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arch of thermodynamic models of
gas hydrate phase equilibrium based on different
equations of state

Geng Zhang, a Jun Li,*ab Gonghui Liu,a Hongwei Yanga and Honglin Huanga

Choosing an appropriate equation of state and thermodynamic model is very important for predicting the

phase equilibrium of a gas hydrate. This study is based on statistical thermodynamics, considering the

changes in water activity caused by gas dissolution, and deriving and summarizing four thermodynamic

models. Based on the 150 collected experimental data points, the accuracy of the four thermodynamic

models in predicting the phase equilibrium of methane hydrate, ethane hydrate, and carbon dioxide

hydrate were compared. In addition, the influence of five equations of state on each thermodynamic

model's phase equilibrium prediction accuracy is compared. The analysis results show that in the

temperature range of 273.40–290.15 K, the Chen–Guo model is better than other thermodynamic

models in predicting the phase equilibrium of methane hydrate by using the Patel–Teja equation of

state. However, in the temperature range of 290.15–303.48 K, the John–Holder model predicts that the

phase equilibrium of methane hydrate will perform better. In the temperature range of 273.44–283.09 K,

the John–Holder model uses the Peng–Robinson state to predict the phase equilibrium of carbon

dioxide hydrate with the highest accuracy. In the temperature range of 273.68 K to 287.6 K, the Chen–

Guo model is selected to predict the phase equilibrium of ethane hydrate with the highest accuracy.

However, as the temperature increases, the predicted values of the vdW–P model and the Parrish–

Prausnitz model deviate further from the experimental values.
1. Introduction

A gas hydrate is an ice crystal-like solid formed by gas and water
molecules at low temperature and high pressure.1 So far, more
than 230 hydrate deposits have been discovered in the deep sea
and polar regions.2 Among them, natural gas hydrate provides
a type of clean energy. Meanwhile, natural gas hydrate has
received considerable attention due to its essential role in
energy storage.3–5 However, in the oil–gas eld, the formed
natural gas hydrates will cause device blockage and pose
a serious threat to oil–gas production, transportation, and
processing.6–10 Therefore, accurate and reliable hydrate phase
equilibrium prediction is necessary for natural gas hydrate
exploitation and essential for improving natural gas separation
technology and preventing blockage of oil and gas pipelines.

So far, the prediction methods of phase equilibrium of gas
hydrate mainly include experimental measurements, empirical
models, thermodynamic models, and articial intelligence
algorithms.11,12 The experimental determination of hydrate
equilibrium conditions requires high operating costs and is
time-consuming and not conducive to engineering
ng 102249, China. E-mail: lijun446@vip.
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applications.13 Although it is convenient and straightforward to
use empirical models to calculate the phase equilibrium of gas
hydrates, the scope of application is narrow due to the excessive
dependence of empirical parameters on experimental data.14–17

Articial intelligence algorithms, such as neural network algo-
rithms, are computationally complex, time-consuming, and
unsuitable for engineering applications.18–20 In addition, the
thermodynamic model is another way to predict the phase
equilibrium of gas hydrates. The signicant advantages of using
thermodynamic models are high accuracy and wide applicable
temperature range.21–25

The thermodynamic models that predict the formation
conditions of gas hydrates are almost all based on classical
statistical thermodynamics, then according to fugacity or
chemical potential of the components in different phases is
equal at phase equilibrium. van der Waals and Platteeuw26

developed a vdW–P model based on classical adsorption theory
for the rst time. Saito et al.27 established a method to predict
the phase equilibrium of hydrate. Later, Parrish and Prausnitz28

generalized it. John et al.29 considered that the weakness of the
vdW–P model lies in some unreasonable assumptions and
made reasonable corrections to the model. In addition, the
Chen–Guo model30 is another well-known thermodynamic
model used to predict the formation condition of hydrates.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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As mentioned in summary, the thermodynamic models for
predicting the phase equilibrium of hydrates can be divided
into two categories: the thermodynamic model based on the
vdW–P model, and the other is the thermodynamic model
based on the Chen–Guo model. Later, researchers revised and
developed the two types of thermodynamic models. Predicting
hydrate formation conditions is extended from aqueous solu-
tion to electrolyte solution and organic solvent-containing
solution,31–33 from single gas component to multi-gas compo-
nent.34 In addition, the temperature ranges for predicting the
phase equilibrium of hydrates continues to expand.

However, the prediction results of different thermodynamic
models are different. At the same time, there are differences in
the accuracy of the thermodynamic model predictions in
different temperature ranges. Therefore, we need to study the
best applicable range of each thermodynamic model. Finally,
we can use the most suitable thermodynamic model to predict
the phase equilibrium conditions of natural gas hydrates in
different temperature ranges.

In addition, the calculation of gas fugacity is also the key to
the accuracy of model prediction results.35 When using the
thermodynamic model for predictive analyses, we need to use
the equation of state to calculate the component fugacity. For
example, based on the vdW–P model, Naghibzade et al.36 used
the Redlish–Kwong equations of state (RK EOS) and Patel–Teja
equations of state (PT EOS) to predict the formation condition
of carbon dioxide hydrate; Pang et al.37 used The Peng–Rob-
inson equation of state (PR EOS) calculates the fugacity of the
mixed gas. Based on the Chen–Guomodel, Joshi et al.38 used the
Soave–Redlich–Kwong equation of state (SRK EOS) to calculate
the gas fugacity and obtained the phase equilibrium pressure of
methane hydrate in different concentrations of tetrabuty-
lammonium bromide solution; Barmavath et al.39 used the PT
EOS to calculate the gas fugacity and got the phase equilibrium
temperature of methane and carbon dioxide hydrate in porous
media. Through the water fugacity model, Avula et al.40 used the
PR EOS to predict the phase equilibrium prediction conditions
of methane and carbon dioxide hydrate in ionic solutions; Shi
et al.41 used the PR EOS to predict the formation conditions of
methane and carbon dioxide to form hydrates in tetrabuty-
lammonium halide. Liu et al.42 used the Benedict–Webb–Rubin
equation of state (BWRS EOS) to predict the phase equilibrium
of multi-element mixed gas hydrates. Although the above
research does not include all the equations of state used to
calculate the fugacity, it is found that replacing the equation of
state for calculating the fugacity under the same thermody-
namic model will directly affect the prediction accuracy of the
phase equilibrium condition of gas hydrate.

Therefore, based on the thermodynamic model, this paper
fully considers the water activity change caused by gas dissolution
and compares and analyzes the prediction accuracy of different
thermodynamic models in different temperature ranges. Mean-
while, RK EOS, SRK EOS, PR EOS, PT EOS, and BWRS EOS are
used to calculate the gas phase fugacity to predict the phase
equilibrium of the three gas hydrates of methane, ethane, and
carbon dioxide. Furthermore, optimal state equations applicable
to different thermodynamic models are optimized.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2. Thermodynamic model

The establishment of the thermodynamic model based on the
classical adsorption theory is based on the equilibrium condi-
tion that the chemical potential of water in the hydrate phase
and the water-rich phase is equal.

mH ¼ mW (1)

where, mH is the chemical potential of water in the hydrate
phase, and mW is the chemical potential of water in the water-
rich phase or ice phase.

Suppose the chemical potential (mb) of an empty hydrate
phase (a hypothetical state where water molecules do not occupy
the cavities of the crystal lattice) is used as a reference. In this
case, the equilibrium conditions can be expressed as follows:8>><

>>:
DmH ¼ DmW

DmH ¼ mb � mH

DmW ¼ mb � mW

(2)

where DmH and DmW are the chemical potential deviation.
According to the different calculationmethods of DmH and DmW,
a variety of thermodynamic models for phase equilibrium
prediction of gas hydrate have been developed.
2.1 Calculation of the DmH

In order to link the DmH with the observable quantity, van der
Waals and Platteeuw26 proposed the following hypothesis:

(1) Each cavity can only hold one gas molecule at most.
(2) The cavities are considered to be spherical, and the

intermolecular potential energy function can describe the
interaction between gas molecules and water molecules on the
crystal lattice.

(3) The gas molecules can rotate freely in the cavity.
(4) There is no interaction between gasmolecules in different

cavities, and gas molecules only interact with the nearest water
molecules.

(5) The contribution of water molecules to the free energy of
hydrates has nothing to do with the size and type of gas mole-
cules it contains (gas molecules cannot deform the hydrate
lattice).

Based on the above assumptions, the following expression of
DmH can be derived:

DmH ¼ RT
X2

i

ni lnð1� qiÞ (3)

where, ni is the number of i-type pores per water molecule, and
qi is the ratio of i-type pores occupied by guest molecules, as
follows:

qi ¼ CifgðT ; pÞ
1þP

i

CifgðT ; pÞ (4)

where, Ci is the Langmuir gas adsorption constant of guest
molecules in i-type cavities; fg(T,p) is the gas fugacity at
temperature T and pressure p.
RSC Adv., 2022, 12, 15870–15884 | 15871
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Given the different calculation methods of Ci, a series of
thermodynamic models of phase equilibrium of gas hydrate
have been developed, such as vdW–P model, Parrish–Prausnitz
and John–Holder model.

2.1.1. vdW–P model. The Ci describes the potential inter-
action between the encapsulated guest molecule and the
surrounding water molecules in each cage. van der Waals and
Platteeuw are calculated by assuming a spherically symmetric
potential, as follows:

CiðTÞ ¼ 4p

kT

ðRc

0

exp

�
� uðrÞ

kT

�
r2dr (5)

where k is the Boltzmann constant (k ¼ 1.38062 � 10�23 J K�1);
Rc is the radius of the hole; u(r) is the sum of the potential
energy between the guest molecules in the hydrate lattice cavity
and the water molecules constituting the cavity.

The calculation of u(r) depends on the molecular potential
energy model used. By comparing the calculation results of
several molecular potential energy models, McKoy et al.43 found
that the Kihara potential energy model is better for dealing with
hydrate problems. The u(r) derived from Kihara's potential
energy model is expressed as follows:

uðrÞ ¼ 2z˛
�
s12

Rc
11r

�
d10 þ a

Rc

d10
�
� s6

Rc
5r

�
d4 þ a

Rc

d5
��

(6)

where z is the coordination number (the number of water
molecules outside each pore); a is the radius of the molecular
core, Å; ˛ is the energy parameter, J; s is the distance between
the molecular nuclei when the potential energy is zero, Å.

The Kihara potential energy parameters of some gases are
shown in Table 1,44 and the calculation equation of s is as
follows:
Table 1 Kihara potential energy parameters of gas

Gas a (Å) s (Å) ˛/k (Å)

CH4 0.3834 3.1650 154.54
C2H6 0.6760 3.1383 190.80
C3H8 0.8340 3.1440 194.55
N2 0.5290 0.2569 150.03
H2S 0.4920 3.1774 198.53
CO2 0.17730 2.9605 170.97

Table 2 Empirical constants for calculating Ci

Gas

Structure I

Small cavity Large cavity

Ai � 103 Bi � 10�3 Ai � 102 Bi � 10�

CH4 3.7237 2.7088 1.8372 2.7379
C2H4 0.0830 2.3969 0.5448 3.6638
C2H6 0.0000 0.0000 0.6906 3.6638
N2 3.8087 2.2055 1.8420 2.3013
H2S 3.0343 3.7360 1.6740 3.6109
CO2 1.1978 2.8605 0.8507 3.2779

15872 | RSC Adv., 2022, 12, 15870–15884
dN ¼ 2

N

"�
1� r

Rc

� a

Rc

��N
�
�
1þ r

Rc

� a

Rc

��N#
(7)

where N is the exponent, taking the values 4, 5, 10, or 11,
respectively.

2.1.2. Parrish–Prausnitz model. Parrish and Prausnitz28

obtained the empirical equation for Ci through regression
experimental data, as shown below:

CiðTÞ ¼ Ai

T
exp

�
Bi

T

�
(8)

where Ai and Bi are empirical parameters, as shown in Table 2.
2.1.3. John–Holder model. John and Holder29 considered

that the cavities are not spherical. The distances between the
water molecules and the cavity centers are not equal, and used
a three-layer sphere model to describe the interaction between
water molecules and guest molecules. Each determines the total
potential energy Wi(r) of the cavities. The potential energy Wi(r)
of the layer shell is summed up, as shown below:

W(r) ¼ W1(r) + W2(r) + W3(r) (9)

where,Wi(r) (i ¼ 1, 2, 3) is calculated by the eqn (6) according to
the characteristic structural parameters of the i-layer sphere,
and the type parameters are shown in Table 3.

To account for the inuence of non-spherical molecules,
John and Holder introduced a disturbance factor Q* to correct
the Ci of spherical molecules, that is C*

i .

Ci ¼ Q*C*
i (10)

where the C*
i and theQ* of the spherical molecule are calculated

as follows:
Structure II

Small cavity Large cavity

3 Ai � 103 Bi � 10�3 Ai � 102 Bi � 10�3

2.9560 2.6951 7.6068 2.2027
0.0641 2.0425 3.4940 3.1071
0.0000 0.0000 4.0818 3.0384
3.0284 2.1750 7.5149 1.8606
2.3758 3.7506 7.3631 2.8541
0.9091 2.6954 4.8262 2.5718

Table 3 Structural characteristic parameters

Structure and
cavity type

First shell
Second
shell

Third
shell

n0 a0Rc (Å) z Rc (Å) z Rc (Å) z

I Small cavity 3.875 20 6.593 20 8.056 50 0.973 35.345
Large cavity 4.152 21 7.078 24 8.255 50 0.828 14.116

II Small cavity 3.870 20 6.697 20 8.079 20 0.973 35.335
Large cavity 4.703 26 7.464 28 8.782 50 2.313 782.847

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Antoine constants A0, B0 and C0

Gas

Structure I Structure II

A0 � 1015/Pa B0/K C0/K

A0

�
10�28/Pa B0/K C0/K

CO2 963.72 �6444.50 36.67 3.45 �12570 6.79
H2S 4434.20 �7540.62 31.88 3.28 �13523 6.70
CH4 1584.40 �6591.43 27.04 5.26 �12955 4.08
C2H4 48.42 �5597.59 51.80 0.04 �13841 0.55
C2H6 47.50 �5465.60 57.93 0.04 �11491 30.40
C3H6 0.95 �3732.47 113.60 2.39 �13968 8.78

Table 5 Empirical constants Ag and Bg

Gas Ag Bg

N2 �17.9343 1933.3810
O2 �17.1626 1914.1440
H2S �15.1035 2603.9795
CO2 �14.2831 2050.3267
CH4 �15.8262 1559.0631
C2H4 �18.0579 2626.6108
C2H6 �18.4004 2410.4807
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8>>><
>>>:

Q* ¼ exp

�
�a0

�
u

s

Rc � a

3

kT0

�n0
�

C*
i ¼ 4p

kT

ðRc

0

exp

�
� W1ðrÞ þW2ðrÞ þW3ðrÞ

kT

�
r2dr

(11)

where n0 and a0 are the characteristic constants of the cavity; u
is the eccentricity factor of the guest molecule; T0 is the refer-
ence temperature, and the general value is 273.15 K.

2.1.4. Chen–Guo model. Unlike the vdW–P model Parrish–
Prausnitz model and John–Holder model, the Chen–Guo model
assumes the two steps formation of gas hydrates: (1) the dis-
solved gas molecules in water and water molecules interact with
each other to form unstable clusters. (2) The gas continues to
dissolve into the water and enter the connecting cavities so that
the hydrate formed no longer has stoichiometric properties.

Based on the above assumptions, Chen and Guo30 used
statistical thermodynamics to derive the fugacity equation of
guest molecules in the hydrate phase based on the kinetic
mechanism of hydrate formation, as shown below:8>>>>>>><

>>>>>>>:

fg ¼ f 0ð1� qÞa ðaÞ

q ¼ CðTÞfg
1þ CðTÞfg ðbÞ

C ¼ X exp

�
Y

Y � Z

�
ðcÞ

(12)

wherea¼ l1/l2. l1 is the number of connection cavities contained
in each watermolecule.When the formed hydrate is the structure
I hydrate, a¼ 1/3; when it is the structure II hydrate, a¼ 1/2. l2 is
the number of gas molecules enclosed by each water molecule in
the basic hydrate. For structure I hydrate, l2 ¼ 3/23; and for
structure II hydrate, l2¼ 1/17. f0g is the gas phase fugacity of basic
unlled hydrate (q ¼ 0) at equilibrium, and which is affected by
temperature (T) pressure (P), and water activity (aW) and can be
expressed as the product of these three factors, namely

f0g ¼ f0(T)f0(P)f0(aW) (13)

where, f0(P) is calculated by the following equation:

f 0ðPÞ ¼ exp

�
bP

T

�
(14)

where b can be regarded as a constant. For structure I hydrate, b¼
0.4242 K bar�1; and for structure II hydrate, b ¼ 1.0224 K bar�1.

And f0(aW) can be obtained by the following equation:

f 0ðaWÞ ¼ a
�1=l2
W (15)

Meanwhile, f0(T) as a function of temperature can be ob-
tained by Antoine equations.

f 0ðTÞ ¼ A
0
exp

�
B

0

T � C 0

�
(16)

Since most pure gases only form one hydrate structure, the
Antoine constants A0, B0 and C0 can be obtained by calculating
the formation data of a pure gas hydrate with a particular
© 2022 The Author(s). Published by the Royal Society of Chemistry
structure. The Antoine constants of several typical gases are
shown in Table 4.

2.2 Calculation of the DmW

For the pure water phase (liquid water or ice), the model
proposed by Saito et al.27 to calculate DmW, that is:

DmW

RT
¼ Dm0

W

RT0

�
ðT
T0

DhW
RT2

dT þ
ðT
T0

DVW

RT

�
dp

dT

�
dT (17)

where DhW is the molar enthalpy difference of water between the
completely empty hydrate lattice and the pure water phase; DVW
is the molar volume difference between them; Dm0W is the
potential chemical difference between an empty hydrate lattice
and ice under T0 (usually 273.15 K) and no pressure conditions.

For the water-rich liquid phase containing hydrocarbon
solutes, Holder et al.45 assumed that DVW is independent of
temperature and simplied the above equation:

DmW

RT
¼ Dm0

W

RT0

�
ðT
T0

DhW
RT2

dT þ
ðp
0

DVW

RT
dp� lnðaWÞ (18)

where aW is the water activity in the water-rich liquid phase, and
the water activity in the system without inhibitor is approxi-
mately equal to pure water. When the temperature is lower than
the freezing point, aW ¼ 1; when the temperature is higher than
the freezing point, it needs to be calculated according to the
solubility (xg) of the gas in water. Here, we adopt the solubility
calculation equation recommended by Kuustraa et al.,46 which
is shown below:

aW zxW ¼ 1� xg

¼ 1� fg exp
�
Ag þ Bg

�
T
�
exp

"
� V gðp� 1Þ

82:06T

#
(19)
RSC Adv., 2022, 12, 15870–15884 | 15873
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Table 6 Regression constants Dm0W, Dh
0
W, DC

0
pW, DVW, and b

Parameter Structure I Structure II

Dm0W (J mol�1) 1120 931
Dh0W (J mol�1) 1714 (T < T0) 1400 (T < T0)

�4297 (T > T0) �4611 (T > T0)
DVW (mL mol�1) 2.9959 (T < T0 3.39644 (T < T0)

4.5959 (T > T0) 4.99644 (T > T0)
DCpW (J mol�1 K�1) 3.315 + 0.012(T � T0)

(T < T0)
1.029 + 0.004(T � T0)
(T < T0)

�34.583 + 0.189(T � T0)
(T > T0)

�36.861 + 0.181(T � T0)
(T > T0)
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where, xg is the solubility of the gas in the water-rich liquid
phase; �Vg is the partial molar volume of gas molecules in the
water-rich liquid phase, 60 for ethylene and 32 for other gas
components; Ag and Bg are model constants. The empirical
values of Ag and Bg for several typical gases are shown in
Table 5.

According to the thermodynamic equation, the molar
enthalpy difference (DhW) between the completely empty
hydrate lattice and the pure water phase can be expressed as
follows:

DhW ¼ Dh0W þ
ðT
T0

DCpWdT

DCpW ¼ DC0
pW þ bðT � T0Þ

(20)
Fig. 1 Calculation flow diagram of the vdW–P model, Parrish–Prausnitz

15874 | RSC Adv., 2022, 12, 15870–15884
where, Dh0W is the molar enthalpy difference between water in
an empty hydrate lattice and pure water phase when T ¼ T0;
DC0

pW is the heat capacity difference between an empty hydrate
lattice and pure water phase when T ¼ T0; b is the temperature
coefficient of the specic heat capacity.

Dm0W, Dh
0
W,DC

0
pW,DVW, and bmust be obtained by regression

of experimental data. The empirical values of those parameters
of the two hydrates are shown in Table 6.47

Combining the above calculation methods of DmH and DmW,
a set of phase equilibrium thermodynamic models of gas
hydrate can be formed. The proposed model can be used to
make accurate predictions of formation conditions of gas
hydrate. Furthermore, by considering only the effect of inhibitor
concentration on water activity, the model can be extended to
predict phase equilibria under impure conditions. However, the
focus of this paper is to evaluate the optimal range of applica-
bility of various thermodynamic models and to obtain the
equation of state that best matches the thermodynamic model.
Therefore, we will publish the phase equilibrium prediction
model under impure conditions in a subsequent study.
3. Model solution

The vdW–P model, Parrish–Prausnitz model, and John–Holder
model are all the thermodynamic models for predicting the
phase equilibrium of gas hydrate. However, the method used to
obtain the Langmuir constant is different. The vdW–P model
and John–Holder model determine the Langmuir constant
model, and John–Holder model.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Calculation flow diagram of the Chen–Guo model.
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through the potential energy function, while the Parrish–
Prausnitz model uses an empirical equation to calculate it.
Therefore, the solving steps of the vdW–P model, Parrish–
Prausnitz model, and John–Holder model are the same as the
owchart, that is, they are all solved by eqn (2), (3) and (18).

In eqn (3), there are two key parameters that need to be
taken. One of is the fugacity of the gas phase, which can be
calculated by RK EOS, SRK EOS, PR EOS, PT EOS or BWRS EOS,
see Appendix A1. The other is the Langmuir constant of gas,
which can be calculated using eqn (5), (8) or (10). The specic
calculation steps are as follows, and the solution ow is shown
in Fig. 1.

(1) Assuming the type of hydrate, and input the gas phase
composition and formation pressure.

(2) Assign an initial value to the generated temperature (Tg).
(3) Calculate the fugacity of the gas phase using the equation

of state according to the gas phase composition.
(4) Find the Langmuir constant.
(5) Calculate qi according to the type of hydrate.
(6) calculate the DmH and the DmW.
(7) Judge whether the jDmH � DmWj is less than the set

accuracy (here, we set it to 10�4), if this condition is met, the Tg
is the phase equilibrium temperature of the type of hydrate,
then return to the step (1) to change the hydrate type and
calculate again. Otherwise, return to the step (2) to adjust the Tg
and recalculate.

(8) Compare the temperature of the two types of formed
hydrates, take the higher one as the phase equilibrium
© 2022 The Author(s). Published by the Royal Society of Chemistry
temperature of the hydrates, and the corresponding type is the
type of hydrates.

Unlike the vdW–P model, the Chen–Guo model is solved by
eqn (12) and the equation of state for calculating gas fugacity.
The calculation steps of the Chen–Guo model under given
pressure conditions are as follows, which calculation process is
shown in Fig. 2.

(1) Assuming the type of hydrate, and input the gas phase
composition and formation pressure.

(2) Assign an initial value to the generated temperature.
(3) Calculate the f *g .
(4) Calculate the f0g.
(5) Calculate the C using eqn (12c), then calculate the q using

eqn (12b);
(6) Calculate the fg by eqn (12a).
(7) Judge whether the

			f *g � fg
			 is less than the set accuracy, if

the set accuracy (10�4) is not met, repeat steps (2)–(6) until the
requirements are met.

(8) Adjust the hydrate type and recalculate. Then compare
the temperature of the two types of formed hydrates, take the
higher one as the phase equilibrium temperature of the
hydrates, and the corresponding type is the type of hydrates.
4. Results and discussion

This study used four thermodynamic models to calculate the
phase equilibrium of the three gas hydrates including
methane hydrate, ethane hydrate, and carbon dioxide hydrate
RSC Adv., 2022, 12, 15870–15884 | 15875
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Fig. 3 Distribution of experimental data.
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in pure water. Based on this, the applicability of different
thermodynamic models in different temperature ranges is
evaluated. In addition, the inuence of the ve state equations
on the prediction accuracy of the thermodynamic model is
compared and analyzed to select the most suitable state
equation.

A total of 150 data points for the equilibrium of hydrates in
pure water were collected through research literature,48–50 which
can be seen from Fig. 3. We can clearly understand that the
collected methane hydrate phase equilibrium experimental
data are concentrated between 274–303 K; ethane hydrate data
are distributed between 274–288 K; and carbon dioxide hydrate
data are distributed between 274–283 K.

We compared the prediction accuracy of different thermo-
dynamic models. The evaluation standard is the average abso-
lute deviation (AADP). The expression of AADP is:

AADP ¼ 1

N

X				Texp � Tcal

Texp

				� 100% (21)
15876 | RSC Adv., 2022, 12, 15870–15884
4.1 Comparison of prediction results of different thermal
models

Fig. 4(a) shows the comparison curve between the predicted and
experimental value of methane hydrate phase equilibrium by
different thermodynamic models. The four thermodynamic
models are unied using SRK EOS to calculate the fugacity of
gas phase. It can be seen from the gure that the trend of the
phase equilibrium curve of methane hydrate predicted by the
four thermodynamic models are the same. As the temperature
increases, the prediction result of the Parrish–Prausnitz model
is gradually lower than the experimental value. Only the John–
Holder model and Chen–Guo model are relatively close to the
experimental value. In addition, due to the inuence of the non-
spherical cavity when the John–Holder model calculates the
potential energy, the prediction result of the John–Holder
model is closer to the experimental value than the vdW–P
model.

Fig. 4(b) describes the statistical prediction error of each
thermodynamic model. It is easy to nd from the gure that the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of prediction results of phase equilibrium of methane hydrate under different thermodynamic model conditions. (a)
Comparison of prediction results of phase equilibrium. (b) Average absolute deviation of different thermodynamic models.
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AADP of each thermodynamic model in the broad temperature
range of 273.40–303.48 K is 12.04%, 6.19%, 6.10%, 2.83%,
respectively. The Chen–Guo model is better than other ther-
modynamic models in predicting the equilibrium temperature
of CH4 hydrate in this temperature range. However, in the
temperature range of 290.15–303.48 K, the predicted accuracy of
the Chen–Guo model (4.05%) is lower than the John–Holder
model (1.13%). Which indicates that choosing a suitable ther-
modynamic model in different temperature ranges is very
meaningful to improve the prediction accuracy of phase equi-
librium of methane hydrate.

Fig. 5(a) depicts the comparison between the predicted
values and experimental values of carbon dioxide hydrate phase
equilibrium under different thermodynamic model conditions.
It can be seen from the gure that the predicted values of the
vdW–P model and the Parrish–Prausnitz model are lower than
the experimental values, while the John–Holder model and the
Fig. 5 Comparison of prediction results of phase equilibrium of carbon
Comparison of prediction results of phase equilibrium. (b) Average abso

© 2022 The Author(s). Published by the Royal Society of Chemistry
Chen–Guo model are relatively close. In particular, as the
temperature increases, there is a considerable deviation
between the predicted value of the Parrish–Prausnitz model and
the experimental value. Which shows that the empirical equa-
tion for calculating the Langmuir constant in the Parrish–
Prausnitz model under high-temperature conditions is no
longer applicable. From Fig. 5(b), it is found that in the
temperature range of 273.44 K to 283.09 K, the AADP for each
thermal model is 6.23%, 20.16%, 0.60%, and 4.18%, respec-
tively. Therefore, under this temperature range, the John–
Holder model performances best in predicting the phase equi-
librium of carbon dioxide hydrate.

Fig. 6 shows the prediction results of phase equilibrium of
ethane hydrate in different thermodynamic models. It can be
found from the gure that as the temperature increases, the
predicted values of the vdW–P model and the Parrish–Prausnitz
model are gradually lower than the experimental values. Only
dioxide hydrate under different thermodynamic model conditions. (a)
lute deviation of different thermodynamic models.

RSC Adv., 2022, 12, 15870–15884 | 15877
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Fig. 6 Comparison of prediction results of phase equilibrium of ethane hydrate under different thermodynamic model conditions. (a)
Comparison of prediction results of phase equilibrium. (b) Average absolute deviation of different thermodynamic models.

Fig. 7 Comparison of prediction results of phase equilibrium of methane hydrate under different state equations. (a) Predicted values of vdW–P
model. (b) Mean absolute deviation of the vdW–P model. (c) Predicted values of Chen–Guo model. (d) Mean absolute deviation of the Chen–
Guo model.

15878 | RSC Adv., 2022, 12, 15870–15884 © 2022 The Author(s). Published by the Royal Society of Chemistry
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the predicted values of the John–Holder model and the Chen–
Guo model are close to the experimental values. It can be seen
from Fig. 6(b) that in the temperature range of 273.68–287.6 K,
the AADP of the ethane hydrate phase equilibrium predicted by
each thermodynamic model is 9.23%, 20.26%, 4.48%, and
1.78%, respectively. This means that the Chen–Guo model is
selected to predict the phase equilibrium of ethane hydrate with
the highest accuracy in this temperature range.
4.2 The inuence of the equation of state on the predicted
results

When using thermodynamic models to predict the phase equi-
librium of gas hydrates, the gas phase fugacity is one of the
critical parameters that affect the accuracy of the prediction
results. In this study, ve state equations are applied to the same
thermodynamic model in turn, then the state equation most
suitable for the thermodynamic model is selected. The effect of
the state equation on the vdW–P model, Parrish–Prausnitz
model, and John–Holder model is the same because they all have
the same solution steps. Therefore, this study only uses the vdW–

P model and Chen–Guo model for calculation and analysis.
Fig. 8 Comparison of prediction results of phase equilibrium of carbon
vdW–P model. (b) Mean absolute deviation of the vdW–P model. (c) Pre
Chen–Guo model.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Fig. 7 depicts the comparison between the between the
predicted values and experimental values of phase equilibrium
of methane hydrate in pure water under different equations of
state. It's easy to nd that the overall trends of the predicted
phase equilibrium curves of the vdW–P model and the Chen–
Guo model are the same under the ve different state equation
conditions. For the vdW–Pmodel, as the temperature increases,
the results predicted by the RK, PR, and PT equations of state
are gradually higher than the experimental values. Among
them, the results predicted by the PR equation of state have the
highest degree of deviation. The BWRS expected result is the
closest to the experimental value. Which can be shown in
Fig. 7(a). It can be seen from Fig. 7(b) that the AADP predicted by
the ve equations of state in the vdW–P model under the
temperature range of 273.40–303.48 K is 13.52%, 12.04%,
17.69%, 13.57%, and 13.32%, respectively.

As shown in Fig. 7(c), as the temperature rises, the results
predicted by the Chen–Guo model using the PR EOS are grad-
ually higher than the experimental value, and the results pre-
dicted by the SRK EOS and BWRS EOS are progressively lower
than the experimental value. In contrast, the results predicted
dioxide hydrate under different state equations. (a) Predicted values of
dicted values of Chen–Guo model. (d) Mean absolute deviation of the

RSC Adv., 2022, 12, 15870–15884 | 15879
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by the RK EOS and PT EOS are relatively close to the experi-
mental values. When the temperature is higher than 300 K, the
result predicted by the PT is closer to the experimental value
than the result predicted by the RK. It can be seen from Fig. 7(d)
that the AADP of Chen–Guo model uses the ve state equations
is 1.75%, 2.83%, 7.86%, 1.67%, and 2.21%, respectively. This
means that the Chen–Guo model uses the PT EOS to predict
phase equilibrium of methane hydrate with the highest accu-
racy in the broad temperature range of 273.40–303.48 K. At the
same time, this shows that the choice of the state equation
greatly inuences the prediction accuracy of the thermody-
namic model, too.

Fig. 8 depicts the comparison between the predicted values
and experimental values of phase equilibrium of carbon dioxide
hydrate in pure water under different equations of state. It can
be seen from Fig. 8(a) that the results predicted by the ve
equations of state of the vdW–P model have slight differences.
With the increase of temperature, the results are all lower than
the experimental values, and the results predicted by the PR is
closest. It can be found from Fig. 8(b) that the AADP predicted
by the ve equations of state in the vdW–P model in the
Fig. 9 Comparison of prediction results of phase equilibrium of ethane
model. (b) Mean absolute deviation of the vdW–P model. (c) Predicted v
Guo model.

15880 | RSC Adv., 2022, 12, 15870–15884
temperature range of 273.44–383.09 K is 15.15%, 13.94%,
10.86%, 11.48%, and 12.17%.

It can be seen from Fig. 8(c) that the phase equilibrium
curves predicted by the Chen–Guo model using different
equations of state coincide. Therefore, for carbon dioxide
hydrate, the choice of the equation of state has little effect on
the prediction accuracy of the Chen–Guomodel. It's easy to nd
from Fig. 8(d) that the AADP corresponding to the ve equations
of state is 3.48%, 2.88%, 1.45%, 1.67%, and 1.97%, respectively.
Therefore, in the range of 273.36–283.3 K, the Chen–Guo model
uses the PR equation of state to predict the phase equilibrium of
carbon dioxide hydrate with the highest accuracy.

Fig. 9 shows the comparison between the predicted values
and experimental values of the phase equilibrium of ethane
hydrate under different equations of state. It can be seen from
Fig. 9(a) that the prediction results of the vdW–P model using
the PR EOS and PT EOS are relatively close to the experimental
values. However, as the temperature increases, the prediction
results of the vdW–P model using the RK, SRK, and BWRS are
gradually lower than the experimental values. It can be found
from Fig. 9(b) that the AADP predicted by the vdW–P model
hydrate under different state equations. (a) Predicted values of vdW–P
alues of Chen–Guo model. (d) Mean absolute deviation of the Chen–

© 2022 The Author(s). Published by the Royal Society of Chemistry
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under different equations of state conditions is 8.68%, 8.40%,
4.48%, 5.24%, and 11.48%, respectively. This also shows that
the choice of the state equation greatly inuences the prediction
results of the vdW–P model.

The phase equilibrium of ethane hydrate curves predicted by
the Chen–Guo model under different equations of state coin-
cides, which can be shown in Fig. 9(c). This shows that for
ethane hydrate, the choice of the equation of state has little
effect on the prediction accuracy of the Chen–Guo model. It can
be seen from Fig. 9(d) that the AADP corresponding to ve state
equations are 1.55%, 1.50%, 1.45%, 1.39%, 1.42%, respectively.
Therefore, the Chen–Guomodel uses the PT equation of state to
predict the phase equilibrium of ethane hydrate with the
highest accuracy in the temperature range of 273.68–287.61 K.

5. Conclusions

In order to improve the accuracy of gas hydrate prediction, this
study is based on a thermodynamic model and fully considers
the changes in water activity caused by gas dissolution. The
prediction results of different types of gas hydrates under
various temperature ranges and different equations of state are
compared. Furthermore, the thermodynamic model with the
highest prediction accuracy and the corresponding equation of
state is optimized. Through the verication of experimental
data, this study draws the following conclusions:

(1) For CH4 and C2H6, the Chen–Guo model predicts better
results than other thermodynamic models overall. CO2 and C2H6

in comparison with CH4, the prediction accuracy of the John–
Holder model, which incorporates the effect of spherical asym-
metry, is higher than that of the vdW–P model and the Parrish–
Prausnitz model, referring to Fig. 4–6 in this manuscript.

(2) The higher the predicted temperature, the farther the
Parrish–Prausnitz model predictions deviate from the experi-
mental values, indicating that the empirical formula for calcu-
lating the Langmuir adsorption constants in the Parrish–
Prausnitz model is no longer applicable under high tempera-
ture conditions.

(3) The vdW–P model is sensitive to the choice of state
equation compared to the Chen–Guo model. The prediction
results of the vdW–P model vary widely with the choice of
different equations of state, especially for ethane hydrate. vdW–

P model and Chen–Guo model select the PT equation of state
with the highest prediction accuracy compared with other
equation of state, see Fig. 7–9 in this paper.

Appendix A
RK EOS

The expression of the RK state equation is as follows:

p ¼ RT

n� b
� aðTÞ

ðnþ bÞn (A-1)

Among, a(T) ¼ T�0.5.
When the RK EOS is used, the gas phase fugacity fg can be

expressed as:
© 2022 The Author(s). Published by the Royal Society of Chemistry
ln

�
fg

p

�
¼ Zg � 1� ln

�
Zg � B

�� A

B
ln

�
Zg þ B

Zg

�

Zg
3 � Zg

2 þ �
A� B� B2

�
Zg � AB ¼ 0

(A-2)

In eqn (A-2), Zg takes the largest real root, and the expres-
sions of A and B are:

A ¼ 0:42748pT 2:5
c

pcT2
aðTÞ B ¼ 0:08664pTc

pcT
(A-3)

SRK EOS

Using the SRK EOS to calculate the gas phase fugacity fg is
consistent with the RK equation of state calculation method,
only the expressions of a(T) and A are different, namely.

aðTÞ ¼
�
1þ �

0:48þ 1:574u� 0:176u2
��

1�
ffiffiffiffiffi
T

Tc

r ��2

A ¼ 0:42748pTc
2

pcT2
aðTÞ

(A-4)

PR EOS

The expression of the PR state equation is as follows:

p ¼ RT

n� b
� aðTÞ

n2 þ 2bn� b2
(A-5)

In the equation, the expression of a(T) is as follows:

aðTÞ ¼
��
0:3746þ 1:542264u� 0:26992u2

��
1�

ffiffiffiffiffi
T

Tc

r ��2
(A-6)

When using the PR equation of state, the gas phase fugacity
fg is expressed as follows:

ln

�
fg

p

�
¼ Zg � 1� ln

�
Zg � B

�� A

2
ffiffiffiffiffiffi
2B

p ln

"
Zg þ

� ffiffiffi
2

p þ 1
�
B

Zg �
� ffiffiffi

2
p � 1

�
B

#

Zg
3 � ðB� 1ÞZg

2 þ �
A� 2B� 3B2

�
Zg þ

�
B3 þ B2 � AB

� ¼ 0

(A-7)

In eqn (A-7), Zg takes the largest real root, and the expres-
sions of A and B are:

A ¼ 0:4572pTc
2

pcT2
aðTÞ B ¼ 0:07780pTc

pcT
(A-8)

PT EOS

The expression of the PT state equation is as follows:

p ¼ RT

n� b
� a

nðnþ bÞ þ cðn� bÞ (A-9)
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When using the PT equation of state, the gas phase fugacity
fg is expressed as follows:
ln

�
fg

p

�
¼ Zg � 1� ln

�
Zg � B

�� a

2NRT
ln

�
Zg þM

Zg þQ

�

Zg
3 � ðC � 1ÞZg

2 þ �
A� 2BC � B2 � B� C

�
Zg þ

�
CB2 þ BC � AB

� ¼ 0
In eqn (A-7), Zg takes the largest real root, and the expres-
sions of A, B, C, a, b, c are:

A ¼ ap

R2T2
B ¼ bp

RT
C ¼ cp

RT

a ¼ UaR
2Tc

2

pc

�
1þ F

�
1�

ffiffiffiffiffi
T

Tc

r ��2
b ¼ U0RTc

pc
c ¼ UcRTc

pc

Ua ¼ 3xc
2 þ 3ð1� 2xcÞU0 þ Ub

2 þ 1� 3xc

(A-11)

In this study, the values of F and xc can be obtained in the
literature,51 and the value of Ub is the smallest positive root of
eqn (12), which is expressed as follows:
Ub
3 þ ð2� 3xcÞUb

2 þ 3xc
2Ub � xc

3 ¼ 0 Uc ¼ 1� 3xc

N ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bcþ 0:5ðbþ c2Þ

p
M ¼ ½0:5 ðbþ cÞ �N�

RT
Q ¼ ½0:5ðbþ cÞ þN�p

RT
BWRS EOS

The BWRS equation is a multi-parameter state equation, and its
form is:

p ¼ rRT þ
�
BRT � A� C

T2
þ D

T3
� E

T4

�
r2

þ
�
bRT � a� d

T

�
r3 þ a

�
aþ d

T

�
r6 þ cr3

T2

�
1þ gr2

�
exp

� �
gr2

�
(A-13)

In the eqn (A-13), A, B, C, D, E, a, b, c, d, a, g are the 11
parameters of the equation of state, all of which can be deter-
mined by its critical parameters Tc, pc, rc and eccentricity factoru.8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

rcB ¼ A1 þ B1u
rcA

RTc

¼ A2 þ B2u
rcA

RTc
3
¼ A3 þ B3u

rc
2g ¼ A4 þ B4urc

2b ¼ A5 þ B5u
rc

2a

RTc

¼ A6 þ B6u

rc
3a ¼ A7 þ B7u

rc
2b

RTc
3
¼ A8 þ B8u

rcD

RTc
4
¼ A9 þ B9u

rc
2d

RTc
2
¼ A10 þ B10u

rcE

RTc
5
¼ A11 þ B11u expð�3:8uÞ

(A-14)
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The relevant parameters in eqn (A-14) and the physical
parameters of natural gas pure gas substances can be found in
the literature.52
When using the BWRS equation of state, the gas phase
fugacity fg is expressed as follows:

ln 4 ¼ ln
f

p
¼ Z � 1� ln Z þ 1

RT

ðp
0

ðp� RTrÞdr
r2

¼ �ln pðV � bÞ
RT

þ 2

R

�
BR� A

T
� C

T3
þ D

T4
� E

T5

�
r

þ 3

2R

�
bR� a

T
� d

T2

�
r2 þ 6a

5RT

�
aþ d

T

�
r5

þ c

gRT3

�
1þ

�
gr2

2
þ g2r4 � 1

�
exp

��gr2��
(A-15)
Abbreviations
mH
© 2
Chemical potential of water in hydrate phase

mb
 Chemical potential of empty hydrate phase

DmW
 Chemical potential deviation of water in water-rich phase

T
 Temperature, K

qi
 Ratio of i-type pores occupied by guest molecules

fg
 Gas fugacity, Pa

Rc
 Radius of cavity

z
 Coordination number

s
 Distance between the molecular nuclei, Å

n0,
a0
Characteristic constants of the cavity
aW
 Water activity

DVW
 Molar volume difference

mW
 Chemical potential of water in water-rich phase

DmH
 Chemical potential deviation of water in hydrate phase

R
 Gas constant, 8.314 J (K�1 mol�1)

ni
 Number of i-type pores per water molecule

Ci
 Langmuir gas adsorption constant of guest molecules in

i-type cavities

k
 Boltzmann constant, 1.38062 � 10�23 J K�1
u
 Sum of the potential energy in the hydrate lattice cavity

a
 Radius of the molecular core, Å

Q*
 Disturbance factor
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f0g
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Gas phase fugacity of basic unlled hydrate

DhW
 Molar enthalpy difference of water

xg
 Gas solubility
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