expl|j/psat,j

expl

Figure 2. Deviation plots for predicting the critical temperatures [ΔTc
= Tc,cald − Tc,expl] and pressures [Δpc = pc,cald − pc,expl] of n-alkane series
from methane to n-eicosane as a function of carbon number
(experimental data from NIST Chemistry Webbook52).

Figure 3. Critical points for binary n-alkanes systems: (a) C1 + C2, C1
+ C3, C1 + n-C4, and C1 + n-C5; (b) C2 + n-C10, C3 + n-C10, n-C4 + n-
C10, n-C6 + n-C10, and n-C10 + n-C12 (experimental data from the
compilation of Hicks and Young56). Solid line represents this model;
long dashed line, PC-SAFT; and short dashed line, PC-SAFT-D.

Table 3. Precisions of the SAFT Approaches in Predicting
the Critical Points of the Systems x n-C9 H20 + (1 − x) n-
C13H28 and x n-C10H22 + (1 − x) n-C12H26, where x Varies
from 0 to 1 and n, the Total Number of Points, Is 11
(Experimental Data from the Compilation of Hicks and
Young56)

AAD Tc (K)
a % AAD pc

b

system
PC-
SAFT

PC-
SAFT-D

this
work

PC-
SAFT

PC-
SAFT-D

this
work

n-C9 + n-C13 12.70 5.83 9.37 19.27 10.86 13.27
n-C10 + n-C12 11.55 5.64 10.11 20.08 12.10 14.65

aAAD = (1/n) ∑j
n|Tc,j

cald − Tc,j
expl| b% AAD = (100/n) ∑j

n|pc,j
cald − pc,j

expl|/
pc,j
expl.
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ment starts from n-butane toward longer n-alkanes. For
comparison, the critical points predicted by PC-SAFT-D from
propane to n-tetracosane were also included. Interestingly, PC-
SAFT-D is more accurate than the new model up to n-
hexadecane. Afterward, the model overtakes PC-SAFT-D. The
high accuracy of PC-SAFT-D can be attributed to rescaling 21
of 42 universal constants of the dispersion term in PC-SAFT-D.
It is worth noting that Gross and Sadowski25 developed the PC-
SAFT approach by providing a dispersion term with 42
universal constants. In obtaining these constants, the saturated
properties and PVT of the first eight n-alkanes were also
included in the regression process. Consequently, PC-SAFT
improved the SAFT approach of Huang and Radosz,11,12

especially near the critical points.6,25 Following Gross and
Sadowski,25 Dominik et al.27 rescaled 21 of 42 universal
constants of the PC-SAFT dispersion term by including the
saturated and PVT properties of propane to n-decane. Although
including experimental critical points during the regression is
not expressed by the authors, PC-SAFT-D accurately predicts
the critical points of n-alkanes, especially the first 10
hydrocarbons.
In Figure 3a, the model is compared to PC-SAFT for

predicting53−55 the vapor−liquid critical points of n-alkane
systems containing methane. No clear improvement is seen in
Figure 3a. For methane, the model clearly reduces to PC-SAFT.
For ethane, propane, and n-butane, the model does not offer

Figure 4. VLE of the system (1 − x) C1 + x n-C4 (experimental data
from Kahre57).

Figure 5. VLE of the system (1 − x) C1 + x n-C8 (experimental data
from Kohn and Bradish58).

Figure 6. VLE of the system (1 − x) C1 + x n-C12 at 303.15 K
(experimental data from Rijkers et al.59) at two different compositional
ranges.

Figure 7. VLE of the system (1 − x) C1 + x n-C16 (experimental data
from Rijkers et al.60 and Lin et al.61).
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any headway in predicting the critical points as shown in Figure
2. Therefore, it can be expected that the model identically
predicts the critical points with PC-SAFT. In Figure 3b, both
the new model and PC-SAFT describe reasonably the critical
points of the binary mixtures containing n-decane with other n-
alkanes. Predictions from PC-SAFT-D were also included for
comparisons. Clearly, PC-SAFT-D is more accurate, especially
for the system propane + n-decane. The differences can be
marked in Table 3, where the predicted critical temperatures
and pressures of two binary systems, n-C9H20 + n-C13H28 and n-
C10H22 + n-C12H26, are compared to the experimental data.
Clearly, for mixtures of long n-alkanes, the new model performs

well and better than PC-SAFT. PC-SAFT-D is more accurate
than both equations, however.
The VLE of the systems methane + n-butane and methane +

n-octane are shown in Figures 4 and 5, respectively. The model
and PC-SAFT are clearly identical for methane. Then, the effect
of chain on the phase behavior goes through the longer n-
alkane. As shown in Figure 2, however, the chain effect is only
perceptible for hydrocarbons heavier than n-butane. It then
explains the fact that the model and PC-SAFT identically
predicted the VLE of the system methane + n-butane. No
marked difference is seen, especially near the critical point. In
Figure 5, the model and PC-SAFT predicted (kij = 0) well the

Figure 8. VLE of the system (1 − x) C1 + x n-C20 at 353.15 K
(experimental data from van der Kooi et al.62).

Figure 9. VLE of the system (1 − x) C2 + x n-C10 (experimental data
from Reamer and Sage63).

Figure 10. VLE of the system (1 − x) C2 + x n-C22 at 340 K
(experimental data from Peters at al.64).

Figure 11. VLE of the system (1 − x) C3 + x n-C22 (experimental data
from Gardeler et al.65).
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experimental values, although the differences are marked
toward the critical points. Figures 6−8 show that the new
model accurately predicted the VLE of the systems methane +
n-dodecane, methane + n-hexadecane, and methane + n-
eicosane far from and near the critical points. However, PC-
SAFT fails near the critical points. That can be explained again
in terms of chain length for the longer n-alkanes. As shown in
Figure 2, the longer the hydrocarbon, the more accurate the
representation of the model compared to PC-SAFT at the
critical point. The accuracy at the critical points improved the
model behavior near the critical point. Because no binary
interaction parameter was used, the improvement is adequate.
For binary systems containing ethane and long-chain

hydrocarbons, the difference in the performance of the new

model and PC-SAFT is less clear compared to the binary
systems containing methane. In Figure 9, where the VLE of
ethane + n-decane are shown, the differences are not profound.
Figure 10, however, shows marked differences between the two
models in predicting the VLE of ethane + n-docosane. Clearly,
the new model is more accurate. Comparisons in Figures 9 and
10 clarify that in addition to chain length in binary n-alkane
mixtures, the size ratio of the two hydrocarbons also matters in
the VLE of the system.6 For instance, the size ratio of n-decane
to ethane is close to the size ratio of n-butane to methane.
Consequently, both model and PC-SAFT identically predicted
the VLE of the two systems.
Shown in Figure 11, the performances of the new model and

PC-SAFT are clearly equal in predicting the VLE of the system
propane + n-docosane. Because PC-SAFT-D is also applicable
to systems with hydrocarbons longer than propane, Figure 11
also includes the VLE of the system according to PC-SAFT-D.
Clearly, PC-SAFT-D significantly describes the VLE of the
system near the critical points, whereas no precaution for
density fluctuations near the critical point was deemed. That
could be a direct consequence of rescaling the dispersion term
universal constants.
The three models were also compared to predict the VLE of

the binary systems n-hexane + n-hexadecane and n-hexane + n-
tetracosane, respectively. The three models are in good
agreement with experimental data far from the critical points
as shown in Figures 12 and 13. Toward the critical points,
however, PC-SAFT-D performs clearly better than both. In
Figure 14, the VLE of the system n-hexane + n-hexatriacontane
are depicted. Again, PC-SAFT-D exceeds the two other models
near the critical point. Away from the critical point, it slightly
overpredicts the dew point curve at high temperatures and
bubble point curve for all temperatures.

■ CONCLUSIONS
A simplified hard-chain dimer theory has been used to modify
the PC-SAFT equation of state. The new model has calculated
accurately the saturated pressures and liquid volumes of pure n-

Figure 12. VLE of the system (1 − x) C6 + x n-C16 (experimental data
from Joyce and Thies66).

Figure 13. VLE of the system (1 − x) C6 + x n-C24 (experimental data
from Joyce et al.67).

Figure 14. VLE of the system (1 − x) C6 + x n-C36 (experimental data
from Joyce et al.67).
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alkanes. Starting from n-butane, the model has calculated the
pure component critical pressures and temperatures of n-
alkanes more accurately than PC-SAFT. For the VLE of binary
n-alkane systems, the model has performed more accurately
than PC-SAFT near critical points for systems with a size ratio
larger than 4. For other systems, the model and PC-SAFT are
identical. Whereas no binary interaction parameter has been
used, the new model has adequately described the VLE of
binary n-alkane systems, in particular, systems containing
methane and a long-chain n-alkane. In systems containing
ethane, propane, or n-hexane and a long-chain hydrocarbon, the
performances of the new model and PC-SAFT have almost
been identical with the exception of near the critical points,
where the new model shows superiority.
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■ SYMBOLS
a = reduced Helmholtz free energy (A/RT)
aj = polynomial given by eq 18
a0i, a1i, a2i = coefficients provided by ref 25
A = molar Helmholtz free energy (J mol−1)
bj = polynomial given by eq 19
b0i, b1i, b2i = coefficients provided by ref 25
C1 = compressibility of a hard-chain fluid given by eq 15
d = soft repulsion diameter (m)
g = radial distribution function at contact
I1 = abbreviation defined by eq 16
I2 = abbreviation defined by eq 17
k = Boltzmann constant (1.38066 × 10−23 J K−1)
kij = binary interaction parameter
m = number of segments in a molecule
m̅ = mean value for the number of segments in a mixture
MW,i = molecular weight of component i
n = number of experimental data points
p = pressure (MPa)
q0,k, q1,k, q2,k = coefficients provided in Tables S2, S4, and S6
of the Supporting Information for different equations of state
R = universal gas constant (8.314 J mol−1 K−1)
SR = ratio of surface area for a hard-dimer to a hard-sphere
with the same volume as the hard-dimer
T = temperature (K)
v = liquid volume (m3 kmol−1)
x = mole fraction
Z = compressibility factor

Greek Letters
ε = depth of square-well potential (J)
ζ = parameter defined by eq 6
η = packing fraction (ζ3)
δ = (1 + 21/3)/2 ≈ 1.12996
M = reduced molecular weight defined by eq 24

π = constant (3.1415926)
ρ = number density (m−3)
σ = diameter of a segment (Å)
Ω = objective function

Subscripts/Superscripts
assoc = association
calc = calculated value
chain = chain term
disp = dispersion
expl = experimental value
hc = hard-chain
hd = hard-dimer
hs = hard-sphere
i, j, k = dummy indices
l = liquid
n = dummy index
polar = polar term
res = residual
sat = saturated
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