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Abstract

Accurate description of thermodynamic properties of natural gas systems is of great
significance in the oil and gas industry. For this application, non-cubic equations of state
(E0Ss) are advantageous due to their better density and compressibility description.
Among the non-cubic models, GERG-2008 is a new wide-range EoS for natural gases
and other mixtures of 21 natural gas components. It is considered as a standard reference
equation suitable for natural gas applications where highly accurate thermodynamic
properties are required. Soave’s modification of Benedict-Webb-Rubin (Soave-BWR)
EoS is another model that despite its empirical nature, provides accurate density
description even around the critical point. It is much simpler than GERG-2008 and easier
to handle and generalize to reservoir oil fluids. This study presents a comprehensive
comparison between GERG-2008 and other cubic (SRK and PR) and non-cubic EoSs
(Soave-BWR and PC-SAFT) with a focus on Soave-BWR in description of pure
components density and compressibility in a wide temperature and pressure range,
calculation of binary Vapor-Liquid-Equilibria (VLE) and density, prediction of
multicomponent phase envelopes and gas compressibility factor. In addition, the
performance of GERG-2008 is compared with that of cubic and non-cubic models in
calculation of thermal properties such as heat capacity and Joule-Thomson coefficient for
pure components and multicomponent mixtures over a wide pressure and temperature
range. The results are compared with available experimental data in the literature and
special emphasis has been given to the reverse Joule-Thomson effects at high pressure

high temperature (HPHT) conditions.
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1. Introduction

The accurate knowledge of the thermodynamic properties of natural gases and other
mixtures of natural-gas components is essential for many applications involving natural
gas, such as natural gas transportation, processing, storage and liquefaction. Equations of
State (EoS) are commonly used to describe phase equilibrium and physical properties
over a wide range of pressure, temperature and mixture composition. As classical cubic
EoS models do not satisfy the demands on the accuracy of some thermodynamic
properties over the entire region of interest, it becomes more attractive to use non-cubic

EoSs for description of these properties including derivative properties.

GERG-2008 is a wide-range EoS developed for 21 components of natural gases and their
mixtures that meets the requirements of standard and advanced natural gas applications
[1]. It is explicit in the Helmholtz free energy as a function of density p, temperature T,
and composition x (mole fraction) and is adopted as an ISO Standard (ISO 20765-2)
reference equation suitable for natural gas applications [1]. Soave-BWR [2] is a
modification of Benedict-Webb-Rubin EoS [3] and has good accuracy in description of
different properties such as density even around the critical region. This non-cubic EoS
has three parameters T¢, Pc, and @ and can be applied to the oil mixtures using the
existing reservoir fluid characterization methods. Soave-BWR can be potentially used for
accurate modelling of natural gas and oil systems. However, there is so far no systematic
comparison between GERG-2008 and Soave-BWR in the literature. Such a comparison
would be useful for model selection and model improvement. Here, we present a
comparison of GERG-2008 and Soave-BWR in calculation of phase equilibrium and
physical properties of natural gas related systems. Three other cubic and non-cubic
models of industrial importance, including SRK [4], PR [5] and PC-SAFT (Perturbed-
Chain Statistical Association Fluid Theory) [6], are also included in the comparison.
Soave-BWR, SRK and PR and PC-SAFT (without the association term) have simpler
forms than GERG-2008.



Dauber and Span [7], [8] applied GERG-2008 to simulation of liquefied natural gas
process and made comparison with cubic EoSs including SRK and PR. Recently, Perez-
Sanz et al. [9] measured the speed of sound for a synthetic coal mine methane as well as
second virial acoustic coefficient, adiabatic coefficient and heat capacity. They validated
their measurements by comparing their results with GERG-2008 predictions, where they
found good agreement between GERG-2008 and experimental measurements for speed
of sound, heat capacity and adiabatic coefficient. However, a large disagreement was
observed for the second virial acoustic coefficient. Yuan et al. [10] used the Aspen Plus
software [11] to compare SRK, PR, the Lee-Kesler-Plocker (LKP) equation [12] and
GERG-2008 in calculating gas density, saturated liquid density, specific heat capacity,
enthalpy and vapor-liquid equilibrium of some gas mixtures at conditions relevant to gas
liquefaction processes. They found that SRK, PR and LKP give large deviations from the
experimental data for some of the properties or under certain conditions, which may lead
to inaccurate results for the simulation and optimization of the liquefaction processes. In
contrast, GERG-2008 shows higher accuracy in calculation of the thermodynamic
properties and phase equilibrium over the temperature and pressure range tested. They
recommended GERG-2008 as the basis for predicting physical parameters in natural gas

liquefaction processes.

There are several studies on the comparison between non-cubic models, including PC-
SAFT and Soave-BWR, and other cubic models in the recent literature. In order to
provide a comprehensive understanding of the potentials and limitations of the advanced
SAFT family EoS and their improvements over classical models, Villiers et al. [13], [14]
studied the performance of SRK, PR, CPA, SAFT, and PC-SAFT on derivative properties
for different component families. They concluded that, in general, the performance of
PC-SAFT is superior in correlating most of the second-order derivative properties of
investigated alkanes. Liang et al. [15] made an extensive comparison of SRK, CPA and
PC-SAFT for calculation of the speed of sound in n-alkanes where they observed none of
the models could describe the speed of sound with satisfactory accuracy when they are
used without fitting their parameters to the experimental data. After integrating the speed

of sound data into both tuning of the universal constants and the pure component



parameters estimation, Liang et al. obtained better results for PC-SAFT. Polishuk [16]-
[19] has made several comparisons between cubic EoSs, Soave-BWR, PC-SAFT and
SAFT+Cubic in calculation of different thermodynamic properties of pure and
multicomponent systems including the derivative properties such as speed of sound and
heat capacity. He pointed out some limitations of cubic Eo0Ss, such as poorer high
pressure speed of sound and density results predicted by PR as compared to PC-SAFT
and SAFT+Cubic EoSs [19]. In addition, he showed the advantage of Soave-BWR in
modeling the pure compound vapor pressures and phase envelope, which are the
particular type of data for which the model has been developed. However, he mentioned
that the Soave-BWR model fails to estimate other thermodynamic properties, such as the
high-pressure densities, sound velocities and isentropic compressibilities accurately [18].
Yan et al. [20] made a comprehensive comparison between different cubic and non-cubic
EoSs where they found some advantages of non-cubic models over cubics in calculation

of different properties such as density of pure and multicomponent mixtures.

In the following sections, we will first briefly review the GERG-2008, Soave-BWR and
PC-SAFT models. A comprehensive comparison will then be presented between the
cubic and non-cubic models in description of pure components density and saturated
liquid density, binary VLE, multicomponent phase envelope and compressibility factor of
natural gas. In addition to covering various aspects related to the basic PVT modeling,
this comparative study includes the calculation of derivative properties like
compressibility and thermal properties such as heat capacity C, and Joule-Thomson
coefficients of pure and multicomponent mixtures over a wide pressure and temperature

range.

A large amount of data has been included in this study, including both experimental ones
collected from the open literature and synthetic ones generated by the most reliable
reference EoS models. All the binary interaction parameters for GERG-2008 were
regressed from experimental data [1]. In order to make a fair comparison between the
selected models, we have determined the optimal values of binary interaction parameters

for Soave-BWR and then used them in the subsequent calculations of binary density,



multicomponent phase envelopes and other thermal properties. The binary interaction
parameters for SRK, PR, and PC-SAFT are taken from our previous study [20]. In this
comparative study, we tried to avoid any particular treatments in favor of a specific

model.

2. Equations of state

Our study mainly involves two cubic EoSs (SRK and PR) and three non-cubic models
(GERG-2008, Soave-BWR, and PC-SAFT). The non-cubic EoSs are briefly described

below.

2.1. GERG-2008 EoS

GERG-2008 is based on a multi-fluid mixture model and is valid over the temperature
range of 60 K to 700 K and up to 700 bar [1]. The structure of this EoS in the
dimensionless reduced form is as follows:
a(8,7,X)=a’(p,T,X)+ > xag (5,7)+Aa" (6,7,X)
o
where 9 is the reduced mixture density and 7 is the inverse reduced mixture temperature

according to:

5=
pi(X) @

T (3)

In these equations, Tr and pr are the reducing functions, and are only dependent on the

a(6,7,X)

composition of the mixture. In Eq. (1), is the dimensionless form of the

a=a/(RT)

reduced Helmholtz free energy and is defined as . The dimensionless form of

0 p—
the Helmholtz free energy for the ideal-gas mixture is ¢ (p.T.%) and is defined as

follows: n
@ (p.T, %)= % (as (. T)+Inx,)
=) (4)



0
where n is the number of components in the mixture, %°i is the dimensionless form of the

Helmholtz free energy in the ideal-gas state of component i, and x; is the mole fraction of

the mixture components. The term % Inx accounts for the entropy of mixing.

The last two terms on the right hand side of Eq. (1), represent the residual part of the

inagi (8,7)

reduced Helmholtz free energy of the mixture, where i= is the contribution of

Aa'(6,7,X)

the pure substances in the real mixture, and is the so-called departure

function which is the summation over all binary specific and generalized departure

Aaj (8,7,X)

functions developed for the respective binary mixtures. X is the vector of

mole fractions.

In order to apply the GERG-2008 EoS to the mixtures, the following mixing rules are

used: . . . 1 . 3
n S X + X
=D X —+ 2% X B iVeii +
Pr ()_() |Z=1: Peii |Z=1: j_zi;l ity vz,ij X +X; 8[pi{i3 Pcﬂ?] )
n n-1 n Xi + X )
Tr ()_() = Z XizTc,i + Z Z 2)(i>(jIBT,ij7/T,ij' 2 J '(Tc,iTc,j )05
i=1 i=1 j=i+l ﬂ'r'ij Xi + Xj (6)

In these correlations, pci and Tc;i are critical density and critical temperature of

component i and the four binary parameters ﬁv,‘i, Tii ﬂ”i, and 7T are fitted to the

binary mixtures data. More information about GERG-2008 and its earlier version,
GERG-2004, the experimental data used for their development, and the value of the
binary parameters can be found in the original articles [1], [21]-[24]. The developed
mixing rules have the so-called Michelsen—Kistenmacher syndrome [25]. This means the
mixture parameters, including the composition-dependent parameters of multi-fluid
mixtures, calculated from mixing rules might not be invariant when a component is split
into a number of identical subcomponents. The developers of GERG 2008 were aware of
this limitation but decided to use these empirical mixing rules as they give better
accuracy in description of the available data for the thermal and caloric properties of

multicomponent mixtures.



2.2. Soave-BWR EoS

The Benedict-Webb-Rubin (BWR) equation of state [3] is a virial type equations of state
that was developed based on n-alkanes up to n-Cs and takes the following functional

form: p
71=——=1+Bp+Cp°+Dp’ +Ep*(1+F p?)exp(-F p?)

In this equation p is the density, and B, C, D, E and F are the five model parameters.
In the original BWR EO0S, these parameters are experimentally found for each component.
In 1995, Soave [26] modified the BWR equation by reducing the power of density in the
fourth term of Eq. (7) to 4 and later on in 1999, he proposed his final modification of

2
BWR EoS by dropping the CP” term from the equation. The Soave-BWR EoS that is

used in our sttl,dy has the following functional form:
7=——=1+Bp+Dp*+Ep*(1+Fp°)exp(-F p°)

There are four parameters in Soave-BWR, B, D, E and F where B, D and E are a
function of temperature and acentric factor while F is treated as temperature independent.
The values of these parameters at the critical point are linked to a new set of notations
defined by

b= B(T.)p, -
d=DM)p.! "
e=E(M)p (11)
f=Fp’ (12)

The above four values P , d , € and f can bhe determined from the three critical
p -z pRT, _ (Plop), =(6°PIop®) =0

T

constraints and ¢ , plus an empirical constraint

f=077

In order to use this model for the mixtures, Soave developed the mixing rules for TC, R
and @ based on the mixing rules used for the classical cubic EoS models like SRK and

PR. The mixing rules for TC, R and @ are as follows:



T =5,/ ({B: 5. 13)

Pcm :Tcm /S3 (14)

=S, 7S, . 15)
¢ d @+ m)(@+m,)

S, = ZZX (L-ky) —==
i \’ Pcl PCJ (16)

TT.
S, =33 xx, (1-k,), [ mm,
2 ZZ ] PP J

ci'cj (17)

TCl
S, = in P_c.

(18)

M in Egs. (15-17) is a function of @ and a simple proportionality relationship is used for

M= pe (19)
with an empirical value 1.2 given to #. A linear mixing rule is used for Zcand it has
been considered independent of, @ :

Z Z xZ. T, IPy) Z(XT /P,)

(20)

In this study, all the critical properties as well as acentric factor for both EoSs have been
taken from DIPPR database [27].

2.3. PC-SAFT EoS

To model asymmetric and highly non-ideal systems Gross and Sadowski [6] proposed the

PC- SAF"I'AEOS which can be expressed in terms of the reduced Helmholtz energy @:
d=——=a"+a"+a™ +8>>

NKT (21)
where &° is the ideal gas contribution, &" s the contribution of the hard-sphere chain
reference system, a" s the dispersion contribution arising from the square well
attractive potential and & is the association contribution based on Wertheim’s theory

[28]. For systems consisting only of non-associating components, the a™ term in Eq.

(21) would be equal to zero. Although the remaining three terms have rather complicated



forms compared with SRK or PR, there are only three model parameters for a non-
associating component, the chain length m, the segment diameter o and the segment

energy e.

von Solms et al. [29] simplified the original PC-SAFT EoS by assuming that all the
segments in the mixture have the same mean diameter d, which gives a mixture volume
fraction identical to that of the actual mixture. The computation times for the simplified
version is lower for non-associating systems and significantly lower for associating

systems. Therefore, the simplified version of PC-SAFT is used in our calculations.

3. Density and compressibility of pure components

This section is mainly dedicated to the comparison between GERG-2008, Soave-BWR,
PC-SAFT, and SRK and PR with and without volume translation for calculation of phase
density and compressibility of pure components over a wide temperature and pressure
range (150-500 K and 0-2000 bar), and for calculation of saturated liquid density of these
pure components. The tested temperature and pressure range can cover most of the
conditions in the upstream and downstream processes. In addition, a sample calculation
of methane and n-decane binary mixture density at different compositions, as well as gas
compressibility factor (Z) of a multicomponent natural gas mixture at different

temperatures using different EoSs are presented.

High accuracy reference EoS models [30] are used to generate “synthetic” density data
which have then been used in generating the compressibility data. As it was mentioned in
the introduction section, GERG-2008 has been developed for 21 components of natural
gases and their mixtures. We exclude Hz, Oz, CO, H:0, He and Ar from the 21
components to form the “main components” group (Table 1). The split is based on two
reasons. First, the “main components” are more commonly encountered in the upstream
of oil and gas production especially in the modeling of reservoir fluids. Second, the other
components are not included in the development of Soave-BWR and the comparison

including all the components can be biased against Soave-BWR.
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Table 1 summarizes the list of components and the applicable ranges of the reference EoS
models used in this study. Since the applicable ranges of some reference EoS models
cannot cover the whole range of 150-500 K and 0-2000 bar, we consider two types of
absolute average deviations (AAD) in the comparison here as in our previous work [20].
AAD% is calculated in the whole temperature and pressure range of interest, i.e.,
neglecting the applicable ranges of the reference EoS models, and AAD0% is calculated
only with the data points within the applicable ranges of the reference models. For
saturated liquid density, comparison is made in the reduced temperature (Tr) range from
0.35 to 1.0. Based on Table 1, for the components where the lowest applicable reduced
temperature (Trmin) is higher than T,=0.35, T min is used as the lower boundary for the
reduced temperature.

Table 2 summarizes the deviations in pure components phase density within 150-500 K
and 0-2000 bar using GERG-2008 and Soave-BWR. Both AAD% and AAD0% as well
as maximum absolute deviations (%) are presented in this table. On average, GERG-2008
gives lower AAD% and AAD0% in phase density calculation of pure components than
Soave-BWR. When GERG-2008 is used within the applicable ranges of reference EoSs,
the average AADO0% is 0.07% for the 21 components and 0.03% for the so called “main
components”. The average AAD0% for Soave-BWR is 2.35% for the 21 components and
1.03% for the main components. Soave-BWR shows large deviations for Hz, O, CO,
H-O, He and Ar since it is developed based mainly on n-alkanes and these components

are not included in its development.

The deviations in saturated liquid density are presented in Table 3. Both models give
accurate prediction of saturated liquid density for the main components while GERG-
2008 is slightly better than Soave-BWR in terms of both average and maximum deviation.
Again, since Soave-BWR is not developed for Hz, H.O and He, large deviations can be

seen for saturated liquid density of these components.
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Fig. 1 compares GERG-2008 and Soave-BWR in their AAD% and AADO0% in phase
density and AAD% in saturated liquid density for both the 21 pure components and the
main components. Fig. 2 illustrates the AAD% in density and saturated liquid density of
the main components for all the EoSs studied here. The detailed calculation results for
density and saturated liquid density using PC-SAFT, SRK and PR with and without
volume translation can be found in our previous study [20]. GERG-2008 gives the lowest
deviation for both density and saturated liquid density, while SRK and PR without
volume translation give the largest deviation. Using Peneloux volume translation [31],
[32] improves the predictions of cubics and both models give slightly lower deviation
than PC-SAFT and Soave-BWR in the calculated density. For saturated liquid density,
the cubic models (SRK and PR) are still poorer than the non-cubic ones (PC-SAFT,
Soave-BWR and GERG-2008) even after using volume translation. It can be seen that
Soave-BWR gives lower deviation than PC-SAFT in both density and saturated liquid
density of the pure components and has the closest predictions to that of GERG-2008 in
saturated liquid density calculations.

In order to compare the performance of Soave-BWR and GERG-2008 for the liquid
density data up to extremely high pressures, we used the experimental data from Doolittle
[33] for heavy n-alkanes n-C7 and n-Co. The pressure ranges from 0 to 5000 bar and the
temperature ranges from 303 to 573 K. Table 4 presents the AAD% in the calculated high
pressure liquid densities using Soave-BWR and GERG-2008. GERG-2008 seems to have
better prediction of density over the whole pressure range especially at higher pressures,
while Soave-BWR gives higher deviations at higher pressures, but its average deviation is
less than 2%. Fig. 3 shows the density predictions using both models for n-Cy at different
temperatures and up to 5000 bar. As illustrated, both models give very similar predictions
of density at pressures lower than 300 bar and have accurate description of density at all
temperatures and up to 300 bar. Soave-BWR starts over predicting the density at higher

pressures and the deviation increases as the temperature increases.

Isothermal compressibility is a measure of the relative volume change of a fluid with

pressure at constant temperature and is defined with the following equation:
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In order to evaluate how different EoSs perform in calculation of this derivative property,
the AAD0% and maximum deviations in the calculated compressibility of the 15 main
components are presented in Table 5. As can be seen, GERG-2008 gives significantly
lower deviation than other EoSs both in terms of average AAD0% and maximum
deviation. SRK and PR give the largest deviation in the calculated compressibility. Even
using volume translation does not improve their performances significantly. In fact, using
volume translation makes the predictions even worse for some of the heavier n-alkanes
especially for SRK. PC-SAFT and Soave-BWR have better performance than the cubics,
while Soave-BWR gives lower deviation than PC-SAFT in compressibility calculation.

In Fig. 4, we further show the contour maps of the deviations in density and
compressibility of methane within 150-500 K and 0-2000 bar using GERG-2008. Fig. 5
also presents the contour maps of the deviations in compressibility of methane using SRK
and PR (with/without volume translation), PC-SAFT and Soave-BWR. The results show
that using volume translation slightly worsens the compressibility predictions of PR for

methane.

Regueira et al. [34] compared the performance of SRK, PR, PC-SAFT and Soave-BWR
in density calculation of different binary mixtures of methane and n-decane within
278.15-463.15 K and 1-1400 bar. They observed that the non-cubic models give better
prediction of density than cubic ones. Although Soave-BWR is better than PC-SAFT in
density and saturated liquid density of pure components (Fig. 2), Regueira et al. [34]
showed that Soave-BWR gives poorer results in density calculation of methane and n-

decane binary mixture.

Fig. 6 illustrates the AAD% in the calculated density as a function of the methane mole
fraction (x1) in the binary mixture of methane and n-decane using PC-SAFT, Soave-BWR
and GERG-2008. The regressed binary interaction parameters kij’s used for Soave-BWR
and PC-SAFT were -0.0321 and 0.0172, respectively. For Soave-BWR, the density

13



results become less accurate as methane mole fraction increases in the binary mixture,
while for GERG-2008 the deviation increases only up to x;=0.7085. On average, GERG-
2008 with AAD% around 0.7% seems to give better prediction of density compared to
Soave-BWR with AAD% around 3.2%. PC-SAFT gives slightly higher deviation than
GERG-2008 (around 0.8%), which shows it is largely comparable to GERG-2008. In
fact, PC-SAFT has better prediction of density for x;=0.6017 and x1=0.7085 compared to
GERG-2008. Fig. 7 shows how the density predictions differ for Soave-BWR and
GERG-2008 for two mixtures of methane and n-decane at different temperatures. Soave-

BWR under predicts the density especially at higher temperatures.

Table 6 summarizes the deviation in calculation of the Z factor of a gas mixture from
Mollerup and Angelo [35] at three different temperatures using different EoSs. As the
prediction results using GERG-2008 was very accurate and close to the experimental
measurements, the comparison in Table 6 was made with the predictions from GERG-
2008. The kjj’s for SRK, PR, and PC-SAFT were taken from our previous study [20] and
the kij’s for Soave-BWR are presented in the Binary VLE section (Tables 7 and 8). SRK
and PR give the largest deviation even after using volume translation, with PR being
slightly poorer than SRK. The non-cubic models have better accuracy in prediction of Z
factor than cubics, while Soave-BWR is better than PC-SAFT. The deviation for almost
all the models seems to decrease as the temperature increases. Fig. 8 shows how Soave-
BWR is compared to the GERG-2008. Both models give almost accurate prediction of

the experimental data, especially at pressures lower than 600 bar.

4. Binary VLE

In this section, we have made a comparison between Soave-BWR and GERG-2008 in
calculation of bubble point pressure and vapor phase composition of 81 different binary
mixtures. In addition, a comparison is made with other EoSs in calculation of the
mentioned properties for the binary pairs of N2, CO2, H.S, and Ci:. The detailed
calculation results for the latter case can be found in our previous study [20] for SRK, PR,
and PC-SAFT. The binary VLE data is taken from the DECHEMA Chemical Data Series
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VI [36], the Polish Academy of Science-TRC Floppy Book Series [37], and Mansfield
and Outcalt [38].

The binary interaction parameters kij’s are usually considered equal to zero between
symmetric hydrocarbons, while they are usually non-zero for the asymmetric
hydrocarbons, and binary pairs of hydrocarbons and non-hydrocarbons such as N2, COg,
and HS. It is very common in petroleum engineering calculations to set the binary
interaction parameters between two hydrocarbon components to zero except that one of

them is methane.

It was mentioned in section 2.1 that the four binary parameters B , v, ﬂ”i, and /T

in GERG-2008 EoS have already been fitted to the available binary data and their values
can be found in [1]. To have a fair comparison between GERG-2008 and Soave-BWR,
we regressed the ki values for Soave-BWR to minimize the deviation in bubble point
pressures, as suggested in DECHEMA [36]. It should also be noted that ki’s were treated
as temperature independent in the regression.

We regressed the kij’s firstly for all the binary pairs, however as it is preferred to use 0 Kij
values between heavier hydrocarbon mixtures, in another scenario we only used

regressed ki’s for binary mixtures of C1, N2, CO2, and HaS.

Table 7 summarizes the AAD% in bubble point pressure and vapor phase composition
using GERG-2008 and Soave-BWR with both 0 kij and regressed ki values for binary
pairs of C1, CO2, H2S, and N.. The temperature range for the experimental data is also
presented in this table. Soave-BWR with 0 kijj’s has larger deviation in bubble point
pressure and vapor phase composition compared to GERG-2008. The average deviation
in DP/P (%) for Soave-BWR with 0 kjj is around 9.4% while it is around 6.4% for GERG-
2008. After regressing the kij values for the binary mixtures, the deviations in DP/P (%)
and DY 1(mol%) for Soave-BWR reduced to around 3.9% and 1.1%, respectively.

Yan et al. [20] made a comparison between SRK, PR, PC-SAFT and Soave-BWR in

calculation of bubble point pressure and vapor phase composition for the binary pairs of
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N2, CO2, H2S, and Ci. We made a comparison between their results for SRK, PR, and
PC-SAFT and our calculations using Soave-BWR and GERG-2008 (Fig. 9). As expected,
SRK, PR, PC-SAFT and Soave-BWR with 0 kjj’s give poorer results than GERG-2008
(with optimal kij’s). However, using regressed kij’s significantly improves the results of
SRK, PC, PC-SAFT and Soave-BWR both in bubble point pressure and vapor phase
composition. Soave-BWR and PR seems to give the lowest deviation in bubble point

pressure while PC-SAFT gives slightly lower deviation in vapor phase composition.

Table 8 presents the AAD% in bubble point pressure and vapor phase composition of
other binary mixtures. The average deviation in DP/P (%) for Soave-BWR with regressed
kij’s is around 2.4%. However, as it was mentioned earlier, we prefer to use 0 kjj for the
heavy hydrocarbon pairs. Soave-BWR with 0 ki’s still gives lower deviation in both
bubble point pressure (3.3%) and vapor phase composition (1.3%) compared to GERG-
2008, which has around 4.5% average deviation in DP/P (%) and 1.5% in DY1(mol%).
Fig. 10 summarizes the performance of GERG-2008 and Soave-BWR with 0 kjj and
regressed kjj for all the 81 binary mixtures. As shown, Soave-BWR with regressed kij’s
for all the binary pairs gives the lowest deviation while Soave-BWR with regressed ki;’s
only for the binary pairs of C1, N2, CO2, and H>S gives slightly higher deviation. In
general, the comparison shows that Soave-BWR with regressed kij’s has better
performance than GERG-2008 in calculation of bubble point pressure and vapor phase
composition. In all our calculations for binary and multicomponent mixtures, we have

used Soave-BWR with regressed kij’s for binary pairs containing C1, N2, CO2, and H2S.

GERG-2008 seems to give very large deviations in bubble point pressures for mixtures of
N2 and heavy n-alkanes, and some other hydrocarbon binary pairs such as n-butane and
n-nonane. Fig. 11 shows the deviation in bubble point pressure calculation for different
mixtures of n-C4 and n-Cy in the temperature range of 270 K to 370 K using GERG-2008
and Soave-BWR. The experimental data is taken from Mansfield and Outcalt [38].
Although GERG-2008 has been developed for n-C4 and n-Co within this temperature
range, it gives very large deviations up to around 130% at high mole fraction of n-Co.

Soave-BWR with 0 ki; gives deviations no higher than around 10%. Fig. 12 illustrates that
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GERG-2008 over predicts the bubble point pressures mainly at higher temperatures and
high mole fraction of n-Co, while Soave-BWR gives very accurate results for bubble
point pressure at lower temperature and the whole composition range of n-Co, and
slightly over predicts this property at higher temperatures.

5. Phase envelopes

GERG-2008 and Soave-BWR are used to predict the phase envelopes of 30 synthetic gas
mixtures from eleven different sources. The basic information of these gases can be
found in Table 12 in our previous work [20]. Prediction calculations are made with the
optimal ki;’s for Soave-BWR given in Section 4. Some selected results are presented in
Figures 13 to 16. From the calculation results, including those not shown in Figures 13 to
16, it was found that the two models generally give satisfactory and similar prediction
results for most of the systems studied. Fig. 13 shows an example of this similarity where
both models give accurate prediction of the phase envelope. It is possible to find
individual cases where Soave-BWR performs better (Fig. 14) or GERG-2008 performs
better (Fig. 15). In general, Soave-BWR seems to give smaller phase envelopes than
GERG-2008 and slightly better prediction of phase envelope for the majority of the
systems tested.

Besides, there were some highly asymmetric ternary systems such as Gases 26 and 27,
measured by Urlic et al. [39] which were the most challenging ones among the
multicomponent gas mixtures tested. Fig. 16 shows that neither of the two Eo0Ss gives
satisfactory prediction of the phase envelope over the whole temperature and pressure
range. Soave-BWR seems to give slightly better prediction for Gas 26 which has lower

molecular weight due to higher mole fraction of methane.

Regueira et al. [34] compared the performance of SRK, PR, PC-SAFT and Soave-BWR
in phase envelope calculation for three different mixtures of methane and n-decane binary
system. They observed that the cubic EoSs give better predictions of the experimental

data compared to the non-cubic models especially at lower composition of methane. At
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higher methane compositions, none of the models were able to predict the whole phase

envelope correctly.

Fig. 17 shows the phase envelope calculation results using GERG-2008 and Soave-BWR
for three different compositions of methane in the binary mixture of methane and n-
decane. GERG-2008 seems to under predict the phase envelope at x1=0.4031 and over
predict it at x1=0.8497. Soave-BWR seems to give slightly better prediction of the phase
envelope at lower composition of methane and smaller phase envelopes at higher
compositions. As can be observed, it is not an easy task for complicated models like
GERG-2008 to accurately model phase equilibrium for a highly asymmetric system as
simple as methane and n-decane over a wide temperature, pressure and composition

range.

6. Heat capacity and Joule-Thomson coefficients

As one of the second order derivative properties of Gibbs energy, heat capacity is
difficult to describe accurately and modeling of this property is a challenging test for
equations of state [40], [41]. Isobaric heat capacity can be expressed by the following

equation:

_ rid r
C,=C, +C, 21)

where ipd is the ideal gas heat capacity and refers to the heat capacity of the free
molecules at zero density, and Co is the residual heat capacity and takes into account the
intermolecular interactions. C;’d , dependent only on temperature, is calculated from the
correlations in DIPPR database [27], while G, is calculated using EoSs. The following

r

equations show how C is calculated [42]:
A" (T,V,n)

RT (22)

C(T,V, 2
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(23)
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). o

In these equations, V is the total volume, n is the mole numbers vector, n is the total mole
number, A" is the residual Helmholtz energy, F is the reduced residual Helmholtz
CI‘

function, R is the universal gas constant, and ~V is the residual heat capacity at constant

volume.

The Joule-Thomson coefficient (L) is the rate of change in temperature with pressure at
constant enthalpy. This derivative property is important in reservoir engineering since it
is often needed in describing the temperature change due to a large pressure drop. At low
to moderate temperature and pressure, the pr is usually positive, meaning a decrease in
pressure results in a decrease in temperature. However, at high pressure and high
temperature (HPHT) conditions, pr is typically negative and the fluid warms up instead

of cooling down after expansion. Joule-Thomson coefficient can be expressed by the
oP

following equatign; e
oT
#JT:E& :_i V+T ——2vn :_i V_T(ﬂj
PJyn C, (an C, T Jo
T,n

oV 25)

The NIST Reference Fluid Thermodynamic and Transport Properties Database
(REFPROP, Version 9.1) uses high accuracy reference EoS models [30] to calculate
different properties of pure components. This database uses GERG-2008 EoS for
estimation of the properties for binary and multicomponent mixture. Fig. 18 and 19 show
the heat capacity and Joule-Thomson coefficient calculations for methane using the
reference EoS models in REFPROP. As can be seen, the REFPROP results are very close
to the experimental data at different temperatures taken from [43]. As a result, to evaluate
the performance of different cubic and non-cubic EoSs in calculation of thermal
properties such as heat capacity and Joule-Thomson coefficient of pure components in a

wide temperature and pressure range, we used synthetic data from REFPROP for the 15
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main components (Table 1) in the temperature range of 250-500 K and pressure range of
5-1500 bar.

Fig. 20 shows the AAD% in the calculated heat capacity using SRK, PR, PC-SAFT,
Soave-BWR and GERG-2008. On average, the non-cubic models give lower deviation
than the cubic ones, and GERG-2008 gives the lowest deviation. Soave-BWR gives the
closest deviation to that of GERG-2008 among other EoSs. A similar trend is observed in
Fig. 21 where Mean Absolute Deviations (MAD) in the Joule-Thomson coefficient of the
main components are reported. The reason for using MAD instead of AAD% was that the
Joule-Thomson coefficient changes sign at high pressures. This means it would become
zero at some pressures, which yields very large deviations if AAD% is used instead of
MAD. The Mean Absolute Deviation for the Joule-Thomson coefficient was calculated

using the followjng equation:

MAD == 3 |5 — a5
s (26)

Table 9 presents the mole fraction of some sample binary and multicomponent mixtures.
As it was mentioned earlier, REFPROP uses GERG-2008 for estimation of the properties
of binary and multicomponent mixtures. We have used GERG-2008 to produce synthetic
heat capacity and Joule-Thomson coefficient data in the temperature range of 250-500 K
and pressure range of 5-1500 bar to see how accurate SRK, PR, PC-SAFT and Soave-
BWR predict these thermal properties for multicomponent mixtures compared to GERG-
2008. Figs. 22 and 23 show AAD% in heat capacity and MAD in Joule-Thomson
coefficient of binary and multicomponent mixtures within 250-500 K and 5-1500 bar.
PC-SAFT gives the lowest deviation in heat capacity while Soave-BWR is superior in

Joule-Thomson coefficient calculations.
As Soave-BWR was superior to SRK, PR, and PC-SAFT in Joule-Thomson coefficient

calculation of pure and multicomponent mixture and also heat capacity of pure

components, we selected this EoS for the following calculations.

20



Figures 24-29 present the heat capacity and Joule-Thomson coefficient calculation results
using GERG-2008 and Soave-BWR for methane, binary mixture of methane + ethane,
and a multicomponent natural gas mixture. The experimental data for all these three
systems is taken from Ernst et al.’s work [43]. In these figures the model predictions are
presented up to very high pressures (1500 bar or 150 MPa) to see how the two models
differ at HPHT conditions.

Fig. 24 shows heat capacity calculations for pure methane. Both Soave-BWR and GERG-
2008 give accurate prediction of heat capacity at lower temperatures and pressures, while
GERG-2008 has slightly better performance at lower temperatures and higher pressures.
At higher temperatures both models seem to under predict the heat capacity for methane,
while Soave-BWR gives closer predictions to the experimental data. The same behavior
is observed for the methane and ethane binary system and natural gas mixture (Figs. 25,
26).

The difference between two models is not significant for the Joule-Thomson coefficient
calculations (Figs. 27-29). GERG-2008 gives slightly better results than Soave-BWR, but
in general both models give accurate predictions of Joule-Thomson coefficient over the
whole pressure and temperature range. Although the experimental data is not available at
high pressures, both models seem to predict a negative Joule-Thomson coefficient at
1500 bar and all temperatures. In fact, the value of Joule-Thomson coefficient seems to
reach more or less a constant value at high pressures for the pure, binary and
multicomponent systems. As the Joule-Thomson coefficient is negative at high pressures,
the temperature of the fluid increases with the pressure drop. The temperature increase
due to the pressure drop is known as the reverse Joule-Thomson effect. Although the
temperature increase is not very significant (around 0.5 K/Mpa), it should be considered
in the material selection for the tubing and surface facilities because the temperature
increase can damage the surface production facilities and affect well integrity and safety.
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7. Conclusions

We compared GERG-2008 with other cubic (SRK and PR) and non-cubic EoSs (Soave-
BWR and PC-SAFT) in calculation of phase equilibrium and physical properties of
natural gas related systems in this study. The comparison was especially focused on
Soave-BWR which is a multi-parameter non-cubic EoS as GERG-2008 but has a much
simpler form.

GERG-2008 is superior to other cubic and non-cubic EoSs studied in this work, in
calculation of density, saturated liquid density, and compressibility of pure components
over a wide pressure and temperature range. It was found that Soave-BWR is largely
comparable to GERG-2008, although not as good in density description of pure and
binary mixtures. GERG-2008 has a clear advantage over SRK, PR, PC-SAFT and Soave-
BWR in liquid compressibility calculation for the pure components, while Soave-BWR
with regressed binary interaction parameters seems to have better performance than
GERG-2008 in bubble point pressure and vapor phase composition of binary mixtures.
GERG-2008 gives very large deviations for bubble point pressure calculation of some
heavy and asymmetric binary systems such as n-butane + n-nonane system. This suggests
that this EoS and its binary interaction parameters could still be improved for some of the
binary pairs.

Soave-BWR and GERG-2008 are very similar in phase equilibrium calculation and both
have challenges in describing highly asymmetric systems, even binary pairs as simple as
methane and n-decane. Both models give satisfactory predictions for gas compressibility
factor of multicomponent mixtures.

GERG-2008 shows some advantages over other EoSs in calculation of heat capacity and
Joule-Thomson coefficient of pure components over a wide temperature and pressure
range. Soave-BWR gives the closest prediction of the thermal properties to that of
GERG-2008 among other EoSs tested in this study.

The comparison shows the potential of Soave-BWR as a light-weight alternative to
GERG-2008 especially in PVT modeling and Joule-Thomson coefficient calculations.
There is apparently room for improvement of Soave-BWR in order to improve its
accuracy to the level comparable to that of GERG-2008 in description of some physical
properties and to give better phase equilibrium calculation. Soave-BWR was developed
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mainly based on hydrocarbons. Other components common in industrial applications
should definitely be included in its further development. It is relatively easy to apply
Soave-BWR to systems containing ill-defined heptanes plus fractions with the existing
characterization methods. Such a characterization procedure should be developed for
GERG-2008 in the future.
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Figure captions

Fig. 1. AAD% in the calculated saturated liquid density, and AAD% and AAD0% in the
calculated density of pure components within 150-500 K and 0-2000 bar using GERG-
2008 and Soave-BWR.

Fig. 2. AAD% in the calculated density and saturated liquid density of the “main

components” using different EoSs.

Fig. 3. Density vs. pressure for n-Cq using GERG-2008 (blue lines) and Soave-BWR (red
lines) at different temperatures: 303.15 K (solid lines), 323.15 K (dotted lines), 373.15 K
(dashed line), 473.15 K (dash-dot lines), 523.15 K (long-dashed lines), and 573.15 K

(long-dashed double dots lines). The experimental data is taken from [33].

Fig. 4. Contour map of deviation in the calculated density (a) and compressibility (b) for
methane using GERG-2008. The relative deviations (%) are labeled on the contour lines.
The blue dashed lines show negative deviations and solid black lines show positive
deviations. The green and the red circles indicate the conditions for the minimum and the

maximum deviations, respectively.

Fig. 5. Contour map of deviation in the compressibility of methane using SRK (a), PR
(b), SRK with volume translation (c), PR with volume translation (d), PC-SAFT (e), and
Soave-BWR (f).

Fig. 6. AAD% in the calculated densities of the binary system methane (1) + n-decane (2)
using GERG-2008, PC-SAFT and Soave-BWR with regressed kij within 278.15-463.15 K
and 1-1400 bar. The experimental data is taken from [34].

Fig. 7. Density vs. pressure using GERG-2008 (blue lines) and Soave-BWR with

regressed kij (red lines) for two mixtures of C; and Cio at different temperatures. 22.27
mol% C; and 323.2 K (<>, solid lines), 22.27 mol% C: and 463.2 K (A, dashed lines),
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70.85 mol% C; and 323.2 K (L, dash-dot lines), and 70.85 mol% C; and 463.2 K (O,

long-dashed lines). The experimental data is taken from [34].

Fig. 8. Experimental and simulated results using GERG-2008 (blue lines) and Soave-
BWR with regressed ki; (red lines) for Z-factor of the gas mixture A from [35] at different
temperatures: 290 K (solid lines), 315 K (dashed lines), and 340 K (long-dashed lines).

Fig. 9. AAD% in bubble point pressure and vapor phase composition for the binary pairs
of N2, COz2, H2S, and Cy using different EoSs with 0 kjj and regressed Kij.

Fig. 10. AAD% in bubble point pressure and vapor phase composition of 81 binary
mixtures using GERG-2008 and Soave-BWR with 0 kjj and regressed ki;.

Fig. 11. Deviations in bubble point pressure calculation as a function of temperature
using GERG-2008 (blue markers) and Soave-BWR with 0 kij (red markers) for different
binary mixtures of n-butane (1) + n-nonane (2). 74.9 mol% n-Cs (M), 50.2 mol% n-Cs
(A), 26.2 mol% n-C4 (), and 21.4 mol% n-C4 (@). The experimental data is taken from
[38].

Fig. 12. Bubble point pressures at different temperatures using GERG-2008 (blue lines)
and Soave-BWR with 0 k;; (red lines) for binary mixtures of n-C4 and n-Co. 74.9 mol% n-
C. ([, solid lines), 50.2 mol% n-Cs (A, dashed lines), 26.2 mol% n-C4 (<>, dash-dot
lines), and 21.4 mol% n-Cs4 (O, dotted lines). The experimental data is taken from [38].

Fig. 13. Phase envelope for Gas 18 from [20].
Fig. 14. Phase envelopes for (a) Gas 1, and (b) Gas 3 from [20].
Fig. 15. Phase envelopes for (a) Gas 5, and (b) Gas 21 from [20].

Fig. 16. Phase envelopes for (a) Gas 26, and (b) Gas 27 from [20]
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Fig. 17. Phase envelope for different binary mixtures of methane (1) + n-decane (2) using
GERG-2008 (blue lines) and Soave-BWR with regressed k;; (red lines): 40.31 mol% Ci
(solid lines), 60.21 mol% Ci (dashed lines), and 84.97 mol% Ci (dotted lines). The
experimental data is taken from [34].

Fig. 18. Heat capacity prediction for methane at different temperatures using REFPROP.
The experimental data is taken from [43].

Fig. 19. Joule-Thomson coefficient prediction for methane at different temperatures using
REFPROP. The experimental data is taken from [43].

Fig. 20. AAD% in the heat capacity of the “main components” within 250-500 K and 5-
1500 bar using different EoSs. The model predictions are compared with REFPROP

results.

Fig. 21. MAD in the Joule-Thomson coefficient of “main components” within 250-500 K
and 5-1500 bar using different EoSs. The model predictions are compared with
REFPROP results.

Fig. 22. AAD% in the heat capacity of binary and multicomponent mixtures within 250-
500 K and 5-1500 bar using different EoSs. The model predictions are compared with
REFPROP results (REFPROP uses GERG-2008 for mixtures).

Fig. 23. MAD in the Joule-Thomson coefficient of binary and multicomponent mixtures
within 250-500 K and 5-1500 bar using different EoSs. The model predictions are
compared with REFPROP results (REFPROP uses GERG-2008 for mixtures).

Fig. 24. Heat capacity vs. pressure using GERG-2008 (blue lines) and Soave-BWR (red

lines) for C; at different temperatures: 250 K (solid lines), 275 K (dashed lines), 300 K
(dash-dot lines), 350 K (dotted lines). The experimental data is taken from [43].
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Fig. 25. Heat capacity vs. pressure using GERG-2008 (blue lines) and Soave-BWR with
regressed ki (red lines) for C:-C> mixture from [43] at different temperatures: 250 K
(solid lines), 275 K (dashed lines), 300 K (dash-dot lines), 350 K (dotted lines).

Fig. 26. Heat capacity vs. pressure using GERG-2008 (blue lines) and Soave-BWR with
regressed kij (red lines) for the natural gas mixture from [43] at different temperatures:
250 K (solid lines), 275 K (dashed lines), 300 K (dash-dot lines), 350 K (dotted lines).

Fig. 27. Joule-Thomson coefficient vs. pressure using GERG-2008 (blue lines) and
Soave-BWR (red lines) for Ci at different temperatures: 250 K (solid lines), 275 K
(dashed lines), 300 K (dash-dot lines), 350 K (dotted lines). The experimental data is
taken from [43].

Fig. 28. Joule-Thomson coefficient vs. pressure using GERG-2008 (blue lines) and
Soave-BWR with regressed ki (red lines) for Ci-C> mixture from [43] at different
temperatures: 250 K (solid lines), 275 K (dashed lines), 300 K (dash-dot lines), 350 K
(dotted lines).

Fig. 29. Joule-Thomson coefficient vs. pressure using GERG-2008 (blue lines) and
Soave-BWR with regressed kij (red lines) for the natural gas mixture from [43] at
different temperatures: 250 K (solid lines), 275 K (dashed lines), 300 K (dash-dot lines),
350 K (dotted lines).
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Tables

Table 1. Applicable ranges for the reference EoS models for various components

Trmin Tmax Prmax Pmax
Component Tr, min
(K) (K) (bar) (mol/L)

Main Components

N2 63.15 2000 22000 53.15 0.50
CO; 216.59 2000 8000 37.24 0.71
H2S 187.70 760 170000 29.12 0.50
CH. 90.69 625 10000 40.07 0.48
CaHe 90.37 675 9000 22.42 0.30
CsHs 85.53 650 10000 20.60 0.23
nCsHio 134.90 575 2000 13.86 0.32
iCsH1o 113.73 575 350 12.90 0.28
nCsHi 143.47 600 1000 11.20 0.31
iCsHi2 112.65 500 10000 13.30 0.24
NCsH14 177.83 600 1000 8.85 0.35
nC7sHis 182.55 600 1000 7.75 0.34
NCsHis 216.37 600 1000 6.69 0.38
NCoH2o 219.70 600 8000 6.06 0.37
NCioH22 243.50 675 8000 5.41 0.39
Other Components

H: 13.96 1000 2000000  102.00 0.42
(o} 54.36 2000 82000 43.35 0.35
CO 68.16 500 100000 33.84 0.51
H20 273.16 2000 1000000 73.96 0.42
He 2.18 2000 1000000  141.22 0.42
Ar 83.81 2000 1000000 50.65 0.56

32



Table 2. AAD% and maximum absolute deviation in the calculated density within 150-
500 K and 0-2000 bar, and AAD0% and maximum absolute deviation within applicable
range of reference EoS

Soave-BWR GERG-2008 Soave-BWR GERG-2008
Component AAD%  Max Dev. AAD%  Max Dev. AAD0%  Max Dev. AAD0%  Max Dev.
N2 0.57 2.63 0.024 0.159 0.57 2.63 0.024 0.159
CO; 0.74 3.81 0.161 1.368 0.78 3.81 0.057 0.596
H2S 0.38 3.45 0.006 0.006 0.37 3.45 0.006 0.006
CH4 0.88 4.08 0.025 0.123 0.88 4.08 0.025 0.123
CzHs 0.64 4.15 0.111 0.296 0.64 4.15 0.111 0.296
CsHs 1.44 4.57 0.057 0.927 1.44 4.57 0.057 0.927
NCsHuo 1.81 3.46 0.070 0.891 1.81 3.46 0.070 0.891
iC4H1o 217 4.48 0.166 0.627 0.84 4.48 0.078 0.627
NCsH12 1.70 4.73 0.006 0.007 1.01 4.73 0.006 0.007
iCsH12 2.78 4.72 0.006 0.006 2.78 4.72 0.006 0.006
NCsHu4 1.35 3.39 0.006 0.006 0.87 2.18 0.006 0.006
nC7H1e 1.29 3.51 0.006 0.006 0.74 2.25 0.006 0.006
nCsH1s 1.04 3.22 0.006 0.006 0.56 1.55 0.006 0.006
NCoH20 0.85 3.38 0.006 0.006 1.13 3.38 0.006 0.006
NCioH22 0.78 3.44 0.006 0.006 1.09 3.44 0.006 0.006
H> 12.19 16.84 0.096 0.464 12.19 16.84 0.096 0.464
0. 0.29 4.81 0.276 0.724 0.28 4.81 0.175 0.714
Co 0.88 3.71 0.006 0.006 0.91 3.71 0.006 0.006
H.0? 16.52 21.38 0.252 2.000 17.48 21.38 0.126 1.050
He - - 0.415 4.129 - - 0.415 4.129
Ar 0.72 3.71 0.245 0.654 0.72 3.71 0.245 0.654
Average 2.45 5.37 0.09 0.59 2.35 5.17 0.07 0.51
Average - Main Components 1.23 3.80 0.04 0.30 1.03 3.53 0.03 0.24

aFor water the calculations are made within 230-500 K.
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Table 3. AAD% and maximum absolute deviations in the calculated saturated liquid

density
Soave-BWR GERG-2008
Component
AAD%  Max Dev. AAD%  Max Dev.

N2 1.18 1.31 0.06 0.561
CO2 1.47 3.20 0.04 0.075
H2S 1.19 3.93 0.07 0.006
CH4 0.85 3.07 0.05 0.195
C2He 0.44 1.61 0.10 0.165
CsHg 0.21 0.74 0.17 0.282
NCqH1o 0.55 1.12 0.21 0.765
iCsH10 0.57 1.54 0.29 0.527
nCsHi2 0.34 1.04 0.11 0.006
iCsH12 1.17 1.50 0.09 0.006
NCeHu4 0.32 4.72 0.22 0.007
nCsH1e 0.55 6.83 0.17 0.006
NCsHis 0.63 8.39 0.15 0.007
NCoHao 0.54 3.94 0.11 0.006
NCioH22 0.72 6.77 0.13 0.006
H> 31.47 39.20 0.61 2.258
07) 0.43 2.79 0.18 0.173
CO 1.49 217 0.17 0.006
H2.0 16.11 18.07 0.12 0.298
He 58.69 78.77 0.45 1.240
Ar 0.13 2.27 0.18 0.152
Average 5.67 9.19 0.18 0.32
Average - Main Components 0.72 3.31 0.13 0.17

Table 4. AAD% in the calculated high pressure liquid densities for n-C7 and n-Cg

EoS nCs; nCqy Average
Soave-BWR 2.13 1.57 1.85
GERG-2008  0.55 0.34 0.45
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Table 5. AAD0% and maximum absolute deviations in the calculated compressibility of the “main components”

SRK PR SRK-VT PR-VT PC-SAFT Soave-BWR GERG-2008
Component AAD0% E)Ae?(. AAD0% '[\)":\;‘ AAD0% '[\)/'ea\jf AAD0% E":\j‘ AAD0% '[\)"ea\f AAD0% '[\)/'ea\jf AAD0% E":\j‘
N; 6.01 33.74 784 3331 584 3559 690 42,01 300 1431 277 8.57 0220  1.027
CO, 1287  79.18 1380  67.73 990  69.36 1167 6187 471 6173 249 2056 1065  7.291
H.S 1226 5532 1251 4631 10.28  50.80 1114 3641 426 29.95 343  30.66 0.006  0.019
CHa 8.69 77.34 1020 7033 853 7522 1026  56.61 341 2451 328 1913 0175  1.301
CoHs 1594 8454 17.06  75.03 1627  79.22 18.86  63.48 581  27.86 565  17.79 0.846  2.324
CsHs 2081  89.26 2208  78.06 2212 8147 2460  68.66 11.05  35.16 1041 2097 0914  4.743
NC4H1o 2503  95.42 2664  83.10 2743 85.49 29.16 7558 1540  49.92 1295  21.07 0547  5.667
iCaH1o 2816  90.82 2420  76.96 2256 8141 2069 6852 17.35  49.96 909 1885 1538 6311
NCsHaz 2141  99.05 2045  85.16 2176 86.33 2317  79.98 2152 5973 11.92 226 0.006  0.008
iCsH1o 2827  97.79 2999  85.42 3127 8653 3225 7898 2122 6033 16.05 2552 0.006  0.009
NCeHus 2000  106.60 2084 9329 2141  91.94 2139 90.42 1597  44.10 1071 185 0.006  0.007
NCrHas 2119  101.69 2193 8376 2333 83.69 2196  83.62 2121 51.40 1329 2111 0.006  0.006
NCsHus 2067  97.09 2138 7931 2387 7752 2070 8229 1866  41.01 1229 2053 0.006  0.006
NCoHao 3152  110.34 3286  87.79 3759  86.14 3090 9441 2027 4887 16.92 2582 0.006  0.006
NCioHas 3119  93.78 3242 7051 3791 6828 2937 80.49 2146  43.22 1718 275 0.006  0.006
Average 2027  87.47 2108  74.40 2134 7593 2087  70.89 1369  42.80 989  21.28 0.36 1.92
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Table 6. AAD% in the calculated gas Z factor of gas mixture A from [35] using different
Eo0Ss. The results are compared with GERG-2008 predictions.

EoS 290 K 315K 340 K Average
SRK 2.05 1.99 1.93 1.99
PR 5.28 4.83 4.46 4.86
SRK-VT 1.75 1.58 1.44 1.59
PR-VT 1.90 1.72 1.54 1.72
PC-SAFT 0.87 0.78 0.84 0.83
Soave-BWR 0.40 0.26 0.19 0.28
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Table 7. Deviation in bubble point pressure and vapor phase composition by GERG-2008

and Soave-BWR with 0 and regressed kij values for binary pairs of N2, CO2, H.S and C;
(experimental data from [36], [37])

Soave-BWR

Soave-BWR

System Temp. Range (0 k;) (Regressed k;) GERG-2008
Twn  Tmx  DPIP DVI DP/P  DYL DPP DVl
COMPL COMPZ vy k) (%)  (mol%) ki %) (mol%) (%)  (mol%)
Ci C 9l 283 163 038 00003 160 038 173 045
Cs 9 363 354 068 00021 311 067 277 084
ic, 110 378 320 104  -00079 262 101 240  0.99
Cs 115 411 404 081  -00046 437 084 500  0.96
iCs 344 444 975 308  -00142 872 316 965  3.85
Cs 176 455 396 142  -00076 304 125 353 148
Ce 183 444 546 074 00046 508 066 579 077
Cr 143 511 1224 071 00153 942 061 1185 126
Ce 223 423 1051 019  -00164 520 023 909 032
Co 223 423 1468 028 00181 667 024 989 028
Co 244 583 1772 110 00321 697 074 910 117
CO,  HsS 225 367 1270 437 00735 140 089 131 105
Ci 153 301 1164 360 00803 201 087 242 108
C 207 301 1662 627 00935 253 223 283 234
Cs 233 361 1458 376 00891 335 060 335 098
ic, 273 398 1059 220 00656 223 090 250 122
Cs 208 418 1314 246 00737 293 133 298 120
ics 278 453 1319 202 00550 158 063 341 077
Cs 253 463 1135 212 00567 300 063 540 101
Ce 238 393 1453 072 00538 318 050 609  1.00
Cr 238 502 790 068 00300 669 073 608 123
Ce 216 441 1163 040 00388 553 017 1020  0.38
Co 343 343 877 008 00205 243 003 419 045
Co 23 58 78 048 00178 511 049 978 125
H,S Ci 193 367 1626 546 00712 384 180 424 208
C 200 360 1226 590 00608 144 160 083 141
Cs 217 366 931 389 00491 204 173 175 165
ic, 344 398 369 158 00294 218 120 187  0.93
Ca 366 418 409 148 00364 190 102 196 085
iCs 323 413 443 210 00182 350 166 263  1.09
Cs 278 444 445 120 00152 158 143 312 144
Ce 323 423 279 043 00016 273 044 185  0.69
Cr 311 478 364 088 00000 364 088 424 118
Co 278 444 1508 020  -00335 423 014 696 0.3
Continued
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Soave-BWR

Soave-BWR

System Temp. Range (0 k;) (Regressed k;) GERG-2008
Tom T DP/P  DV1 DP/P  DYL DPIP DYl
COMPL COMPZ v ) (%)  (mol%) ki %) (mol%) (%)  (mol%)
N2 CO, 220 301 499 154 00167 195 178 149 045
H,S 200 344 1905 642 01197 617 210 665 125
C 78 184 756 209 00250 173 121 179 119
C 111 290 858 146 00334 278 091 200 051
Cs 92 353 1405 170 00445 834 089 564  0.85
ic, 255 394 1109 196 00361 359 149 411 137
Cs 250 411 1002 271 00339 406 329 412 264
ics 278 377 556 133 00148 316 108 637 172
Cs 277 378 714 101 00145 430 098 648 111
Ce 311 444 1071 149 00300 519 176 1229  1.36
Cr 305 497 730 188 00087 597 194 2380  2.67
Ce 322 344 777 i 00143 474 - 4935 -
Co 322 344 448 i 00048 381 - 8.96 -
Co 311 411 1512 009  -0.0413 472 008 1280 017
Average 9.39 1.88 3.88 1.07 6.39 1.15
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Table 8. Deviation in bubble point pressure and vapor phase composition by GERG-2008

and Soave-BWR with 0 and regressed kij values (experimental data from [36]-[38])

Soave-BWR

Soave-BWR

System Temp. Range (0 ki) (Regressed ki) GERG-2008
Twn  Tmx  DPIP  DY1 DP/P  DYL DPP  DVL
COMPL COMPZ iy (k) (%) (molw) K %)  (mol%) (%)  (mol%)
C Cs 128 368 243 084 00035 234 090 236 097
ic, 311 394 275 093 00138 116 10l 153 117
Ca 229 403 189 070 -0.0043 232 069 164 064
Cs 278 444 179 117  -00036 144 113 171 160
Ce 208 450 852 140 -0.0149 7.93 125 985 165
Cr 230 505 374 038 -00132 195 036 428 110
Ca 185 373 399 227 0007 260 226 331 228
Co 185 511 833 059  -00207 406 052 302  0.79
Cs ic, 267 394 141 034 00032 126 033 120 032
Cs 260 413 161 056 -0.0006 159 056 149 057
Cs 337 444 306 060 00137 105 080 103 084
Cs 273 483 139 - 00045 119 - 3.10 -
Cr 332 513 114 . 00044 095 - 1.09 -
Ce 340 546 219 167 -0.0080 144 151 275 325
Co 377 377 816 004 -00245 070 011 029 008
Co 210 511 473 072 -0008L 371 061 248 054
iC, Cs 273 344 1217 114 00035 1228 102  11.97  1.02
Cs Cs 208 458 075 694 00049 072 611 075  6.87
Ce 253 497 241 - 00079 265 - 273 -
c; 337 526 089 028 00003 090 028 126 051
Ce 270 375 431 - 00005 430 - 7.73 -
Co 270 370 426 . 00051 307 - 5360 -
Co 311 511 152 - 00012 135 - 156 -
iCs Cs 328 385 201 939 00116 120 920 196 938
Ce 301 335 067 033 00016 036 045 184  0.83
Cs Cs 208 309 330 101 00056 288 093 302 099
Cr 404 513 114 064 00050 084 052 104 073
Ca 304 314 38 043 00000 385 043 406 046
Co 318 334 133 024 00012 125 024 120 024
Ce c; 287 369 133 075 -00016 131 083 18 06l
Cs 287 388 789 072 00202 461 187 1140 151
Cr Ce 313 394 133 086 00021 125 065 132 059
Ce Co 349 392 110 036 -00030 070 056 062 075
Average 3.25 1.31 2.40 1.30 4.52 1.49
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Table 9. Mole fraction of different binary and multicomponent mixtures used for heat

capacity and Joule-Thomson coefficient calculations

Component Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7
N2 - - - - - 0.10 -
CO; - - 0.50 - - 0.02 -
CHg4 0.50 0.50 0.50 0.81 0.60 0.80 0.70
CoHe 0.50 - - - - 0.05 0.13
CsHs - - - - - 0.03 0.11
NCsH1o - - - 0.14 0.31 - 0.06
nCioH22 - 0.50 - 0.05 0.09 - -
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Fig. 1. AAD% in the calculated saturated liquid density, and AAD% and AAD0% in the

calculated density of pure components within 150-500 K and 0-2000 bar using GERG-
2008 and Soave-BWR.
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Fig. 3. Density vs. pressure for n-Cg using GERG-2008 (blue lines) and Soave-BWR (red

lines) at different temperatures: 303.15 K (solid lines), 323.15 K (dotted lines), 373.15 K
(dashed line), 473.15 K (dash-dot lines), 523.15 K (long-dashed lines), and 573.15 K

(long-dashed double dots lines). The experimental data is taken from [33].
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Fig. 4. Contour map of deviation in the calculated density (a) and compressibility (b) for
methane using GERG-2008. The relative deviations (%) are labeled on the contour lines.
The blue dashed lines show negative deviations and solid black lines show positive
deviations. The green and the red circles indicate the conditions for the minimum and the

maximum deviations, respectively.
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Fig. 6. AAD% in the calculated densities of the binary system methane (1) + n-decane (2)
using GERG-2008, PC-SAFT and Soave-BWR with regressed ki; within 278.15-463.15 K
and 1-1400 bar. The experimental data is taken from [34].
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Fig. 7. Density vs. pressure using GERG-2008 (blue lines) and Soave-BWR with
regressed kij (red lines) for two mixtures of C1 and Cyo at different temperatures. 22.27
mol% C; and 323.2 K (<>, solid lines), 22.27 mol% C1 and 463.2 K (A, dashed lines),
70.85 mol% C; and 323.2 K (L, dash-dot lines), and 70.85 mol% C; and 463.2 K (O,

long-dashed lines). The experimental data is taken from [34].
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Fig. 8. Experimental and simulated results using GERG-2008 (blue lines) and Soave-

BWR with regressed ki; (red lines) for Z-factor of the gas mixture A from [35] at different
temperatures: 290 K (solid lines), 315 K (dashed lines), and 340 K (long-dashed lines).
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Fig. 9. AAD% in bubble point pressure and vapor phase composition for the binary pairs
of N2, CO2, H2S, and C1 using different EoSs with 0 ki and regressed kij.
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Fig. 11. Deviations in bubble point pressure calculation as a function of temperature
using GERG-2008 (blue markers) and Soave-BWR with 0 ki (red markers) for different
binary mixtures of n-butane (1) + n-nonane (2). 74.9 mol% n-C4 (M), 50.2 mol% n-C4
(A), 26.2 mol% n-C4 (@), and 21.4 mol% n-C4 (@). The experimental data is taken from
[38].
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Fig. 12. Bubble point pressures at different temperatures using GERG-2008 (blue lines)
and Soave-BWR with 0 k;; (red lines) for binary mixtures of n-C4 and n-Cs. 74.9 mol% n-
Cs (O, solid lines), 50.2 mol% n-Cs (A, dashed lines), 26.2 mol% n-Cs (<>, dash-dot
lines), and 21.4 mol% n-C4 (O, dotted lines). The experimental data is taken from [38].
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Fig. 14. Phase envelopes for (a) Gas 1, and (b) Gas 3 from [20].
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Fig. 17. Phase envelope for different binary mixtures of methane (1) + n-decane (2) using

GERG-2008 (blue lines) and Soave-BWR with regressed ki (red lines): 40.31 mol% Ci
(solid lines), 60.21 mol% C; (dashed lines), and 84.97 mol% C. (dotted lines). The

experimental data is taken from [34].
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Fig. 18. Heat capacity prediction for methane at different temperatures using REFPROP.

The experimental data is taken from [43].
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Fig. 19. Joule-Thomson coefficient prediction for methane at different temperatures using

REFPROP. The experimental data is taken from [43].
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Fig. 20. AAD% in the heat capacity of the “main components” within 250-500 K and 5-
1500 bar using different EoSs. The model predictions are compared with REFPROP

results.
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Fig. 21. MAD in the Joule-Thomson coefficient of the “main components” within 250-
500 K and 5-1500 bar using different EoSs. The model predictions are compared with
REFPROP results.
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Fig. 22. AAD% in the heat capacity of binary and multicomponent mixtures within 250-

500 K and 5-1500 bar using different EoSs. The model predictions are compared with
REFPROP results (REFPROP uses GERG-2008 for mixtures).
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Fig. 23. MAD in the Joule-Thomson coefficient of binary and multicomponent mixtures

within 250-500 K and 5-1500 bar using different EoSs. The model predictions are
compared with REFPROP results (REFPROP uses GERG-2008 for mixtures).
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Fig. 24. Heat capacity vs. pressure using GERG-2008 (blue lines) and Soave-BWR (red
lines) for C; at different temperatures: 250 K (solid lines), 275 K (dashed lines), 300 K
(dash-dot lines), 350 K (dotted lines). The experimental data is taken from [43].
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Fig. 25. Heat capacity vs. pressure using GERG-2008 (blue lines) and Soave-BWR with

regressed ki (red lines) for C:-C> mixture from [43] at different temperatures: 250 K
(solid lines), 275 K (dashed lines), 300 K (dash-dot lines), 350 K (dotted lines).
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Fig. 26. Heat capacity vs. pressure using GERG-2008 (blue lines) and Soave-BWR with

regressed kij (red lines) for the natural gas mixture from [43] at different temperatures:
250 K (solid lines), 275 K (dashed lines), 300 K (dash-dot lines), 350 K (dotted lines).
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Fig. 27. Joule-Thomson coefficient vs. pressure using GERG-2008 (blue lines) and

Soave-BWR (red lines) for Ci at different temperatures: 250 K (solid lines), 275 K
(dashed lines), 300 K (dash-dot lines), 350 K (dotted lines). The experimental data is
taken from [43].
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Fig. 28. Joule-Thomson coefficient vs. pressure using GERG-2008 (blue lines) and

Soave-BWR with regressed kij (red lines) for Ci-C> mixture from [43] at different
temperatures: 250 K (solid lines), 275 K (dashed lines), 300 K (dash-dot lines), 350 K
(dotted lines).
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Fig. 29. Joule-Thomson coefficient vs. pressure using GERG-2008 (blue lines) and

Soave-BWR with regressed kij (red lines) for the natural gas mixture from [43] at
different temperatures: 250 K (solid lines), 275 K (dashed lines), 300 K (dash-dot lines),
350 K (dotted lines).
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