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†CICECO, Chemistry Department, University of Aveiro, Campus de Santiago, 3810-193 Aveiro, Portugal
‡KBC Advanced Technologies Limited (A Yokogawa Company), 42-50 Hersham Road, Walton-on-Thames, Surrey KT12 1RZ,
United Kingdom

*S Supporting Information

ABSTRACT: The simultaneous description of phase equilibria,
volumetric properties, and derivative properties is of great
relevance to industry. However, most thermodynamic models
are unable to describe all these properties with the same set of
parameters. Equations of state are no exception, especially cubic
equations of state where this behavior is even more relevant.
When considering the classic fitting of these equations to critical
data, a volume shift is often required for an accurate description of
density, but this approach fails to provide a satisfactory description
of derivative properties. In this work, we analyze the influence of a
volume shift within the modified Cubic-Plus-Association, Peng−
Robinson, and Soave−Redlich−Kwong equations of state when
fitted to speed of sound data instead of density data. An analysis is
conducted on the effect on other derivative properties such as isothermal compressibility and isobaric expansivity. The analysis
is based on water, alkanols/diols, and a group of hydrocarbons. A critical assessment is conducted on how this approach affects
other properties.

1. INTRODUCTION

For many properties, the good performance of cubic equations
of state (EoS’s) is based on cancellation of errors. However,
there are some properties where these errors do not
compensate and are instead amplified. One such property is
the speed of sound. Most EoS’s need to fit this property
directly in order to obtain a correct description and are known
to be unable to provide a correct, simultaneous description of
the speed of sound, liquid density, and saturation pressure with
the same set of parameters.1

Statistical Associating Fluid Theory (SAFT) variants tend to
present better estimates of speed of sound even when this
property is not fitted to the experimental data. Studies on the
capacity to describe this property for different classes of
compounds have been reported using different SAFT variants,
including the original SAFT, SAFT Boublik−Alder−Chen−
Kreglewshi (SAFT-BACK), perturbed-chain SAFT (PC-
SAFT), and SAFT employing a Mie potential of variable
range (SAFT-VR-Mie).2−9

Despite the better performance of SAFT-type equations,
cubic EoS’s are still the most applied in the industry, due to
their simplicity and lower calculation times. Another advantage
of the cubic equations, using their classic parametrization, is
the correct description of critical temperatures and pressures.
Some SAFT variants, such as critical-point-based PC-SAFT
(CP-PC-SAFT),10 are capable of a correct description of these

properties but tend to incorrectly predict saturation pressures
at conditions far from the critical point.2

In previous works,11−13 we analyzed the description of pure
component properties of associative compounds with a
modified version of the cubic plus association (CPA) EoS.
Among other differences described elsewhere,12,13 this version
uses a constant Peńeloux-type volume shift14 to fit the liquid
density instead of regressing this property in the main
parametrization routine. In these studies, most properties
analyzed were independent of the volume shift, except for
density. In a recent study, Jaubert et al.15 presented the
properties modified by the use of a constant volume shift in a
cubic EoS. The same can be done for other EoS such as CPA16

or PC-SAFT.17

In the specific case of water, a large group of properties
present an anomalous behavior, even at atmospheric
conditions. These include, for example, maxima with temper-
ature, in the liquid speed of sound, density and isochoric heat
capacity and a minimum with temperature, in the isobaric heat
capacity. This type of behavior is not exclusive to water, and
can be observed in simpler molecules, as is the cases of alkanes,
when under higher pressures.18,19 When the parameters for
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water with the modified CPA13 were presented, the study
concerned mostly binary systems and the description of both
isobaric and isochoric heat capacity, with the former respecting
the above-mentioned minima. A maxima in respect to the
speed of sound is also obtained at temperatures close to the
experimental. However, for this to be quantitatively correct the
description of both density and the Joule−Thomson
coefficient are greatly deteriorated. For this compound an
analysis on the effect of the volume shift on gas properties was
also carried.
In this work, the differences between using volume/density

or the speed of sound to optimize the volume shift are
analyzed with the modified CPA, Soave−Redlich−Kwong
(SRK), Peng−Robinson (PR),20 and modified versions of
these two cubic EoS’s, which use the same Mathias−Copeman
alpha function as the modified CPA. Some comparisons are
also conducted with the original CPA and two PC-SAFT
variants. A critical assessment on how this approach affects
other properties is reported.
2.1. Models. In a generalized form, PR and SRK EoS’s20

can be written for a pure component in terms of pressure as

P
RT

V B
A T

V B V B( )
( )

( )( )1 2δ δ
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−
−

+ + (1)

where T is temperature, P is pressure, V is volume, and R is the
gas constant. The compound specific parameters/functions of
these equations are the covolume (B = nb), the value of the
energy parameter (A(T) = n2acα(T)), and the alpha function
(α(T)). δ1 and δ2 are specific to each of these equations (δ1 =
1; δ2 = 0 for SRK and 1 2 ; 1 21 2δ δ= + = − for PR).
In this work, only the SRK-based version of the modified

CPA12 is analyzed. Thus, to the cubic term of SRK we need to
add the following association term:
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where mi is the mole number of sites of type i and Xi is the
nonbonded fraction of sites of type i.
g is a simplified hard-sphere radial distribution function:

g
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The nonbonded site fractions are obtained from

X
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The association strength Δij is given by

b (e 1)ij ij ij RT/ij
βΔ = −ε (5)

with εij and βij being the energy and volume of association,
respectively, for interactions between sites i and j. Two
association schemes21 are applied in this work: 2B for the
hydroxyl group and 4C for water. For diols, two 2B schemes,
with the same parameters, are considered, which is technically
the same approach as considering the 4C scheme, as the
parameters for both hydroxyl groups are considered the same.
Figure 1 presents these association schemes.
When using CPA to describe these compounds, these are

the most commonly used association schemes, as discussed by
Kontogeorgis and co-workers.16

Two alpha functions are applied in this work, the Soave
alpha function22 (which has only one parameter) and a
modified Mathias−Copeman23 alpha function, which can have
up to five parameters. These functions can be represented from
the general equation below:
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where cn are fitting parameters and Tc is the critical
temperature.
The Soave alpha function is used when considering the

classical SRK and PR. For the modified version of these
equations, as well as for the version of CPA in study, the
modified Mathias−Copeman alpha function is used instead.
It is important to note that the present alpha function is

based on a Mathias−Copeman function and thus does not
cope with all of the consistency requirements proposed by Le
Guennec et al.24 This may lead to some pitfalls other than
those presented by Segura et al.25 for Soave-type EoS’s.
Nevertheless, for the range of temperatures analyzed in this
work the alpha functions for the non-associative compounds
are consistent with the requirements of Le Guennec et al.24 For
the associative compounds, there are some more complex
behaviors (for the case of water, see ref 13). However, in the
range of temperatures of the study, the presence of the
associative term compensates for most of the inconsistencies
presented by Le Guennec et al.24 For example, in the presence
of an inflection in the alpha function for these compounds, cv

res

will not be 0 due to the presence of the association term.
For all these equations, the covolume and energy parameter

of the cubic term are fitted directly to the critical pressures and
temperatures, so
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Thus, these models reproduce the experimental critical
temperatures and critical pressures for pure compounds. For
the modified versions, the alpha function parameters are then
fitted to saturation pressure data, while for the classic SRK and
PR, these are obtained from the classic equations for the alpha
function parameters.26 A constant Peńeloux-type volume
shift14 affects both volume and covolume so that

V V c
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= − (10)

Figure 1. Association schemes applied in this work.
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Vt and bt are the translated volume and covolume, whereas V0
and b0 are the original volume and covolume obtained by the
equation. The parameter c is the volume shift.
2.2. Properties in Study. As discussed by Jaubert and co-

workers,15 diverse properties remain unaffected by the use of a
constant volume shift. These include saturation pressures, the
enthalpy of vaporization (both the vapor and liquid enthalpies
change, but the difference remains unchanged), Cp, and Cv.
Despite the chemical potential of a given phase changing

with the introduction of a volume shift, this change will be
equal for all phases, if the adequate mixing rule is applied
(cmixture = Σxici). Thus, phase equilibria will remain unchanged.
Alternatively to volume/density, the volume shift in this

work was also fitted to the liquid speed of sound. This property
can be obtained from other thermodynamic properties using

u V
C

C M k V
p

v Tw
=

(11)

Here, Cp, Cv, and the molar weight (Mw) are all independent of
the volume shift. The result of volume multiplied by the
isothermal compressibility (kT) is also independent of the
volume shift:
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As the volume shift does not vary with pressure, it is a
constant. Thus, all terms inside the square root term above are
independent of a constant volume shift.
Other properties in analysis on this work are the isobaric

expansivity coefficient (αp), the Joule−Thomson coefficient
(μJT), and the isentropic compressibility (ks), which are given
by the following equations:
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3. RESULTS

The use of constant Peńeloux-type volume shifts is well-
established in the literature as a method to improve the
description of volumes without affecting phase equilibria. The
use of such methods enables improvements on the saturation
pressures, as well as on some derivative properties, by focusing
the parametrization on the saturation pressures and correcting
the volume afterward. However, cubic EoS’s are known to fail
not only in the description of volume but also on volume
derivative properties. Nevertheless, if the process of interest
does not require a correct description of density (or does
requires it, but obtains that description from another model),
then it should be possible to compensate partially the errors on
these derivatives to obtain a reasonable description of other
properties as is the case of the speed of sound.

Speed of sound depends on Cp, Cv, volume, and ( )P
V T

d
d ′

, as

can be seen in eq 11. Thus, by having a good representation of
both Cp and Cv, the contributors to deviations in the speed of
sound can only be volume and its pressure derivative, but

( )P
V T

d
d ′

is not affected by the volume shift. Thus, by changing

the volume shift (if the volume shift is a constant), the only
term affected in the speed of sound expression is the volume.
This study will start from simpler molecules (hydrocarbons)

to more complex molecules with association (alcohols and
water). One of the topics will be looking at the description of
the speed of sound for water in the liquid phase, as this is a
very specific case, where its speed of sound presents a
maximum with respect to temperature, even at atmospheric
conditions, which has proved very difficult to represent by
different models.27 The pure compound parameters, except for
volume shift, are presented in Table A1. When the volume shift
is fitted to volume, this is always obtained at 0.7 Tr when fitting
temperatures to the speed of sound; data are presented in
Table A2.

3.1. Hydrocarbons. For hydrocarbons, the use of the
modified versions of SRK and PR available from Multiflash28

improves the saturation pressure and some derivative proper-
ties, including Cp. When considering a volume shift for both
versions, the volumetric results for the classical cubic EoS’s and
their modified versions are very similar, as can be seen in
Figure 2 for hexadecane. This remains true for the remaining
compounds in this study, as well as for PR. Thus, we will focus

Figure 2. Liquid density (left) and speed of sound (right) of n-hexadecane with SRK. Full lines, classical SRK; dashed lines, modified SRK; blue
lines, VS fitted to speed of sound; green lines, VS fitted to density. Data values are from Bolotnikov et al.29 and Multiflash.30
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on the results from the modified versions. In the case of n-
hexane, the results for the liquid density, speed of sound, kT,
and αp are presented in Figure 3.
In this case, PR presents better liquid densities while also

presenting smaller differences using the two volume shifts (due

to a more accurate description of ( )P
V T

d
d ′

by this EoS).

However, for both models, the isobaric expansivity coefficient

is less accurate if we consider a volume shift fitted to the speed

of sound. The ( )P
V T

d
d ′

and ( )V
T P

d
d

description of both models is

analyzed in Figure 4. Besides these equations, the results from
the parameters from Gross and Sadowski33 with PC-SAFT and
the ones from the VS-PC-SAFT are presented.17

As mentioned above, there is a significant improvement in

the description of ( )P
V T

d
d ′

from the cubic term of SRK to the

Figure 3. Influence of volume shifts on the calculated properties of hexane with SRK and PR. Data are from Cerdeiriña et al.,31 Garbajosa et al.,32

Bolotnikov et al.,29 and Multiflash.30

Figure 4. ( )P
V T

d
d

′
and ( )V

T P

d
d

of hexane, for atmospheric conditions, using different EoS’s. Data are calculated from Cerdeiriña et al.,31 Garbajosa et

al.,32 and Multiflash.30
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one from PR, while for ( )V
T P

d
d

, the results are similar. When

considering the two sets from PC-SAFT, the results are
improved when compared to the cubic EoS’s. Nevertheless, it
is not possible to describe both derivatives correctly with a
single set of parameters. Another important aspect is that when
not applying a fit to the critical temperature and pressure and
fitting pressure and liquid density simultaneously, these
derivatives tend to improve, as observed with the original
CPA parameters from Oliveira et al.34

Figure 5 presents results for the speed of sound and liquid
density of n-decane, toluene and benzene. For all of these

compounds PR presents a more accurate description of( )P
V T

d
d ′

,

while the description of Cp and Cv by both EoS’s are similar.
This leads to a better description of the speed of sound, when
considering the volume shift fitted to density with this EoS.
Thus, the differences between the volume shift needed to
describe density, and the one used to describe the speed of
sound is smaller with PR than that with SRK. Nevertheless,

Figure 5. Speed of sound (a) and liquid density (b) for n-decane (1), benzene (2), and toluene (3). Data are from Paredes et al.,35 Fortin et al.,36

the TRC database,37 and Multiflash.30
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care is needed when looking at very small compounds. For
these molecules, SRK tends to present a better description of
volume than PR. However, for lighter alkanes, when a volume
shift is applied to both equations, PR still presents a better
description of volume and a smaller difference between the
volume shift for density and for the speed of sound.
The cubic EoS’s are known to fail in the description of

volumetric properties and derivative properties along an
isotherm. For these, the change on volume shift fitting does
not bring significant advantages. The qualitative description of
speed of sound along the isothermals is far from accurate even
when a correct value is applied at saturation. While PR tends to
be more accurate, both models fail in the description of density
and speed of sound for high pressures. This is to a large extent
due to the cubic term and particularly the repulsive term
employed in these equations, which is far simpler than those of
the SAFT variants. Examples for the liquid density and speed
of sound in the cases of n-hexane and benzene are presented in
Figure 6.
When analyzing Figure 6, we note that the volume shifts for

density and speed of sound were not fitted at the same
temperatures with the density fitted at Tr = 0.7. Speed of sound
presents a better description at saturation, as the volume shift

for this property was fitted near the temperature of the
experimental data (see Table A2).

3.2. Associating Compounds. After analyzing the results
for hydrocarbons, it is now important to study what happens
for associating compounds. First, the use of the association
term in CPA tends to compensate partially for the errors on
the volumetric properties, and the densities are usually more
accurate than for non-associating compounds. In this work
these compounds are studied with the modified version of
CPA.
Besides density, it is expected that speed of sound will be

easier to describe for some alkanols than they are for
hydrocarbons. The results for both density and speed of
sound for 1-butanol and for 1-octanol are presented in Figure
7.
The introduction of the association term improves the

description of ( )P
V T

d
d ′

; thus, the difference between the two

volume shifts is reduced when compared to hydrocarbons. For
alkanols, the higher the association relevance, the better the
description of speed of sound. This is visible from the
temperature trends for 1-butanol, where the association is
more prevalent, so the temperature dependence is better
described than that for 1-octanol. The association volume and
energy are the same for 1-butanol and 1-octanol, as proposed

Figure 6. High-pressure liquid density (a) and speed of sound (b) for hexane (1) and benzene (2). Full lines, PR; dashed lines, SRK. The volume
shifts were used according to the property in study. Data are from Kiran and Sen,38 Daridon et al.,39 Colin et al.,40 and Wegge et al.41
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in a previous work;11 however, the weight of the contribution
of the association term is smaller for 1-octanol. Some other
properties of 1-butanol are analyzed in Figure 8.
Using a volume shift fitted to the speed of sound improves

the quantitative description of kT. For αp, the description at
lower temperatures is better when considering the volume shift
fitted to liquid density. However, as both approaches fail for
higher temperatures, there is a large range of temperatures

where this property is better estimated with the volume shift
fitted to the speed of sound. To complete the analysis of the
primary alkanols, Figure 9 presents results for the speed of
sound, isentropic compressibility, and density of methanol and
ethanol.
In the smaller alkanols, while the trend with temperature is

improved for the speed of sound, the difference in volume shift
is similar to the one observed in 1-butanol (see Table A2). The

Figure 7. Description of density (a) and speed of sound (b) for 1-butanol (1) and 1-octanol (2), using different volume shifts. Data are from
Safarov et al.,42 Troncoso et al.,43 Multiflash30 and Nain.44

Figure 8. Description of the isothermal compressibility (left) and isobaric expansivity coefficient (right) for 1-butanol using two volume shifts. Data
are from Safarov et al.42
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results using the original CPA for these compounds are
accurate. As discussed on Figure 4, by not fitting the critical
temperatures and pressures while fitting density and pressure
simultaneously, the original CPA provides a quantitatively
better description of the derivatives in analysis. This is verified
when considering the fit of volume shift to density, where the
results for the three properties are not as accurate as when
applying the original CPA, without volume shift. Nevertheless,
qualitatively, when considering the volume shift fitted to speed

of sound, it seems that the model is capable of a better
description of the speed of sound.
The isentropic compressibility, as presented in eq 15, can be

easily calculated from the speed of sound and volume. As this
property depends on the volume divided by the squared speed
of sound, the results are improved when the volume shift is
fitted to the speed of sound.
It is also relevant to investigate how this approach works for

diols, in this case ethylene glycol (1,2-ethanediol) and 1,3-

Figure 9. Results for speed of sound (a), isentropic compressibility (b), and liquid density (c) for methanol (1) and ethanol (2). Original CPA
parameters are from Oliveira et al.34 Data are from Pereira et al.45 and Salinas et al.46
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propanediol. Figure 10 presents liquid density, speed of sound,

kT, and ( )P
V T

d
d ′

for ethylene glycol.

The difference in the results using the two volume shifts is
higher than those for the alkanols. However, the description of
the speed of sound is accurate, according to the available

experimental data. As for the other properties, ( )P
V T

d
d ′

is highly

overestimated, leading to an overestimation of kT, even when
the volume shift is fitted to the speed of sound. The results for
1,3-propanediol are presented in Figure 11.
The difference between the volume shifts in this case is

smaller than that for ethylene glycol. Nevertheless, there are
higher deviations for both density and the speed of sound. This

should come mainly from the description of ( )P
V T

d
d ′

, which is

Figure 10. Liquid density (a), speed of sound (b), isothermal compressibility (c) and ( )P
V T

d
d

′
(d), independent of the volume shift for liquid

ethylene glycol. Data/correlations are from the TRC37 database and Multiflash.30

Figure 11. Liquid density (left) and speed of sound (right) for 1,3-propanediol. Experimental data are from George and Sastry47 and the DIPPR
database.48
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quantitatively closer to the experimental data than that of
ethylene glycol, however is not qualitatively correct.
3.3. Water. In a previous study of water,13 we observed that

between 273.15 and 303.15 K the difference between Cp and
Cv obtained with the modified CPA was very close to the
experimental value. In this range of temperatures, the values for
Cp and Cv in water are very close to each other, and most EoS’s
are unable to correctly describe both properties simulta-
neously. However, there is another interesting result when
considering temperatures below 373.15 K. The results
obtained with the modified CPA for the speed of sound,
although far from being quantitatively correct, could represent
the experimentally observed maximum. This is shown in Figure
12, where in addition to the previously obtained volume shift
from fitting liquid density at Tr = 0.7, we also plot the results
using a second volume shift fitted to the liquid speed of sound
around Tr = 0.45.
As discussed above, the Cp and Cv of water are well-

described with this version of CPA; thus, the volume and

( )P
V T

d
d ′

have the main impact on the description of the speed of

sound. As in the case of ethylene glycol, it seems that the

description of ( )P
V T

d
d ′

is qualitatively correct; this will be

analyzed further below. However, as the accuracy of the
descriptions of Cp and, in particular, Cv are not correct for a

large group of compounds,1 the quality of the description of
the speed of sound can be inferior to that presented on Figure
12. This was previously shown for a diverse selection of
compounds. As discussed for ethanol, the quantitative
description of the speed of sound with the original CPA is
superior to that of the present model when considering the fit
of the volume shift to density. Nevertheless, in this case the
qualitative description is better, presenting a maxima in the
speed of sound, where none is observed in the original CPA.
It is important to verify how this change on the fitting of the

volume shift affects other water derivative properties. Figure 13
presents the results for both the isobaric expansivity coefficient
and the isothermal compressibility. In the case of the modified
CPA, the use of a volume shift is one of the factors that
improved derivative properties (along with the changes in
alpha function and of values for the association parameters),
due to a focus on the accurate description of properties
independent of the volume shift. Specifically in the case of

water, this enabled a better description of ( )P
T V

d
d ′

and affected

the description of ( )P
V T

d
d ′

. For this second derivative, the

obtained trend with temperature is qualitatively closer to the
trend observed experimentally when compared to that
obtained with the original CPA. However, the overall value

Figure 12. Results for liquid water speed of sound (left) and liquid density (right), using two different volume shifts. Data are from Gupta et al.,49

Multiflash,30 and REFPROP.50

Figure 13. Results for the isobaric expansivity coefficient (left) and the isothermal compressibility (right) of water, both at atmospheric pressure,
using two different volume shifts. Data are from Kell.51
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of ( )P
V T

d
d ′

is incorrect. It is due to these improvements that a

maxima is observed in the description of the speed of sound in
water. Thus, by fitting the volume shift to the speed of sound
instead of density it is possible to describe that property for a
large range of temperatures.
Both αp and kT are calculated from the volume and its

derivatives, which do not vary with a constant volume shift.
Therefore, as in the case of the speed of sound, the differences
in the two sets of results are only due to the different value for
the volume term present in eqs 12 and 13.
Figure 14 presents results for the Joule−Thomson

coefficient. Here the effect is opposite to that of αp (at low

temperatures) and kT. As this property is influenced by both
the derivative of pressure in relation to volume and in relation
to temperature, the influence of the quantitatively incorrect

( )P
V T

d
d ′

is partially compensated; thus, by fitting the volume

shift to the speed of sound, we are increasing the deviation on
this property.

In Figure 15, the accuracies of the derivatives ( )P
T V

d
d ′

, ( )V
T P

d
d

,

and ( )P
V T

d
d

for water are analyzed under atmospheric

conditions.
The behavior of the Mathias−Copeman alpha function, as

well as the higher value for the association energy (see our

previous study13 and Figure 16), enables ( )P
T V

d
d ′

to increase

with temperature and to have values closer to the experimental
data near 300 K. However, the behavior of the curve is still not
qualitatively correct. Nevertheless, due to a compensation of

errors between these deviations and those of ( )P
V T

d
d ′

, the

representations of both Cp and Cv for water are good.
To complete this analysis for liquid water, it is interesting to

look at the monomer fractions with both the present version of
CPA and the most commonly used original CPA.52 These
results are presented in Figure 16.
At higher temperatures, the free site fraction is too high with

the modified CPA, leading to an underestimation of the
association contribution at these temperatures. However, at
lower temperatures (up to 400 K) a good representation is
obtained. Table 1 presents the values of β, b, and ε for the two

CPA versions. The set used for water with the original CPA, as
many sets with some SAFT variants,27 tends to overestimate
association in the whole temperature range. Nevertheless, these
inaccurate behaviors (both overestimation and underestima-
tion) tend to compensate for deviations in the cubic/physical
terms. Liang et al.54 recently analyzed these data values and
suggest that care should be taken when considering them, at
least until these measurements are repeated.
The description of volume dependencies when using cubic

EoS’s is far from perfect. Thus, it is not possible to describe
simultaneously volume and speed of sound, while keeping an
accurate representation of the saturation pressures and correct
Tc and Pc. This is a problem shared with modern EoS’s, as even
the more robust versions of SAFT struggle to describe
simultaneously all these properties for many compounds.
Nevertheless, if the coefficient Cp/Cv is well described by the
EoS and the saturation pressure results are accurate, then the
user should be able to adjust a volume shift to improve at least
one of the derivative properties.17

It is also important to note that the volume shift also affects
the properties of the vapor phase. Nevertheless, the differences
between the results with the different volume shifts are not
relevant, except at high temperatures. Some examples of this
behavior are presented in Figure 17. The results of this work
are compared to the sets of Gross and Sadowski55 with PC-
SAFT and the set of the VS-PC-SAFT.17

The results for kT in the vapor phase seem to benefit from
the correct description of the critical temperatures and
pressures. When compared to the PC-SAFT variants, the
results are very similar at low temperatures, while close to the
critical point the modified CPA performs better due to the
description of the critical point. As for αp, the other models
present a better description at low temperatures. Nevertheless,
these highly underestimate the results for high temperatures,
where CPA performs a better description for this property.
For Cp and Cv of the gas phase, all models in the analysis

incorrectly describe the trend with temperature. As can be seen
in Figure 17, the VS-PC-SAFT performs well for the low
temperatures on these properties, but fails the description
above 400 K, while CPA and the parameter set from Gross and
Sadowski55 fail for the whole range of Cv.
The modified CPA tends to underestimate the speed of

sound at lower temperatures, and closer to the critical
temperature it tends to find a minimum before the critical
point, which is not observed in the IAPWS95 results. The PC-
SAFT and VS-PC-SAFT results do not present these minima,
however, they still overestimate the speed of sound at higher
temperatures. For the Joule−Thomson coefficient, the differ-
ent methods tend to present an accurate description above 500
K, below this temperature most models overestimate this
property, while the VS-PC-SAFT underestimates it.
Results for the second virial coefficient of some of the

compounds analyzed in this study are presented in the
Supporting Information.

■ CONCLUSIONS

In this work, we investigated how second derivative properties
can be improved when calculated from SRK, PR, and a
modified version of CPA using a constant volume shift fitted to
the liquid speed of sound instead of fitted from liquid density
data. The major advantage of this approach is that phase
equilibria calculations are not affected, while we now have the

Figure 14. Results for the Joule−Thomson coefficient of water, using
two different volume shifts calculated from the data of Kell51 and
Multiflash.30
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option to improve properties such as the speed of sound,
which is usually not well represented by cubic EoS’s.
Our analysis shows that there is no overall improvement for

properties such as liquid density and speed of sound as a

function of pressure, but there is a clear improvement for the
data at near atmospheric pressure or pressures close to the
saturation pressure.
Most water derivative properties were improved when using

a modified version of CPA: isothermal compressibility, isobaric
expansivity, and, notably, the speed of sound, for which our
approach can represent the maximum observed experimentally.
The model still fails to represent the magnitude of the decrease
with decreasing temperature below the maximum. Some
alkanols and diols were also investigated with similar
conclusions.

Figure 15. Description of ( )P
T V n

d
d ,

(a), ( )P
V T n

d
d ,

(b), and ( )V
T P n

d
d ,

(c) for water with both the modified CPA (this work) and original CPA.52

Derivative data calculated from the data of Kell51 and Multiflash.30

Figure 16. Description of free site fraction (left) and% monomer fraction (right) of pure water, using both the modified CPA and original CPA.
Data are from Luck.53

Table 1. Parameters with Influence on the Associative Term
for Both CPA Variants

b × 105 (m3·mol−1) ε (J mol−1) β × 102

modified CPA 2.388 22013 0.48
original CPA 1.452 16655 6.92
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Similarly, for non-associating components there is a clear

improvement for the speed of sound. For isothermal

compressibility, the behavior for hexane is similar to that

observed for 1-butanol and is improved with this volume shift.

Nevertheless, due to the amplitude being higher between the

two volume shifts in hexane than those in 1-butanol, the

isothermal expansivity presents higher deviations when

considering this second volume shift.

All these improvements are achieved while keeping the

phase equilibria intact, solely at the expense of a decrease in

the performance of modeling liquid densities.
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Figure 17. Description of kT (a), αP (b), CP (c), Cv (d), speed of sound (e), and the Joule−Thomson coefficient (f) for gaseous water. Data are the
results achieved using the IAPWS95 model56 as present on Multiflash.28
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■ NOMENCLATURE

A, a energy parameter of CPA; a (Pa·m6·mol−2), A = n2a
ac value of the energy parameter at the critical point (Pa·

m6·mol−2)
B, b covolume; b (m3·mol−1), B = nb
(cn) alpha function parameters
Cp isobaric heat capacity (J mol−1·K−1)
Cv isochoric heat capacity (J mol−1·K−1)
cvs volume shift (m3·mol−1)
kij binary interaction parameter for the cubic energy term
ks isentropic compressibility (Pa−1)
kT isothermal compressibility (Pa−1)
P vapor pressure (Pa)
T temperature (K)
v0, vt volume before and after translation, respectively (m3·

mol−1)
b0, bt covolume before and after translation, respectively (m3·

mol−1)
x, y liquid/vapor mole fraction

Greek Symbols
α(T) alpha function
αP isobaric expansivity coefficient (K−1)
β association volume
βij cross-association volume
ε association energy (J mol−1)
μJT Joule−Thomson coefficient (K. Pa−1)
ρ molar density (mol·m−3)

Abbreviations
CPA cubic plus association
EoS equation of state
PC-SAFT perturbed-chain statistical fluid association

theory
VS-PC-SAFT volume-shifted PC-SAFT
PR Peng−Robinson
SRK Soave−Redlich−Kwong
VS volume shift
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