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Experiment and prediction of water content of sour natural gas with an 
modifi ed cubic plus association equation of state
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In this work, new experimental value for water content in sour natural gas were reported. In addition, to predict 
the water content in sour natural gas, a modifi ed cubic plus association equation of state (CPA-EoS) was also 
proposed. In this model, a new energy parameter a was proposed to make an accurate description of saturated 
liquid density. Additionally, a temperature dependent binary interaction parameter kij for six binary systems was 
also obtained. Lastly, a comparison between the prediction results of the modifi ed CPA-EoS and the experimental 
data was presented, and the results showed that the modifi ed CPA-EoS could predict the water content in sour 
natural gas with high accuracy, which has an AAD of 3.6722% with experimental data in literatures and an AAD 
of 1.946% for experimental data reported in this work. 
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INTRODUCTION

 Water is normally found in extracted natural gases 
from gas-condensate or petroleum reservoirs, and always 
exists in liquid water, gas hydrates and ice. Water with 
any formations could strongly affect the phase behavior 
of hydrocarbon fl uids under certain operation conditions, 
such as natural gas production, processing facilities or 
transportation, due to its unique chemical structure. In 
addition, the acid gases contained in sour natural gas 
could generate acid liquor, with integrating free water, 
resulting in the corrosion issue. Therefore, accurate 
knowledge of predicting water content in sour natural 
gas is therefore crucial, by calculating dehydrate agents 
consumption and predicting the aqueous dew points. Ad-
ditionally, different from sweet natural gas, the existence 
of CO2 and H2S would make a remarkable effect on the 
water content. So it is necessary to consider the effect of 
CO2 and H2S on the water content of sour natural gas.

In order to estimate water content in sour natural gas, 
many methods have been therefore presented, such as 
semiempirical methods1, 2, charts3 and thermodynamic 
models4, 5. The semiempirical methods as well as charts 
are exclusively available at special conditions, since they 
are developed with limited experimental data. Simulta-
neously, it is diffi cult to obtain accurate data with chart 
and the need for interpolations makes the calculation 
process more complex. The thermodynamic model wo-
uld describe the composition of natural gas mixtures 
free to the effect of man-made factors and limitation 
of application. However, it still has been challenging to 
accurately describe the phase behavior of water-hydro-
carbon system by the available thermodynamic model 
due to the existence of water with hydrogen bonding.

To describe the effort coming from the hydrogen 
bonding of water, Kontogeorgis et al.6 had proposed 
a thermodynamic model using the Cubic-Plus-Association 
equation of state (CPA-EoS). Austegard et al.7 utilized 
this model to estimate water content in methane and 
carbon dioxide mixtures in equilibrium liquid water, in 
line with experimental data. With this model, Oliveira 
et al.8 also predicted the solubility of hydrocarbon in 
water with high accuracy. However, a few researchers 

have addressed the problem of the modeling phase 
equilibrium of sour natural gas with CPA-EoS. Although 
the effect of hydrocarbon would be ignored, to some 
extent, the existence of acid gas would make signifi cant 
increase in the solubility of water and it was un-neglected. 
The available CPA-EoS9–11 for sour natural gas always 
had constant binary interaction parameter and ignored 
the association between CO2 and H2O. Therefore, it is 
diffi culty to perform the phase behavior of sour natural 
gas with high accuracy and still has necessity to improve 
the CPA-EoS. 

In this article, new experimental data of water content 
in sour natural gas was reported. The hydrate system is 
a low-temperature system, and the associate interaction 
between different molecules cannot be ignored. The 
CPA-EoS would use the association strength between 
different molecules and the PR-EoS can describe the 
phase behavior of fl uid phase with high accuracy. So 
in this work, an improved thermodynamic model, using 
Cubic-Plus-Association equation of state and Peng-Robi-
son equation, for sour natural gas was implemented and 
validated against experimental data. In order to improve 
the accuracy of the thermodynamic model, the association 
between CO2 and H2S was considered in the modifi ed 
model. Then the thermodynamic model was deduced. 
In addition, the main parameters of thermodynamic 
model such as the more accurate energy parameters and 
temperature dependent binary interaction parameters 
were proposed.

EXPERIMENTAL SECTION

Materials used
High purity grade CO2 (99.9%), H2S (99.9%), CH4 

(99.9%) were supplied by Xinyuan gas company. Additio-
nally, the deionized water was used in all the experiments.

Apparatus
Figure 1 shows a schematic diagram used in this work. 

A cylindrical cell is made of hastelloy and immerse 
air bath which controls the temperature. The cell with 
a volume about 200 cm3 can be operated below 20 MPa, 
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273.15 to 673.15 K. To accelerate the mixtures estab-
lishing vapor-liquid equilibrium, a stirrer was involved 
in the cell. The temperature of the air bath would be 
determined by a circulator (PXR4 Fuji Electric, Japan) 
with a programmable controller. Then the temperature 
in the air bath and the cell would be measured with 
thermocouple probe (Omega) which with an accuracy of 
±0.1 K. Additionally, a pressure transducer with a maxi-
mum error of ±0.01 MPa was utilized to measure the 
pressure in the cell. To determine the composition of 
the gas mixtures, a Varian CX 3400 gas chromatograph 
(Varian Canada Inc., Mississauga, Ont) was utilized.

 To complete the phase equilibrium model, the CPA-
-EoS, which is combined with the well-known Peng-
-Robison equation (PR), has been applied to determine 
component fugacities in fl uid phase. In addition, the 
CPA-EoS in terms of pressure P is expressed by Kon-
togeorgis et al.

  (2)
where PPR stands for the physical part of pressure from 
the Peng-Robinson equation of state and is calculated 
by Eq. (3)

  (3)

Figure 1. Block Diagram of the apparatus used in this work

Procedure
The experiments were performed at temperature from 

276.5 K to 305.5 K and at a pressure with a wide range 
among 0.32 MPa to 5.78 MPa. Before the experiments 
run, three different compositions of sour natural gas 
were connected by the pure gas and stored in steel 
cylinder. Then the average composition of the three 
mixtures is determined from the same steel cylinder 
with the gas chromatograph. Prior to experiment, the 
cell was cleaned by deionized water for three times 
and then dried three times. With the full preparation, 
about 100 cm3 of distilled water was injected into the 
cell fi rstly. Then the gas was injected into the cell with 
pump to push the pressure of cell to the desired value. 
After that, the temperature of air bath was set to the 
desired value. When there was no systematic variation 
observed, it is indicated that the sour natural gas was 
completely saturated. Then the gas composition with 
gas chromatograph was measured to obtain the water 
content of sour natural gas at special situation.

Phase Equilibrium Model
A preliminary study has shown the importance of 

predicting water content in sour natural gas. In this 
work, a general phase equilibrium model depending on 
the equality of fugacity of each component in different 
phases has been used to model the equilibrium conditions 
of this quaternary system. 

 (1)
where the  and   are the fugacity of water in the 
different phase in equilibrium, such as vapor phase, 
liquid phase and solid phase, respectively.

where a denotes the temperature dependent P-R energy 
parameter, b refers to the temperature independent P-R 
co-volume parameter and Vm is the molar volume. The 
association part of pressure, Passoc, is given by Eq. (4)

  (4)

 is rigorously defi ned as the mole fraction of mole-
cule i not bonded to the site A and xi is the mole fraction 
of the component i. where T and R are temperature in 
Kelvin and the universal gas constant equal to 8.314 
m3 ∙ Pa ∙ mol–1 ∙ K–1. 

  (5)

where the association strength between site A on mole-
cule i and site B on molecule j, , is the key quantity 
of CPA-EoS for the associating components and may 
be defi ned as 

  (6)

where  and  are the bonding volume and ener-
gy parameters of CPA-EoS, respectively. Additionally, 
the kB characterizes the Boltzmann constant. For Pure 
component, these parameters are listed in Table 1. In 
this work, the parameters associated with H2S were 
obtained from the saturation pressure and liquid density 
value in DIPPR.

In addition, the radial distribution function, g(V), may 
be expressed as
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where kij is the binary interaction coeffi cient between 
components i and j. 

For the different associating molecules, the combining 
rules to calculate the association energy and volume 
parameters apply CR-1 mixing rules:

  (15)

  (16)

RESULTS AND DISCUSSION

The experimental results 
In this work, the water contents of three different 

sour natural gas compositions in various situation were 
measured and the results were listed in Table 2.

  (7)

The energy parameter a and co-volume parameter b 
of non-association components would be predicted by 
Eq.(8) and Eq.(9)

 (8)

  (9)

Tr,i=T/Tc,i  (10)
The mixing and combining rules for the parameters 

in the physical part of CPA-EoS, a and b, refer to the 
classical van der Waals equations:

  (11)

  (12)

where the classical combination rules are defi ned by:

  (13)

Table 2. The experimental results of water content in sour natural gas

Table 1. Pure component for the CPA-EoS
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Estimation of Parameters
Energy Parameter a Since hydrocarbon makes small 

effect on the water content, this work only considered 
the existence of CH4, CO2 and H2S. This work fi rstly 
refi ts the parameters of pure component. As Eq.(3) 
shows, the main parameters for pure component are 
energy parameter a and volume parameter b, which 
are obtained by the saturated vapor pressure and the 
saturated liquid density. In order to simplify the calcu-
lation process, this work assumed the volume parameter 
b was consistent, refi tting the energy parameter a. For 
non-association component, the a0 and c1 of Eq.(8) were 
calculated by the critical temperature, critical pressure 
and the acentric factor, and c2, c3 were equal to zero. 
However, as Li et al.14 reported, for the components 
involved in methane-rich natural gas, the equations for 
parameters a (J ∙ m3/mol2) with non-zero c2 and c3, wo-
uld obtain more accurate results. This work developed 
the new parameters a with the saturated liquid density 
and vapor pressure data of DIPPR database15 and the 
results were listed in Table 3. The objective function 
used is as below:

  (17)

To evaluate the accuracy of the modifi ed CPA-EoS 
(mCPA-EoS), a comparison between the results of origi-
nal CPA-EoS and the results of mCPA-EoS was presented 
and the results were shown in Figure 2.

As shown in Figure 2, a good agreement was obtained 
in the case of four pure components with the mCPA-EoS. 
However, the deviations of the original CPA-EoS was 
un-negligible. In Figure 2(a), there were big deviations 
between the experimental data and the CPA-EoS results 
when temperature was lower than 350 K or between 
400–600 K, which agrees with the results from Li et al14. 
The main reason may be that the effect of the mole  cular 
polarity of water is signifi cant in lower temperature and 
middle temperature range. The similar phenomenon 
was observed for H2S in lower temperature, showing 
in Figure 2(b). When temperature was lower than 360 
K, the predicted results of the original CPA-EoS were 
higher than the experimental value. This may be the 
effect of molecular polarity that decreased the saturated 
liquid density in lower temperature. When referring to 
CH4, as showing in Figure 2(c), the deviations of the 
original CPA-EoS were unacceptable for temperature 
lower than 170 K. However, the deviations decreased 
with temperature. It was noted that the original CPA-
-EoS was unsuitable for the low temperature CH4 system. 
As shown in Figure 2(d), the original CPA-EoS would 

Figure 2. Comparison of the H2O, H2S, CH4 and CO2 saturated liquid density between CPA-EoS, mCPA-EoS and the experimental 
data obtained from DIPPR, respectively

Table 3. Parameters for calculating energy parameter a 
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obtain good agreements for H2O-CO2 system around the 
273.15 K. While higher results were obtained in lower 
temperature and lower results were observed reversely. 
This may be the original CPA-EoS predict the interac-
tion between molecule falsely. For CH4, the association 
between different molecules makes the saturated liquid 
density higher in low temperature and lower in high 
temperature. For CO2 the similar phenomena is observed. 
But the original model neglects the association between 
different molecules and thus makes inaccurate results. 
Above all, with the new developed energy parameter 
a, the modifi ed CPA-EoS would perform the phase 
behavior of the four binary systems with high accuracy 
in the studied temperature range.

The Binary Interaction Coeffi  cient kij

 As Ruffi ne et al.16, 17 reported, it was a challenge 
to describe the behavior of binary mixtures by only 
applying one constant binary interaction coeffi cient kij. 
In addition, the binary interaction coeffi cient kij was 
sensitive to temperature, while had little infl uence by 
pressure. In this work, a temperature dependent kij 
was proposed for the six binary systems, respectively. 
Water was modeled by the 4C association scheme. H2S 
was assumed as 3B association scheme. And CO2 was 
modeled as solvent with one proton acceptor site, which 
was only associated with water. The related experimental 
data were listed in Table 4. Meanwhile, the results were 
shown in Eq.(18)~Eq.(23).

  (18)
  (19)
  (20)

  (21)
  (22)

  (23)

To evaluate the accuracy of the new binary interaction 
parameters kij, a comparison between the model predic-
tion results and partly experimental value was developed 
and the results were provided in Figure 3. Additionally, 

the experimental data used for fi tting the kij were not 
presented in this part.

As Figure 3 shows, a good agreement had been obta-
ined with the temperature dependent binary interaction 
parameter. It is demonstrated that the temperature-de-
pendent binary interaction parameters would perform 
the phase behavior of binary system with high accuracy. 
Additionally, based on the experimental data utilized 
to refi t the parameters of the thermodynamic model, 
the adapting temperature range of this model was 274 
~310 K, and the pressure range is 0.1 ~15 MPa.

Model prediction
To predict the water content of methane-rich natural 

gas, a two phase isothermal fl ash calculation with the 
modifi ed CPA-EoS was solved with a code embedded 
in Matlab. Firstly, the dry-based gas composition, tem-
perature and pressure were inputted. The initial phase 
equilibrium constant Ki

0 was proposed. Second, a two 
phase fl ash was performed. Then a new phase equili-
brium constant Ki would be obtained. If the deviation 
between Ki

0 and Ki was more than 0.001, the initial Ki
0 

would be updated and a new iteration would restart. 
On the contrary, the calculation results were available.

To accelerate convergence, the initial estimated phase 
equilibrium constant Ki was calculated by Eq.(24)36. 

  (24)
In this work, to evaluate the accuracy of the modifi ed 

CPA-EoS, a comparison between the predicted water 
content of methane-rich sour natural gas and the expe-
rimental data in literatures3, 37, 38 was proposed. Additio-
nally, the absolute deviation and the average absolute 
deviation was calculated by Eq.(25) and Eq.(26), and 
the results were listed in Table 5 and Table 6. 

 (25)

 (26)

Table 4. Source of experimental data of phase equilibria in binary mixtures 
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where  and are the experimental and the pre-
dicted water content, respectively, and N is the number 
of data points.

As Table 5 and Table 6 show, the modifi ed CPA-EoS 
would describe the phase behavior of methane-rich sour 
natural gas with high accuracy in all the studied tempe-
rature range. In Table 5, the ADs increased slightly with 
temperature. Especially, the ADs around 273.15 K were 
only about 1%, indicating the potential application of 
predicting water content of sour natural gas might be 
suitable below 273.15 K. This may be the experimental 
data used for the parameters fi tting were mostly in low 

temperature range. In Table 6, the experimental data 
reported by this work were measured in temperature 
from 276.5 K to 305.5 K, consequently, the ADs were 
below 3.5% and the AAD was only 1.946%, which was 
similar with Table 5. Additionally, the AAD in Table 6 
was higher than the ADs around 273.15 K in Table 5, 
and the ADs in Table 5 for mixture gas with both CO2 
and H2S were higher than sour natural gas with only 
CO2 or H2S. The main reason might be the modifi ed 
model ignores the association between CO2 and H2O. 
In conclusion, the AAD of the modifi ed CPA-EoS was 
lower than 3.6722%, which disclosed the modifi ed CPA-

Figure 3. Comparison between the prediction results of mCPA-EoS and experimental data from literatures
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-EoS would predict water content of methane-rich sour 
gas accurately. 

CONCLUSION

In this paper, new experimental data for water con-
tent in sour natural gas were reported, and a modifi ed 
CPA-Eos to predict water content in methane-rich sour 

Table 5. The comparison of the estimating value and literatures’ experimental data

Table 6. The comparison of the estimating value and experimental data developed in this work
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natural gas was presented. To improve the accuracy 
of estimating phase behavior in sour natural gas, the 
association between CO2 and H2O was considered, and 
accordingly a new energy parameter a as well as a tem-
perature dependent binary interaction parameter kij were 
also developed. The results revealed that, with the new 
energy parameter a, the accuracy of predicting saturated 
liquid density was improved. Comparing the calculated 
results of mCPA-EoS and the experimental value, the 
results showed that the ADs of the mCPA-EoS were 
increasing with temperature. And existence of both CO2 
and H2S in sour natural gas would decrease ADs. Above 
all, the mCPA-EoS would describe the phase behavior of 
methane-rich sour natural gas with high accuracy, with 
AADs less than 3.6722%. The results showed that the 
proposed method to improve the accuracy of thermody-
namic model was available. And it might be available for 
other systems. Additionally, the proposed model has the 
potential application for predicting the phase behavior, 
such as dissociation pressure of sour natural gas hydrate.

NOMENCLATURE 

T = absolute temperature in Kelvin
Tc = critical temperature 
Tr = reduced temperature 
P = total pressure in MPa
f = fugacity of gas species
g(1/V) = radial distribution function
kij = binary interaction parameter
V = the molar volume 
x = the mole fraction in liquid phase
R = the universal gas constant
AAD = the average absolute deviation
AD = the absolute deviation
a = energy parameter
b = co-volume parameter
c = the constant in Eq.(8)

Greek symbols
 = function of free sites of type A belonging to mo-

lecule i
 = association strength between two sites A and B 

belonging to molecules i and j, respectively
 = association energy for hydrogen bond between 

sites A and B belonging to molecules i and j, respectively
 = association volume for hydrogen bond between 

sites A and B belonging to molecules i and j, respectively
kB = the Boltzmann constant
 = the saturated liquid density

Superscripts
0 = the reference situation
i = the phase
j = the phase
PR = Peng-Robison equation
assoc = the effect of association part

Subscripts
w = water
H2S = hydrogen sulfi de
CO2 = carbon dioxide
CH4 = methane

c = the critical situation
0 = the reference situation
i = the component i
j = the component j
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