
lable at ScienceDirect

Petroleum Science 20 (2023) 3210e3222
Contents lists avai
Petroleum Science

journal homepage: www.keaipubl ishing.com/en/ journals /petroleum-science
Original Paper
Prediction of the viscosity of natural gas at high temperature and high
pressure using free-volume theory and entropy scaling

Wei Xiong a, *, Lie-Hui Zhang a, Yu-Long Zhao a, **, Qiu-Yun Hu b, Ye Tian a, Xiao He c,
Rui-Han Zhang a, Tao Zhang a

a National Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Southwest Petroleum University, Chengdu, Sichuan, 610500, China
b Engineering Technology Research Institute, Southwest Oil and Gas Field Company, Chengdu, Sichuan, 610031, China
c PetroChina Southwest Oil & Gasfield Company, Chengdu, Sichuan, 610051, China
a r t i c l e i n f o

Article history:
Received 18 August 2022
Received in revised form
18 November 2022
Accepted 16 March 2023
Available online 17 March 2023

Edited by Jia-Jia Fei

Keywords:
Viscosity
Friction theory
Free volume theory
Entropy scaling
PC-SAFT Equation of state
* Corresponding author.
** Corresponding author.

E-mail addresses: 18328068580@163.com (W.
(Y.-L. Zhao).

https://doi.org/10.1016/j.petsci.2023.03.013
1995-8226/© 2023 The Authors. Publishing services b
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
a b s t r a c t

Eighteen models based on two equations of state (EoS), three viscosity models, and four mixing rules
were constructed to predict the viscosities of natural gases at high temperature and high pressure
(HTHP) conditions. For pure substances, the parameters of free volume (FV) and entropy scaling (ES)
models were found to scale with molecular weight, which indicates that the ordered behavior of pa-
rameters of Peng-Robinson (PR) and Perturbed-Chain Statistical Associating Fluid Theory (PC-SAFT)
propagates to the behavior of parameters of viscosity model. Predicting the viscosities of natural gases
showed that the FV and ES models respectively combined with MIX4 and MIX2 mixing rules produced
the best accuracy. Moreover, the FV models were more accurate for predicting the viscosities of natural
gases than ES models at HTHP conditions, while the ES models were superior to PRFT models. The
average absolute relative deviations of the best accurate three models, i.e., PC-SAFT-FV-MIX4, tPR-FV-
MIX4, and PC-SAFT-ES-MIX2, were 5.66%, 6.27%, and 6.50%, respectively, which was available for in-
dustrial production. Compared with the existing industrial models (corresponding states theory and
LBC), the proposed three models were more accurate for modeling the viscosity of natural gas, including
gas condensate.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Correct predictions of phase behavior and viscosities of natural
gases are very important for the design of natural gas processes
(Tian et al., 2019; Mohagheghian et al., 2020; Xiong et al., 2020,
2021a; Zhang et al., 2021). The components of natural gases include
n-alkanes, carbon dioxide (CO2), hydrogen sulfide (H2S), and ni-
trogen (N2) (Zhang et al., 2020; Wei et al., 2021; Guo et al., 2022).
The Peng-Robinson (PR) and PerturbedeChain Statistical Associ-
ating Fluid Theory (PC-SAFT) equations of state (EoS) are usually
used for phase equilibrium and viscosity modeling of natural gases
(Bian et al., 2019; Jaubert et al., 2020, 2021; Nikolaidis et al., 2021;
Xiong et al., 2021b; Zhao et al., 2021; Wei et al., 2022). Reliable
Xiong), 373104686@qq.com

y Elsevier B.V. on behalf of KeAi Co
viscosity models are required in the petroleum engineering
discipline.

Friction theory (FT) combined with EoS was used for viscosity
prediction (Qui~nones-Cisneros et al., 2001), and viscosity was
calculated by using the repulsive pressure and attractive pressure
of cubic EoS. The FT model requires only a parameter that is char-
acteristic critical viscosity. Moreover, the FT model uses cubic EoS
or PC-SAFT EoS (Qui~nones-Cisneros et al., 2006) as a basis to
accurately model the viscosities of pure hydrocarbons and mix-
tures. Z�eberg-Mikkelsen et al. (2002) introduced a procedure for
predicting the viscosity of hydrocarbon mixtures rich in one
component, and the mixture friction coefficients were estimated
with mixing rules based on the values of pure component friction
coefficients. Qui~nones-Cisneros et al. (2004) extended the FT
approach to achieve accurate PvT results for EoS-characterized
fluid. Schmidt (2008) and Qui~nones-Cisneros et al. (2012) investi-
gated the viscosity of H2S using the FT approach, and the calcula-
tions of FTmodel were consistent with experimental data. In recent
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Nomenclature

Abbreviations
AARD average absolute relative deviations
BIP binary interaction parameters
CS corresponding states
EF expanded fluid
EoS equation of state
ES entropy scaling
FT Friction theory
FV free volume
HTHP High-Temperature, High-Pressure
LBC Lohrenz-Bray-Clark
MIX1 mixing rule 1
MIX2 mixing rule 2
MIX3 mixing rule 3
MIX4 mixing rule 4
MW molecular weight, g$mole1

NG natural gas
PC-SAFT Perturbed-Chain Statistical Associating Fluid Theory
PR Peng-Robinson
PRFT Peng-Robinson friction theory
SARA Saturates-Aromatics-Resins-Asphaltenes
tPR translated Peng-Robinson equation of state

Subscripts/superscripts
cal calculated data
dis dispersion
exp experimental data
hc hard-chain
hs hard-sphere
i component “i”
j component “j”
mix mixture
res residual

Latin letters
A molar Helmholtz free energy, J/mol
AES the adjustable viscosity parameter of pure substance
B the adjustable parameter of FV
BES he adjustable viscosity parameters of pure substance
C P�eneloux-type volume translation parameters
CES the adjustable viscosity parameters of pure substance
DES the adjustable viscosity parameters of pure substance
Fc correction factor of dilute gas viscosity

L the adjustable parameter of FV
NA Avogadro's constant, 6.02214076 � 1023

P pressure, bar
Pa PR EoS attractive pressure, bar
Pc critical pressure, bar
Pr PR EoS repulsive pressure, bar
R universal gas constant, 83.145 bar cm3$mol�1 K�1

T temperature, K
Tc critical temperature, K
Y the parameters of FV or ES
Z deviation factor
a energy parameter, bar,cm6/mol2

ares residual Helmholtz free energy, J/mol
aki the universal model constants of PC-SAFT
b co-volume, cm3/mol
bki universal model constants of PC-SAFT
d hard segment diameter, Å
g radial distribution function
k binary interaction parameters
kB Boltzmann constant, 1.380649 � 10�23 J/K
m the number of segments
m mean segment number
s molar residual entropy
s* reduced residual entropy
x molar fraction
v volume, cm3/mol
vc critical volume, cm3/mol
z weighted fraction

Greek letters
a the adjustable parameter of FV
ka linear attractive viscous friction coefficient
kr linear repulsive viscous friction coefficient
krr quadratic repulsive viscous friction coefficient
m total viscosity, mP
m0 the viscosity of dilute gas, mP
mCE the viscosity of a pure substance, mP
mf the viscosity of friction term, mP
m* reduced viscosity, mP
U reduced collision integral
U(2,2)* collision integral
u Pitzer's acentric factor
Dm the correction term of dense state
s temperature-independent segment diameter, Å
r density, mol/cm3

ε the depth of potential well
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years, Abutaqiya et al. (2019) used PR friction theory based on the
Chi-Square characterization method and PC-SAFT FT based on the
Saturates-Aromatics-Resins-Asphaltenes characterization method
to model the viscosity of reservoir fluids. The FT parameters for
pseudo-components were obtained by tuning to a single value of
viscosity at saturation conditions. Moreover, a new fitting approach
for the PC-SAFT FT model was proposed where the number of
fitting parameters for each pseudo-component was reduced from
two to one. Nevertheless, the use of PC-SAFT to calculate repulsive
and attractive pressures in the FT model does not significantly
improve the accuracy in viscosity modeling as compared to the use
of PR EoS. Khemka et al. (2020) studied the viscosity modeling of
crude oils under gas injection using the one-parameter friction
theory framework combined with three characterization methods
proposed by Khemka et al. (2021).
3211
A free volume (FV) model based on FV concept was presented by
Allal et al. (2001b), which described the variations of dynamic
viscosity and density vs. pressure and temperature for dense fluid.
The FV model involved only three adjustable parameters for each
pure compound (Allal et al., 2001a). Moreover, it was able to
represent the gas-liquid transition and the behavior in supercritical
conditions. Tan et al. (2005) studied the viscosity of pure hydro-
carbons by using the FT and FV models coupled with PC-SAFT EoS.
De la Porte and Kossack (2014) predicted the viscosity of long-chain
hydrocarbons (up to C64H130) as a function of temperatures and
densities in liquid phase using FV model. The extended FV model
resulted in a deviation of 5.3% for long-chain normal alkanes with
carbon numbers C6 to C64. Burgess et al. (2012) used FT and FV
models to model the viscosity of n-alkanes at temperatures up to
533 K and pressures up to 276 MPa. For n-alkanes, the viscosity
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predictions from the modified FT model were compared with that
from the FV model, but the FV model provided better viscosity
modeling than the FT model for branched hydrocarbons. Moreover,
accurate predictions were obtained using PC-SAFT EoS coupled
with FV models. Shortly afterward, Burgess et al. (2013) extended
their model using volume-translated cubic EoS and PC-SAFT den-
sity models. Llovell et al. (2013) described the viscosity of fluids
using the FV model and soft-SAFT equation. The calculation results
agreed with molecular simulation data, except for the deviation at
density values near zero. Parvaneh et al. (2016) investigated the
viscosity of nine members of the alcohol group as the polar com-
pounds in a wide range of pressure and temperature based on a
total number of 1090 viscosity set data using FV model coupled
with advanced EoS. Haghbakhsh et al. (2018) modeled the viscosity
of deep eutectic solvents using the FV model coupled with the as-
sociation equation of state. Almasi (2015) studied the densities and
viscosities of binary mixtures containing ethyl formate and 2-
alkanols using FT and FV models. The FT coupled with PRSV EoS
was extended to evaluate the viscosities of polar mixtures. Com-
parison of results of free volume theory and friction model showed
that the performance of friction theory for correlating viscosities
wasmore satisfactory because the fact that regressed parameters of
this theory from experimental data were more than free volume
theory and also the free volume theory had not the binary adjust-
able parameters for mixtures. Moreover, Almasi and Nasim (2015)
studied the densities and viscosities of binary mixtures contain-
ing diethylamine and 2-propanol, 2-butanol, and 2-pentanol using
the friction theory founded on the PC-SAFT model. The proposed
model performed very well in all cases, with a global average ab-
solute deviation of 3% and showed predictive capabilities for
heavier compounds.

The third residual model of viscositymodels for dense fluids was
the expanded fluid (EF) model (Baled et al., 2018). Yarranton and
Satyro (2009) presented the EF model of viscosities of pure sub-
stances by using a function based on the density of fluids, which
was a form of the FV model. The EF was based on the observation
that fluidity increased as the fluid expands. The EF model had two
versions, including the density values from experimental data and
cubic EoS (Satyro and Yarranton, 2010; Motahhari et al., 2012).
Moreover, the binary interaction parameters (BIP) were required to
fit experimental data.

Novak (2011a) introduced a novel entropy scaling (ES) model
based on Chapman-Enskog transport coefficients to estimate the
viscosity of n-alkanes. Moreover, the segment parameters of PC-
SAFT EoS were used in the ES model to link viscosity to EoS
(Novak, 2011b). L€otgering-Lin and Gross (2015) constructed a novel
ES approach based on the group contribution method. A third-
order polynomial was applied to calculate reduced viscosity,
while the residual entropy was calculated using Polar PC-SAFT.
Moreover, the ES model was extended to calculate the viscosity of
mixtures (L€otgering-Lin et al., 2018). However, the model was
inaccurate for themixtures with associating components, including
amines and alcohols. Fouad and Vega (2018) studied the viscosity of
refrigerants using an excess ES approach. The predictions for the
viscosity of refrigerants were more accurate than that from the
corresponding states approach. Mairhofer (2021) presented a
model for viscosity based on GERG-2008 EoS coupled with residual
entropy scaling. Subsequently, Dehlouz et al. (2021) presented two
models for viscosity using PR and PC-SAFT EoS, respectively. When
the component-specific parameters were used, the accuracy of
these models was maximal. However, the accuracy was minimal by
using universal parameters. Rokni et al. (2019a, 2019b; 2021)
investigated the viscosity of diesel fuels at high temperatures and
high pressures (HTHP) using ES coupled with PC-SAFT. The com-
pounds were represented as pseudo-components. However, the
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viscosity of mixtures containing iso-alkanes and cyclohexanes was
predicted less accurately.

Recently, an alternative approach was presented to calculate
viscosity, based on the Rosenfeld scaling theory, which can be
applied to pure components and their mixtures in a wide range of
temperatures, pressures, and compositions (Gonҫalves et al., 2021).
The Helmholtz scaling (A-scaling) applied the Chapman-Enskog
relation, an Ansatz function, and the Polar PC-SAFT equation of
state to predict viscosity. By comparing this method with the suc-
cessful and consolidated entropy scaling, it was found that average
absolute deviations in most pure substances and mixtures were
lower for A-scaling.

Elsharkawy et al. (2003) presented a compositional model based
on EoS to calculate the viscosity of crude oil. The model described
temperature (T)-viscosity (m)-pressure (P) relationships. Fan and
Wang (2006) developed the viscosity model (PRm) based on PR
EoS by using the similarity between T-m-P and P-volume (v)-T re-
lationships. The model was accurate to calculate the viscosity of
hydrocarbons. Wu et al. (2014) improved the PRm model by
replacing the universal critical compressibility factor with the real
critical compressibility factor. Bonyadi and Rostami (2017) pre-
sented an EoS viscosity approach based on Soave-Redlich-Kwong
EoS, which was more accurate for the viscosity of light hydrocar-
bons than the approach based on PR EoS.

Eighteen models based on EoS, viscosity models, and mixing
rules are constructed to predict the viscosity, density, and deviation
factor of natural gases at HTHP conditions. The parameters of FV
and ES models are evaluated using a lot of experimental data. The
volume-translated PR and PC-SAFT EoS are used to accurately
calculate the densities of natural gases. Four mixing rules are used
to predict the viscosities of natural gases.
2. Modeling methods

We present a review of the viscosity models used in this study,
including Peng-Robinson FT (PRFT), free volume, and entropy
scaling models. First, the basic equations for these models are
provided for the viscosity modeling of pure substances. Then, these
viscosity models are coupled with PR and PC-SAFT EoS. Finally, four
mixing rules without any adjustable parameters are presented to
study the viscosities of natural gases.
2.1. Peng-Robinson FT for viscosity modeling

The one-parameter PRFT model was introduced by Qui~nones-
Cisneros et al. (2001). In this study, the total viscosity (m) is repre-
sented as the dilute gas term (m0) plus the friction term (mf),

m¼m0 þ mf (1)

The dilute gas term is calculated using the approach presented
by Chung et al. (1988). The approach is accurate for the viscosities of
nonpolar and polar fluids over large ranges of P-v-T conditions. The
dilute gas model is expressed by

m0 ¼ 40:785

ffiffiffiffiffiffiffiffiffiffiffiffiffi
MWT

p

v
2=3
c U

Fc (2)

where m0 is the viscosity of dilute gas (mP); MW is the molecular
weight (g$mol�1); T is the temperature (K); vc is the critical volume
(cm3$mol�1); the U is estimated by using an empirical equation:
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U¼ 1:16145
T0:14874cm

þ 0:52487
expð0:7732TcmÞþ

2:16178
expð2:43787TcmÞ

�6:435�10�4T0:14874cm sin
�
18:0323T�0:7683

cm �7:27371
� (3)

with

Tcm ¼1:2593T
Tc

(4)

where Tc is the critical temperature (K). For non-polar gases, the Fc
gives

Fc ¼1� 0:2756u (5)

where u is the acentric factor. And for mixtures, the m0 is estimated
with the mixing rule as follows:

m0 ¼ exp

 X
i

xi ln m0;i

!
(6)

where xi is the molar fraction. The viscosity friction term mf in Eq.
(1) is linked to the PR EoS repulsive pressure term (Pr) and PR EoS
attractive pressure term (Pa) by introducing three coefficients (i.e.,
kr, krr, and ka) (Qui~nones-Cisneros et al., 2001):

mf ¼ krPr þ krrP2r þ kaPa (7)

The repulsive and attractive pressure terms in Eq. (7) are from
PR EoS in section 7 of Supporting Information. The friction co-
efficients can be calculated by mixing rules

kr¼
X
i

zikr;i; krr ¼
X
i

zikrr;i; ka ¼
X
i

zika;i (8)

with

zi ¼
xi

MW0:3
i
P
j

xj
MW0:3

j

(9)

and kr,i, krr,i, and ka,i can be obtained from Qui~nones-Cisneros et al.
(2001). In this study, two different models (PR-PRFT and PC-SAFT-
PRFT) are constructed to predict the viscosities of natural gases
using the PRFT model coupled with PR and PC-SAFT, respectively
(in section 7 of Supporting Information). The difference between
PR-PRFT and PC-SAFT-PRFT is molar volume obtained from
different EoS, and the P�eneloux-type volume translation is not used
for PR EoS (in section 1 of Supporting Information). The twomodels
are used to predict the viscosities of natural gases.
2.2. FV theory

The FV model based on FV concept was presented by Allal et al.
(2001a, 2001b), which described the variations of densities and
viscosities vs. pressures and temperatures for dense fluids. The
model divides total contributions to the viscosities of fluids into
two terms, including the dense liquid term and diluted gas term
(Eqs. (2)e(6))

m¼m0 þ Dm (10)

where Dm is the correction term of dense state
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Dm ¼ rLE

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
100MW
3RT

r
exp

 
B
�

E
RT

�3=2
!

(11)

with

E ¼ 104arMWþ P
r

(12)

where R equates to 83.145 (bar$cm3$mol�1 K�1); L, a, and B are
adjustable parameters, which are obtained by fitting the experi-
mental data of pure substances. Due to the FV model requiring
accurate molar density, the volume-translated PR (tPR) and PC-
SAFT EoS are respectively coupled with the FV model to construct
twomodels that are tPR-FV and PC-SAFT-FV. Formixtures, the three
parameters L, a, and B are estimated using four mixing rules (in
section 2 of Supporting Information)

Ymix ¼

8>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>:

MIX1 :
X
i

xiYi

mi

X
j

xj
mj

MIX2 :
X
i

xiYi

MIX3 :
X
i

xiYi

MW0:7
i

X
j

xj
MW0:7

j

MIX4 : exp

 X
i

xi ln Yi

!

(13)

where mi is the number of segments of ith component of PC-SAFT
EoS; Y stands for L, a, and B. Using the four mixing rules, the
eight models, tPR-FV-MIX1, tPR-FV-MIX2, tPR-FV-MIX3, tPR-FV-
MIX4, PC-SAFT-FV-MIX1, PC-SAFT-FV-MIX2, PC-SAFT-FV-MIX3, and
PC-SAFT-FV-MIX4, are constructed to predict the viscosity of nat-
ural gases. Note that no adjustable parameter is used to calculate
the viscosity of mixtures in these models.
2.3. ES model for viscosity modeling

Novak (2011a) introduced a novel ES model based on Chapman-
Enskog transport coefficients to calculate the viscosity of hydro-
carbon. The viscosity of a pure substance is expressed as

mCE ¼ 5
16

� 107

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MWkBT

1000mNAp

q
s2Uð2;2Þ* (14)

where kB is the Boltzmann constant; NA is Avogadro's constant; s is
the segment diameter of PC-SAFT EoS (m); U(2,2)* is the collision
integral, which can be estimated using an empirical equation pre-
sented by Neufeld et al. (1972). An approximation is applied for the
viscosity of mixtures

mCE ¼
X
i

ximCE;iP
j
xj4ij

(15)

with



Fig. 1. A representation of the different models and methods employed in this study
for modeling the viscosity of natural gases. All three elements (equation of state,
viscosity model, and mixing rules) are necessary for predicting viscosity. Eighteen
methodologies can be created as a result of different combinations.
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4ij¼

�
1þ

�
mCE;i

.
mCE;j

�1=2�
MWj

�
MWi

	1=4�2

�
8
�
1þMWi

�
MWj

		1=2 (16)

The reduced viscosity is expressed as

m*¼ m

mCE
(17)

A third-order polynomial is used to calculate the correlation of
lnm* with molar residual entropy sres

ln m* ¼AES þ BESs
* þ CESs

*2 þ DESs
*3 (18)

where AES, BES, CES, and DES are the adjustable viscosity parameters
of pure substances; s* is the reduced residual entropy

s* ¼ sres

kBm
(19)

As we all know, at a specified condition (r and T), the residual
entropy is the derivative of residual Helmholtz free energy (~ares)
concerning T

sresðr; TÞ
R

¼ � T

�

v~ares

vT

�
þ ~ares

T

�
(20)

For the different parts of molecular theory, more explanations
had been published in previous literature (Gross and Sadowski,
2001). In this study, we construct two models, PR-ES and PC-
SAFT-ES, based on ES coupled with PR and PC-SAFT EoS. For the
PR-ES model, we did not use P�eneloux-type volume translation,
because we found the volume translation parameters are not
necessary (in section 3 of Supporting Information). Therefore, the
correlation of P�eneloux-type volume translation was not used for
the PR-ES model.

sresðr; TÞ
R

¼ ln
v� b
v

þ
vaðTÞ
vT

2
ffiffiffi
2

p
bR

ln
vþ

� ffiffiffi
2

p
þ 1

�
b

vþ
�
1�

ffiffiffi
2

p �
b

(21)

For mixtures, the four parameters AES, BES, CES, and DES are
estimated using four mixing rules

Ymix ¼

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:

MIX1 :
X
i

xiYi

mi

X
j

xj
mj

MIX2 :
X
i

xiYi

MIX3 :
X
i

xiYi

MW0:7
i

X
j

xj
MW0:7

j

MIX4 : ln

 X
i

xi expðYiÞ
!

(22)

where Y stands for AES, BES, CES, and DES. Using the four mixing rules,
the eight models, PR-ES-MIX1, PR-ES-MIX2, PR-ES-MIX3, PR-ES-
MIX4, PC-SAFT-ES-MIX1, PC-SAFT-ES-MIX2, PC-SAFT-ES-MIX3, and
PC-SAFT-ES-MIX4, are constructed to predict the viscosity of nat-
ural gases. Note that no adjustable parameter is used to calculate
the viscosities of mixtures in these models.
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3. Methodology

In this section, we introduce an approach for modeling the
viscosities of natural gases as shown in Fig. 1. First, the viscosities of
twenty-two pure substances in Table 1 are estimated using tPR-FV,
PC-SAFT-FV, PR-ES, and PC-SAFT-ES models. Then, we test the ac-
curacy of tPR and PC-SAFT EoS for predicting the densities of
fourteen natural gas mixtures in Table 2. Accurate predictions of
densities of natural gases at HTHP conditions are very important for
modeling the viscosities of mixtures of natural gases using FT and
FV models. Finally, sixteen models, i.e., tPR-FV-MIX1, tPR-FV-MIX2,
tPR-FV-MIX3, tPR-FV-MIX4, PC-SAFT-FV-MIX1, PC-SAFT-FV-MIX2,
PC-SAFT-FV-MIX3, PC-SAFT-FV-MIX4, PR-ES-MIX1, PR-ES-MIX2,
PR-ES-MIX3, PR-ES-MIX4, PC-SAFT-ES-MIX1, PC-SAFT-ES-MIX2,
PC-SAFT-ES-MIX3, and PC-SAFT-ES-MIX4, are constructed using
tPR-FV, PC-SAFT-FV, PR-ES, and PC-SAFT-ES models coupled with
four different mixing rules to predict the viscosities of seventeen
natural gas mixtures. Moreover, PR-PRFT and PC-SAFT-PRFTmodels
are used to compare with the sixteen models.
4. Results and discussion

4.1. Viscosities of pure substances

In this study, we empirically evaluate the parameters (Table 3
and Table 4) of tPR-FV, PC-SAFT-FV, PR-ES, and PC-SAFT-ES
models for modeling the viscosities of pure substances. Three pa-
rameters, i.e., L, a, and B, are found to scale with MW, which in-
dicates that the ordered behavior of parameters of PR and PC-SAFT
EoS propagates to the behavior of parameter of viscosity model.
Hence, the two models can be used to predict the viscosities of
hydrocarbons.

Parameters, i.e., AES, BES, CES, and DES, of PR-ES and PC-SAFT-ES
models are listed in Table 4. These parameters are also related to
molecular weight. Moreover, the parameters of pure substances are
determined by the relationships between residual entropy and
reduced viscosity. The reduced viscosity vs. residual entropy is



Table 1
Summary of viscosity data collected from the literature.

Fluid System Number of data points Impurity Reference

H2S CO2 N2

Carbon dioxide CO2 497 ✓ Stephan (1979)
Nitrogen N2 1146 ✓ Stephan (1979)
Hydrogen sulfide H2S 22 ✓ Qui~nones-Cisneros (2012)
Methane CH4 584 Z�eberg-Mikkelsen (2001), Qui~nones-Cisneros et al. (2001)
Ethane C2H6 343 Z�eberg-Mikkelsen (2001), Qui~nones-Cisneros et al. (2001)
Propane C3H8 284 Z�eberg-Mikkelsen (2001), Qui~nones-Cisneros et al. (2001)
Isobutane i-C4H10 658 Stephan (1979)
Butane n-C4H10 243 Z�eberg-Mikkelsen (2001), Qui~nones-Cisneros et al. (2001)
Isopentane i-C5H12 476 Stephan (1979)
Pentane n-C5H12 234 Z�eberg-Mikkelsen (2001), Qui~nones-Cisneros et al. (2001)
Hexane C6H14 245 Z�eberg-Mikkelsen (2001), Qui~nones-Cisneros et al. (2001)
Heptane C7H16 213 Z�eberg-Mikkelsen (2001), Qui~nones-Cisneros et al. (2001)
Octane C8H18 224 Z�eberg-Mikkelsen (2001), Qui~nones-Cisneros et al. (2001)
Nonane C9H20 281 Stephan (1979)
Decane C10H22 266 Z�eberg-Mikkelsen (2001), Qui~nones-Cisneros et al. (2001)
Undecane C11H24 206 Stephan (1979)
Dodecane C12H26 168 Z�eberg-Mikkelsen (2001), Qui~nones-Cisneros et al. (2001)
Tridecane C13H28 168 Z�eberg-Mikkelsen (2001), Qui~nones-Cisneros et al. (2001)
Tetradecane C14H30 206 Z�eberg-Mikkelsen (2001), Qui~nones-Cisneros et al. (2001)
Pentadecane C15H32 258 Z�eberg-Mikkelsen (2001), Qui~nones-Cisneros et al. (2001)
Cetane C16H34 207 Z�eberg-Mikkelsen (2001), Qui~nones-Cisneros et al. (2001)
Octadecane C18H38 217 Z�eberg-Mikkelsen (2001), Qui~nones-Cisneros et al. (2001)
NG1 C1-C2 326 Diller (1984)
NG2 C1-C3 282 Giddings et al. (1966)
NG3 C1-n-C4 132 Carmichael et al. (1967)
NG4 C1-CO2 287 ✓ Locke et al. (2015), Davani et al. (2013)
NG5 C1-N2 658 ✓ Diller (1982), Davani et al. (2013)
NG6 C2-CO2 206 ✓ Diller et al. (1988)
NG7 C6-C7 53 Assael et al. (1992)
NG8 C7-C9 57 Assael et al. (1992)
NG9 C1-C3-C7 98 Al Ghafri et al. (2021)
NG10 C1-C3-CO2 75 ✓ Al Ghafri et al. (2018)
NG11 C1-C3-CO2-N2 129 ✓ ✓ Al Ghafri et al. (2019)
NG12 C1-C2-C3-CO2-N2 32 ✓ ✓ Assael et al. (2001)
NG13 C1-C2-C3-n-C4-i-C4-CO2 47 ✓ Nazeri et al. (2018)
NG14 C1-C2-C3-n-C4-i-C4-n-C5-i-C5-CO2-N2 28 ✓ ✓ Kashefi et al. (2013)
NG15 C1-C2-C3-n-C4-i-C4-n-C5-i-C5-CO2-N2-H2S 64 ✓ ✓ ✓ Jarrahian et al. (2015)
NG16 C1-C2-C3-n-C4-i-C4-n-C5-C6-C7-CO2 30 ✓ Lee et al. (1966)
NG17 C1-C2-C3-n-C4-i-C4-n-C5-C6-C7-CO2-N2 27 ✓ ✓ Lee et al. (1966)
Overall 9677 2 11 7

NG represents the mixture of natural gas.

Table 2
Summary of density data collected from the literature.

System Number of data points AARD, % Reference

PR PC-SAFT

C1-C2 326 1.81 0.74 Diller (1984)
C1-C10 366 2.03 1.10 Canet et al. (2002), Regueira et al. (2016)
C1-N2 451 1.86 1.79 Diller (1982), Gomez-Osorio et al. (2016)
C1-CO2 119 1.79 1.14 Locke et al. (2015)
C2-CO2 206 1.90 0.78 Diller et al. (1988)
C3-C10 233 1.80 1.25 Bamgbade et al. (2015)
C6-C7 53 1.06 0.44 Assael et al. (1992)
C7-C9 57 0.39 0.44 Assael et al. (1992)
C1-C3-C7 98 1.96 1.66 Al Ghafri et al. (2021)
C1-C3-CO2 75 1.70 1.02 Al Ghafri et al. (2018)
C1-C3-CO2-N2 129 0.88 0.90 Al Ghafri et al. (2019)
C1-C2-C3-CO2-N2 32 0.83 1.08 Assael et al. (2001)
C1-C2-C3-i-C4-n-C4-C5-C6-C7-CO2 62 5.39 3.47 Lee et al. (1966)
C1-C2-C3-i-C4-n-C4-C5-C6-C7-CO2-N2 38 2.75 0.62 Lee et al. (1966)
Overall AARD, % 2245 1.86 1.21
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shown in Fig. S7 for pure substances. Fig. S7a, c, and e are calculated
from PC-SAFT EoS, while other figures are from PR EoS. At first
glance, the ranges of residual entropy of PC-SAFT EoS are less than
that of PR EoS. Moreover, the degree of linearity between residual
entropy and reduced viscosity from PC-SAFT model exceeds that of
3215
PR model. In Fig. S7aed, the PR and PC-SAFT are accurate to
describe the relationships between reduced viscosity and residual
entropy using a third-order polynomial. However, the PR EoS is not
suitable for modeling the viscosity of heavy hydrocarbons as shown
in Fig. S7f. For PC-SAFT EoS, because predictions of volume are



Table 3
The parameters of tPR-FV and PC-SAFT-FV models for modeling the viscosity of pure substances.

Substance tPR-FV PC-SAFT-FV AARD, %

L a B L a B tPR-FV PC-SAFT-FV

CO2 0.4700 33.6 0.0020 0.6000 21.2 0.0126 1.06 0.79
N2 0.6700 11.2 0.0150 0.7600 7.9 0.0290 2.88 3.06
H2S 0.9900 27.6 0.0001 1.1600 21.1 0.0033 2.77 2.98
CH4 1.0636 21.3 0.0162 1.0300 22.6 0.0149 2.91 3.56
C2H6 1.0145 34.9 0.0132 0.9893 35.6 0.0119 2.61 2.74
C3H8 0.9653 48.8 0.0114 0.9486 49.6 0.0101 2.52 3.40
i-C4H10 0.9163 63.5 0.0101 0.9080 65.9 0.0088 3.94 3.23
n-C4H10 0.9163 61.3 0.0101 0.9080 63.2 0.0088 2.45 2.82
i-C5H12 0.8672 71.9 0.0091 0.8673 77.5 0.0078 7.75 5.75
n-C5H12 0.8672 72.7 0.0091 0.8673 77.8 0.0078 3.74 1.95
C6H14 0.8181 88.7 0.0083 0.8266 91.8 0.0070 4.85 3.07
C7H16 0.7690 100.7 0.0075 0.7859 108.2 0.0062 2.84 1.66
C8H18 0.7199 118.0 0.0069 0.7452 126.0 0.0056 2.74 2.55
C9H20 0.6708 132.6 0.0064 0.7045 146.4 0.0051 1.24 1.22
C10H22 0.6217 152.1 0.0059 0.6639 168.2 0.0046 2.26 1.29
C11H24 0.5726 168.2 0.0055 0.6232 191.1 0.0042 1.32 1.47
C12H26 0.5236 189.8 0.0051 0.5826 217.1 0.0038 2.34 1.94
C13H28 0.4743 205.4 0.0047 0.5417 246.2 0.0034 1.30 1.58
C14H30 0.4253 223.7 0.0043 0.5011 271.8 0.0030 2.92 3.11
C15H32 0.3763 249.2 0.0040 0.4605 309.6 0.0027 1.87 1.36
C16H34 0.3273 275.6 0.0037 0.4199 348.2 0.0024 2.06 1.98
C18H38 0.2289 365.8 0.0032 0.3385 443.7 0.0019 4.46 4.36
Overall AARD, % 3.03 2.74

Table 4
The parameters of PR-ES and PC-SAFT-ES models for modeling the viscosity of pure substances.

Substance PR-ES PC-SAFT-ES AARD, %

DES CES BES AES DES CES BES AES PR-ES PC-SAFT-ES

CO2 �0.052812 �0.021 �1.552 �0.442 �0.043276 0.094 �1.523 �0.438 6.10 3.83
N2 �0.033600 �0.142 �1.304 �0.181 �0.030895 �0.085 �1.178 �0.204 4.42 5.45
H2S �0.040896 �0.264 �1.750 �0.366 �0.035937 �0.256 �1.723 �0.356 4.40 4.07
CH4 �0.019248 �0.150 �1.120 �0.115 �0.019474 �0.072 �1.013 �0.097 3.54 3.32
C2H6 �0.036084 �0.278 �1.815 �0.398 �0.032663 �0.221 �1.700 �0.368 2.51 2.39
C3H8 �0.052920 �0.384 �2.192 �0.561 �0.043338 �0.287 �2.036 �0.511 2.33 1.97
i-C4H10 �0.069744 �0.375 �2.345 �0.610 �0.052150 �0.321 �2.293 �0.600 6.59 4.90
n-C4H10 �0.069744 �0.469 �2.432 �0.667 �0.052150 �0.347 �2.288 �0.644 2.79 1.60
i-C5H12 �0.086580 �0.501 �2.381 �0.479 �0.059558 �0.350 �2.242 �0.450 4.15 3.33
n-C5H12 �0.086580 �0.557 �2.569 �0.645 �0.059558 �0.384 �2.391 �0.597 4.26 1.41
C6H14 �0.103416 �0.610 �2.678 �0.648 �0.065867 �0.387 �2.456 �0.581 4.36 1.59
C7H16 �0.120252 �0.674 �2.838 �0.727 �0.071306 �0.433 �2.720 �0.750 4.93 1.06
C8H18 �0.137076 �0.768 �3.069 �0.828 �0.076040 �0.475 �2.959 �0.907 5.87 2.06
C9H20 �0.153912 �0.677 �2.562 �0.205 �0.080202 �0.400 �2.734 �0.600 4.30 0.93
C10H22 �0.170748 �0.815 �3.019 �0.596 �0.083889 �0.286 �2.480 �0.350 7.07 0.70
C11H24 �0.187560 �0.946 �3.239 �0.671 �0.087173 �0.353 �2.784 �0.611 5.94 0.86
C12H26 �0.204360 �1.004 �3.469 �0.868 �0.090118 �0.284 �2.626 �0.421 9.18 1.31
C13H28 �0.221280 �1.161 �3.813 �1.098 �0.092794 �0.330 �2.800 �0.435 10.22 1.15
C14H30 �0.238080 �1.384 �4.342 �1.499 �0.095204 �0.162 �2.266 �0.001 8.52 3.13
C15H32 �0.254880 �1.469 �4.662 �1.800 �0.097400 �0.249 �2.669 �0.313 10.02 2.01
C16H34 �0.271680 �1.622 �5.045 �2.000 �0.099409 �0.171 �2.473 �0.114 9.43 2.63
C18H38 �0.305400 �1.783 �5.450 �2.298 �0.102968 �0.002 �2.048 0.278 9.55 2.85
Overall AARD, % 5.48 3.01
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accurate, the correlations between reduced viscosity and residual
entropy are very well as shown in Fig. S7e. Moreover, because PR
EoS cannot accurately calculate the molar volume of heavy hy-
drocarbons at high pressures, the calculated reduced viscosity is
larger than its actual value. We plotted reduced viscosity vs. molar
volume diagram as shown in Fig. S6. The results show that PR EoS
cannot correctly calculate the molar volume change with pressure,
but the PC-SAFT EoS can correctly describe the behavior.

We calculated the viscosities of pure substances in Fig. S8 using
tPR-FV, PC-SAFT-FV, PR-ES, and PC-SAFT-ES models. Fig. S8aed
show that the four models are suitable for modeling the viscos-
ities of light hydrocarbons, CO2, N2, and H2S. Moreover, for heavy
hydrocarbons in Fig. S8eeh, some deviations are found at the
3216
viscosity values above 50,000 mP, low temperatures, and high
pressures. It is worth noting that Fig. S8g indicates that the calcu-
lations of PR-ES model are inaccurate for the viscosity of heavy
hydrocarbons (the errors increase with increasing the number of
carbon atoms) because PR EoS cannot accurately calculate the
molar volume of heavy hydrocarbons at high pressures. Average
absolute relative deviations (AARD, Eq. (23)) of tPR-FV, PC-SAFT-FV,
PR-ES, and PC-SAFT-ESmodels for the viscosities of pure substances
are 3.03%, 2.74%, 5.48%, and 3.01%, respectively. The performance of
PR-ES model is poor for heavy hydrocarbons in Tables 3 and 4 and
Fig. S9, especially C12H26 to C18H38, because PR EoS cannot correctly
calculate the molar volume at high pressures.
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AARD¼1
n

Xn
i¼1

��mexpi � mcali

��
mexpi

(23)

where mexp is experimental data in mP; mcal is calculated data in mP.
Qui~nones-Cisneros et al. (2001) evaluated the viscosities of pure

components using the FT model. For PRFT model, they proposed
three reduced critical isotherm friction parameters and thirteen
residual friction parameters. In this study, we used these parame-
ters to model the viscosity of mixtures, because the PRFT model
produced a satisfactory performance for the viscosity of pure n-
alkanes (AARD ¼ 2.02%) (Qui~nones-Cisneros et al., 2001). This may
be due to the fact that regressed parameters of this theory from
experimental data are more than FV theory and ES model (for each
substance, the corresponding linear f-theory model consists of
seven adjustable parameters). More details about modeling the
viscosities of pure components can be found in the study of
Qui~nones-Cisneros et al. (2001).
4.2. Densities of natural gases

Correct calculation of densities of natural gases is vital to
accurately model the viscosities of natural gases. In this study, we
evaluated the performance of tPR and PC-SAFT EoS for predicting
the densities and deviation factors (Z-Factor) of natural gases.

We test the densities of natural gases from a lot of literature in
Table 2 using tPR and PC-SAFT EoS. Fig. S10 shows that the pre-
dictions of PC-SAFT EoS for densities of mixtures in gas, liquid, and
supercritical conditions are more accurate than that of the volume-
translated PR EoS. Moreover, the AARD of prediction of tPR and PC-
SAFT EoS in Table 2 for densities of fourteen mixtures are 1.86% and
1.21%, respectively. Fig. S11 shows that PC-SAFT EoS is more accu-
rate for predicting the densities of natural gases than tPR model.
This may be attributed to the flexible attractive and repulsive terms
of PC-SAFT equation of state used for calculating molar volume.

We test the deviation factors of two sample gases (Liu et al.,
2019) listed in Table S8 at high-temperature and ultra-high-
pressure conditions. As shown in Fig. S12, tPR and PC-SAFT EoS
can accurately predict the Z-Factor values of two sample gases.
However, to our surprise, the predictions of tPR EoS for Z-Factor are
more accurate than that of PC-SAFT EoS. As we all know, the PC-
SAFT EoS is better for predicting volume than volume-translated
PR EoS. This may be attributed to different BIPs used for calcu-
lating the deviation factors.
4.3. Viscosities of natural gases

Eighteen models, PR-PRFT, PC-SAFT-PRFT, tPR-FV-MIX1, tPR-FV-
MIX2, tPR-FV-MIX3, tPR-FV-MIX4, PC-SAFT-FV-MIX1, PC-SAFT-FV-
MIX2, PC-SAFT-FV-MIX3, PC-SAFT-FV-MIX4, PR-ES-MIX1, PR-ES-
MIX2, PR-ES-MIX3, PR-ES-MIX4, PC-SAFT-ES-MIX1, PC-SAFT-ES-
MIX2, PC-SAFT-ES-MIX3, and PC-SAFT-ES-MIX4, are constructed to
predict the viscosities of natural gases by combining different EoS,
viscosity models, and mixing rules. Note that no adjustable
parameter is used to calculate the viscosities of natural gases in
these models. Compositions of natural gas, i.e., NG1 to NG17, are
listed in Tables S3 and S4.

Predictions of these models for seventeen mixtures of natural
gases are shown in Fig. S13. At first glance, the PC-SAFT-PRFTmodel
produces the largest deviation, because the PRFT viscosity model
requiresmolar volume obtained by classical PR EoSwithout volume
translation. Predictions of tPR-FV-MIX4, PC-SAFT-FV-MIX4, and PC-
SAFT-ES-MIX2 models agree with experimental data. Overall, the
accuracy of FV family models is better than that of ES family
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models, and ES family models are superior to PRFT family models.
On the other hand, PC-SAFT family models for calculating viscosity
are usually more accurate than PR family models, because pre-
dictions of PC-SAFT for molar volume are more accurate.

Fig. 2 plots the predictions of PC-SAFT-PRFT, PC-SAFT-FV-MIX4,
and PC-SAFT-ES-MIX4 models for natural gases of NG13, NG14, and
NG15 comparedwith experimental data at HTHP conditions. Fig. 2a
shows that the three models accurately predict the viscosities of
NG13 at low pressures. However, predictions of PC-SAFT-FV-MIX4
and PC-SAFT-ES-MIX4 models are larger than experimental data
at high pressures, while predictions of PC-SAFT-PRFT model match
experimental data. Fig. 2b and c indicate that the accuracy of PC-
SAFT-ES-MIX4 is superior to that of PC-SAFT-FV-MIX4 at the pres-
sure of up to 1400 bar and the temperature of up to 473.15 K, while
PC-SAFT-FV-MIX4 is better than PC-SAFT-PRFT. CO2 content in
NG13 is 69.99%, while CH4 content in NG14 and NG15 is above 71%.
The accuracy of predictions of PC-SAFT-PRFT decreases with
increasing CH4 content, which indicates that the model is suitable
for mixtures with high CO2 content. Moreover, PC-SAFT-FV-MIX4
and PC-SAFT-ES-MIX4 models are suitable for mixtures with high
CH4 content.

AARD of eighteen models for the viscosities of natural gases at
all conditions is shown in Table S9 and Fig. S14. MIX4 is the most
suitable for FV family models followed by MIX2, MIX1, and MIX3.
For ES family models, MIX2 produces the best accuracy followed by
MIX3, MIX1, and MIX4. Moreover, AARD of the best accurate three
models, i.e., PC-SAFT-FV-MIX4, tPR-FV-MIX4, and PC-SAFT-ES-
MIX2, are 5.66%, 6.27%, and 6.50%, respectively. Note that it is
difficult to accurately predict the viscosity of each natural gas using
a single model. As shown in Fig. S14b, the AARD of PC-SAFT-FV-
MIX4 for NG1 is not minimum, although the model produces bet-
ter accuracy for the other natural gases.

4.4. Comparison to the existing industrial models for viscosity

In this study, we used two existing industrial models, i.e., cor-
responding states (CS) theory (Pedersen et al., 1984, 1987; Lindeloff
et al., 2003) and LBC (Lohrenz et al., 1964), coupled with translated
PR and PC-SAFT EoS (in sections 5 and 6 of Supporting Information),
and we constructed four models that are tPR-CS, PC-SAFT-CS, tPR-
LBC, and PC-SAFT-LBC. Unfortunately, the predicted viscosities of
these models are far from experimental data as shown in Fig. S15
and the results cannot satisfy industrial accuracy. However, these
models are usually used for modeling the viscosity of oil with pe-
troleum fractions and plus fractions. In our view, it is very difficult
to accurately model the viscosity of more complex mixtures using a
model which is inaccurate for modeling the viscosity of simple
mixtures (such as NG1 to NG17). There is a commonly used
approach that is adjusting the parameters of petroleum fractions
and plus fractions to fit the experimental data of viscosity.

As shown in Table S10 and Fig. S16, the CS model is inaccurate
for predicting the viscosities of binary and ternary mixtures but it
can be used to calculate the viscosities of multicomponent mix-
tures. The main factor affecting the performance is not the number
of components but methane concentration, because the CS model
takes methane as a reference fluid. Conversely, the LBC model is
more accurate for the viscosities of binary and ternary mixtures
than that of multicomponent mixtures. Overall, the performance of
LBC model is better than that of CS model. Moreover, these models
are inaccurate compared with the proposed FV and ES models.

The characterization methods are promising to model the vis-
cosity of reservoir fluids. To use PR EoS for modeling phase
behavior, three parameters are required for each component: crit-
ical temperature (Tc), critical pressure (Pc), and acentric factor (u).
In this work, we present some empirical correlations to estimate



Fig. 2. Predicted viscosity vs. pressure diagrams for natural gases. (a): NG13; (b):
NG14; (c): NG15. (a) triangle: 323.2 K; circle: 373.2 K; rhombus: 423.2 K; (b) triangle:
323.15 K; circle: 373.15 K; rhombus: 423.15 K; square: 473.15 K; (c) triangle: 277.78 K;
circle: 333.33 K; square: 388.89 K; rhombus: 444.44 K. Experimental data taken from
Nazeri et al. (2018), Kashefi et al. (2013), and Jarrahian et al. (2015).
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the parameters of pseudo-components for PR EoS

Tc ¼ � 0:0093938MW2 þ 4:53911MWþ 1:720296 (24)

Pc ¼7:2992� 10�4MW2 � 0:350636MWþ 55:990326 (25)

u¼0:0033MWþ 0:011 (26)

vc ¼4:0033MWþ 27:5074 (27)

and the following correlations were used for PC-SAFT EoS (Khemka
et al., 2021)

m¼0:0257MWþ 0:8444 (28)

s¼ � 4:8013
lnðMWÞ
MW

þ 4:047 (29)

ε

kB
¼ exp

�
5:5769� 9:523

MW

�
(30)

Three parameters, i.e., L, a, and B, for tPR-FV are found to scale
with MW, which can be estimated using the following correlations

L¼ � 0:0035MWþ 1:1197 (31)

a¼0:0033758MW2 þ 0:395279MWþ 24:10322 (32)

B¼2:3841� 10�7MW2 � 1:0883� 10�4MWþ 0:01622 (33)

and the following correlations were used for PC-SAFT-FV

L¼ � 0:0029MWþ 1:0765 (34)

a¼0:0052648MW2 þ 0:233519MWþ 28:479582 (35)

B¼2:3841� 10�7MW2 � 1:0883� 10�4MWþ 0:01492 (36)

For PC-SAFT-ES, we used the following correlations

DES ¼
1

�6:911� 712:8
MW

(37)

CES ¼2:0037� 10�5MW2 � 0:0045657MW� 0:134382 (38)

BES ¼6:5087� 10�5MW2 � 0:019499MW� 1:298312 (39)

AES ¼4:0178� 10�5MW2 � 0:0083234MW� 0:212967 (40)

In this study, we predicted the viscosity of gas condensate
(GCB00-1) measured by Kashefi et al. (2013). GCB00-1 was gravi-
metrically prepared by ‘livening’ a fully characterized dead
condensate with a natural gas (composition given in Table S11). The
characterization of the dead condensate included its fractionation
into single carbon number cuts from C6s through to C25s, on each of
which molecular weight and density measurements were made, as
well as for the C26þ distillation residue (Table S11). The predictions
of Pedersen (Kashefi et al., 2013), LBC (Kashefi et al., 2013), HW2



Fig. 3. Predicted viscosity vs. pressure diagrams for GCB00-1. (a) 323.15 K; (b) 373.15 K; (c) 423.15 K; (d) 473.15 K. Experimental data taken from Kashefi et al. (2013).

Table 5
Measured and predicted viscosities of the gas condensate (GCB00-1).

T, K P, bar m, mP Pedersen LBC HW2 tPR-FV-MIX4 PC-SAFT-FV-MIX4 PC-SAFT-ES-MIX2

323.15 414.5 570 630 510 520 529.45 537.50 545.13
323.15 518.8 650 700 570 590 615.44 609.73 615.58
323.15 690.9 760 800 660 680 741.88 717.88 719.75
323.15 862.3 870 890 750 760 856.38 818.35 814.35
323.15 1036.8 990 970 830 830 966.13 916.98 904.81
323.15 1210.7 1080 1050 910 890 1071.44 1013.58 991.01
323.15 1380.6 1190 1120 990 950 1172.10 1107.49 1072.58
373.15 417.2 480 520 380 370 419.89 432.62 447.70
373.15 518.8 520 580 430 430 493.05 497.08 509.87
373.15 690.2 620 670 500 510 604.46 594.84 604.23
373.15 862.3 710 750 560 580 706.06 684.88 690.24
373.15 1034.6 800 820 620 650 801.09 770.42 770.53
373.15 1207.1 890 880 690 710 891.84 853.42 846.80
373.15 1379.7 970 950 750 760 979.73 935.02 920.08
423.15 416.1 380 440 430 430 356.49 368.06 391.35
423.15 519.0 440 500 480 490 419.50 425.86 446.87
423.15 690.0 540 580 560 580 516.76 513.48 531.43
423.15 862.1 620 650 640 660 607.00 594.63 609.61
423.15 1035.0 700 720 710 730 691.99 671.68 683.18
423.15 1206.8 780 780 780 790 772.39 745.39 752.61
423.15 1379.5 850 830 850 840 850.31 817.69 819.57
473.15 415.2 340 400 340 330 321.52 330.61 360.18
473.15 518.6 390 450 390 380 374.94 381.14 409.39
473.15 690.7 470 530 450 460 460.13 459.55 485.61
473.15 862.9 560 590 510 520 540.36 532.66 556.67
473.15 1035.1 640 650 570 590 616.33 602.05 623.84
473.15 1207.0 690 700 620 640 688.79 668.74 687.89
473.15 1379.4 760 750 670 700 758.86 733.83 749.71
Overall AARD, % 6.36 11.48 11.24 2.91 4.62 4.00
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(Kashefi et al., 2013), tPR-FV-MIX4, PC-SAFT-FV-MIX4, and PC-
SAFT-ES-MIX2 models are shown in Fig. 3. The proposed models
are consistent with experimental data, while the Pedersen, LBC,
and HW2 models from Kashefi et al. (2013) produce larger de-
viations. Predictions of Pedersen's model are larger than
3219
experimental data at the pressure below 1000 bar. Pedersen's
model is inaccurate for GCB00-1 because CH4 content is 69.62%,
while the other components are 30.38%. LBC and HW2models were
empirical correlations between viscosity and the fourth-degree
polynomial of the reduced density. It is very difficult to predict



Fig. 4. Predicted viscosity vs. molar fraction for NG1. P ¼ 1000 bar.

Fig. 5. Predicted viscosity vs. molar fraction for NG1. T ¼ 373.15 K.
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the viscosities of hydrocarbon mixtures using simple LBC and HW2
correlation in Fig. 3, especially in high temperature and pressure
conditions. A great advantage is that our proposed models, espe-
cially tPR-FV-MIX4, are accurate for the viscosity of natural gas at
HTHP conditions. The measured and predicted viscosities of gas
condensate are given in Table 5, AARD of the best accurate three
models (i.e., tPR-FV-MIX4, PC-SAFT-ES-MIX2, and PC-SAFT-FV-
MIX4) are 2.91%, 4.00%, and 4.62%, respectively, which shows that
the proposed models are suitable for complex natural gas.

Modeling the viscosities of reservoir fluids with petroleum
fractions and plus fractions is not the focus of this study, such as the
simulation of a CVD test. Instead, we analyze the effects of gas
composition changes on viscosity using NG1 (C1 to C2) which is a
simple system but has a better description. Fig. 4 shows that the
viscosity of C1-C2 system decreases with increasing the molar
fraction of methane at 1000 bar. Moreover, at the same condition,
the viscosity of C1-C2 system decreases with increasing tempera-
ture. Fig. 5 shows that the viscosity of C1-C2 system increases with
increasing pressure.
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5. Conclusions

Eighteenmodels based on two equations of state, three viscosity
models, and four mixing rules were constructed to predict the
viscosities of natural gases at HTHP conditions. The following five
major conclusions are drawn from this work.

C The parameters of FV and ES models are found to scale with
MW, which indicates that the ordered behavior of parameter
of PR and PC-SAFT EoS propagates to the behavior of
parameter of viscosity model.

C TheMIX4 is the most suitable for FV familymodels, while the
MIX2 for ES family models produces the best accuracy.

C The FV family models are more accurate for predicting the
viscosity of natural gases than ES family models at HTHP
conditions, while the ES family models are superior to PRFT
family models.

C The AARD of the best accurate three models, PC-SAFT-FV-
MIX4, tPR-FV-MIX4, and PC-SAFT-ES-MIX2, are 5.66%,
6.27%, and 6.50%, respectively, which is available for indus-
trial production.

C Compared with the existing industrial models (CS and LBC),
the proposed three models were more accurate for modeling
the viscosity of natural gas, including gas condensate.

C Using characterization methods, the proposed models are
easy to be extended to predict the viscosity of complex
natural gas. We accurately predicted the viscosity of gas
condensate, including fifteen pseudo-components and plus
fractions.
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