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Natural gas hydrate is a potential energy source in the future, which widely occurs in nature
and industrial activities, and its formation and decomposition are identified by phase
equilibrium. The calculation of multicomponent gas phase equilibrium is more complex
than that of single component gas, which depends on the accurate model characterized
by enthalpy and free energy. Based on the Kvamme-Tanaka statistical thermodynamic
model, theoretical and experimental methods were used to predict and verify the phase
equilibrium of pure methane hydrate and carbon dioxide hydrate in the temperature range
of 273.17-289.05 K. The phase equilibrium curves of methane-containing gases such as
CH4+C0O,,CH4+CoHg,CH4+HoS and CH4+CO»+H5S under different mole fractions were
drawn and analyzed, and the decomposition or formation enthalpy and free energy of
hydrate were calculated. The results show that, the phase equilibrium curves of the
methane containing systems is mainly related to the guest molecule type and the
composition of gas. The evolution law of phase equiliorium pressure of different gases
varies with composition and temperature, and the phase splitting of CO, at the quadruple
point affects the phase equilibrium conditions. Due to the consideration of the interaction
between the motion of guest molecules and the vibration of crystal lattice, the model
exhibits a good performance, which is quantified in terms of mean square error (MSE) with
respect to the experimental data. The magnitudes of MSE percent are respectively 1.2,
4.8, 15.12 and 9.20 MPa? for CH,+CO,, CH4+CoHg, CH4+H,S and CH4+COo+H,S
systems, and the values are as low as 3.57 and 1.32 MPa? for pure methane and
carbon dioxide, respectively. This study provides engineers and researchers who want
to consult the diagrams at any time with some new and accurate experimental data,
calculated results and phase equilibrium curves. The research results are of great
significance to the development and utilization of gas hydrate and the flow safety
prediction of gas gathering and transportation.

Keywords: hydrate, methane, thermodynamics, phase equilibrium, enthalpy, free energy

Frontiers in Energy Research | www.frontiersin.org 1

October 2021 | Volume 9 | Article 743296


http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2021.743296&domain=pdf&date_stamp=2021-10-06
https://www.frontiersin.org/articles/10.3389/fenrg.2021.743296/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.743296/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.743296/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.743296/full
http://creativecommons.org/licenses/by/4.0/
mailto:asharey@yeah.net
https://doi.org/10.3389/fenrg.2021.743296
https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2021.743296

Liang et al.

INTRODUCTION

Natural gas hydrate (NGH) is a solid clathrate crystal material
composed of water cages, which contain molecules such as
hydrocarbons, carbon dioxide, hydrogen sulfide and other
molecules, in which methane is the dominant gas
(Vedachalam et al., 2015). Different structures of NGH can be
formed by the reaction of water and gas molecules under certain
conditions such as temperature, pressure, gas saturation, water
salinity and pH value, etc (Makogon, 1997; Darbouret et al., 2005;
Makogon, 2010; Babu et al., 2013; Babu et al., 2014; Veluswamy
et al,, 2016; Anwar et al., 2018). NGH is a potential alternative
energy with tremendous reserves, which occurs in permafrost and
marine sediments. Collett et al. estimate that the amount of
natural gas stored in hydrate reservoirs in the world is
between 2.8x10° and 8 x 108m’ at standard conditions,
which is a fairly high value (Collett, 2009). Therefore, it has
attracted great attention in Japan, China, South Korea, India and
other countries with relatively scarce resources, where researchers
are more interested in hydrates than in the United States, Canada
and Europe in recent years (Zhao et al,, 2019). Although some
hydrate production tests have been carried out all over the world,
there is no efficient and safe exploitation method at present, and
the exploitation of NGH still faces many basic research problems
(Liuetal, 2019; Ye et al., 2020). The academia pay close attention
to the phase equilibrium research of NGH, and the related work
has been applied in many fields such as energy, chemical industry,
bioengineering and environmental protection (Qorbani, 2017).
NGH widely occurs in the natural environment or in the
process of oil and gas production and transportation, and its
formation and decomposition are identified by phase
equilibrium. How to describe all the complex phases and
components quantitatively in a model is a question that
people have been trying to answer for many years. Since the
first hydrate phase equilibrium model was established based on
statistical thermodynamic (van der Waals and Platteeuw, 1959),
other scholars have proposed more accurate prediction models,
most of which are based on van der Waals and Platteeuw’s theory
(vdW-P model). For instance, Parrish and Prausnitz used an
empirical correlation to calculate the Langmuir constant, which
greatly simplified the application of van der Waals- Platteeuw
model (Parrish and Prausnitz, 1972). To overcome the
disadvantage of Parrish-Prausnitz model in predicting the
pressure of asymmetric mixtures, Ng and Robinson modified
the chemical potential of water in hydrate phase, which improved
the prediction results (Ng and Robinson, 1976). John et al.
noticed the effects of the non-spherical and outer water
molecules of the guest molecules on the total potential energy
of the cavity (John et al., 1985). They used the three-layer sphere
model to describe the interaction between the guest molecules in
the hydrate cavity and the water molecules around the cavity, and
introduced a correction factor Q* to correct the non-spherical
characteristics of the molecules. Du and Guo improved the model
of John et al,, and predicted the hydrate formation conditions of
methanol-containing system, and finally obtained satisfactory
results (Chen and Guo, 1996). Chen and Guo thought that the
similarity between the process of gas molecules wrapped by water
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molecules and the Langmuir isothermal adsorption process is not
as great as van der Waals and Platteeuw thought, so they
proposed a new model (Du and Guo, 1990). In 1995, Kvamme
and Tanaka extended the theory of van der Waals and Platteeuw
to study the thermodynamic stability of C,H,, C,Hs and CO,
(Kvamme and Tanaka, 1995). As we know, the simplest
calculation of hydrate phase equilibrium starts from pure gas
hydrate. Using the phase equilibrium relationship of pure
methane to predict the hydrate formation and decomposition
of multicomponent gases was a common phenomenon in oil and
gas field production in the past, and even many gas fields over the
world adopt this simple method currently. However, this practice
can no longer meet the needs of current industrial development,
because natural gas contains not only methane, but also
hydrocarbon gases such as ethane and propane, as well as
non-hydrocarbon gases such as carbon dioxide and hydrogen
sulfide. Hence, the models of multicomponent gas hydrate were
established by researchers to predict the phase equilibrium
boundary of NGH with complex gas components and
experiments were carried out to verify the accuracy of these
model. Subramanian et al. measured the transformation of sl
hydrate and slII hydrate in CH,-C,Hg binary system and studied
the phase equilibrium (Subramanian et al., 2000a). Anderson
et al. studied the phase equilibrium of CH4-CO, binary system
and found that the phase equilibrium pressure of CO, hydrate is
lower than that of CH, hydrate when the temperature is lower
than 283 K (Anderson et al., 2003). Huang and Sun measured the
hydrate formation data of CH4+CO,+H,S system at
274.2-299.7K and 0.58-8.68 MPa, and calculated the phase
equilibrium data using Chen-Guo model (Huang et al., 2005).
Moradi et al. studied the phase equilibrium of CH,4, C,Hg, C3Hg,
CO,, N, and their two-component gas hydrates (Moradi and
Khosravani, 2012). To predict the phase equilibrium data of pure
CO,, H,S and multicomponent acid gas hydrates, Bahman and
Mohammad proposed a CPA/Electrolyte/Chen-Guo model,
which took into account the effects of hydrolysis and
hydrogen bond association (ZareNezhad and Ziaee, 2013). In
summary, different thermodynamic models have been used to
study the multi-component system hydrate, and some
conclusions have reached a consensus.

In addition to the pressure and temperature conditions along
the equilibrium curve, other thermodynamic properties such as
enthalpy and free energy are crucial to studies related to the
aforementioned applications. However, it is found that the
hydrate formation mechanism of multi-component system is
complex, and there are many research models with different
precision. Most of these models increase the prediction accuracy
by improving Langmuir constant or potential energy function,
and the vdW-P model and Chen-Guo model are most widely
used in thermodynamic calculation. Nevertheless, there are few
studies on the systematic image description of hydrate phase
equilibrium for multi-component system containing methane so
far, and there is a lack of phase equilibrium research based on the
modified Kvamme-Tanaka model. Beyond that, to our
knowledge, the phase transition with rapid change in CO,
density is rarely mentioned in the literature, and the
misunderstanding of CO, hydrate is more stable than CH,
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hydrate over a limited range of pressures and temperatures is
widely recognized. Therefore, to fill the abovementioned gap, the
phase equilibrium and thermodynamic parameters of gas hydrate
in methane containing system were studied and analyzed by
Kvamme-Tanaka statistical thermodynamic model (Kvamme
and Tanaka, 1995) in this manuscript. Based on the
experimental data and calculation results, we compared the
phase equilibrium curves of methane hydrate, carbon dioxide
hydrate and some methane containing multi-component hydrate,
and calculated the enthalpy change and free energy of them. This
study complements the new data for mixed gas phase equilibrium
and gives some hydrate phase equilibrium diagrams of methane
containing system, which can provide a basis for the development
and utilization of NGH, and the prediction of gas gathering and
transportation flow safety.

METHODOLOGY
Thermodynamic Model of Hydrate

There are many theoretical models to predict the phase
equilibrium of gas hydrate, among which the statistical
mechanical model based on Langmuir adsorption isotherm
theory by van der Waals and Platteeuw plays an important
role (van der Waals and Platteeuw, 1959). The four main
assumptions of the model include that the guest molecules do
not deform the cavity, that there is no interaction between the
guest molecules, that each cavity can accommodate only one
guest molecule, and that the cavity is spherically symmetric. In
theory, the thermodynamic calculation of gas hydrate can be
carried out by using the properties of single component gas.
However, the vdW-P model does not consider the interaction
between the motion of guest molecules and the vibration of
crystal lattice, which has some limitations in application.
When the guest molecule is a small nonpolar molecule, the
interaction between the motion of the guest molecule and the
vibration of the crystal lattice is small, and the assumption of
vdW-P model is comparatively reasonable. However, the
reasonableness of this assumption is weakened for large
molecules or small polar molecules because they distort the
water lattice and have a very significant interaction, resulting
in the inaccuracy of the classical calculation method of Langmuir
constant. So Kvamme and Tanaka proposed an improved model,
which can calculate the phase equilibrium of multi-component
hydrates of large or micro polar molecules such as CO, and H,S
(Kvamme and Tanaka, 1995). In this work, it is assumed that the
chemical potentials of guest molecules in large and small cavities
are equal and the ideal liquid is chosen as a reference state in
fugacity coefficient calculation. The chemical potential of the
water inside the hydrate can be expressed as (Kvamme and
Tanaka, 1995; Kvamme, 2019; Kvamme et al., 2019):

//‘gzo = yg’f‘é - z RTv; 1n<1 + hij>, (1)
j=12 i

in which the superscript H denotes hydrate phase, the superscript
O denotes empty clathrate. v; is j-type cavity number of per water
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molecule in hydrate structure. In sI hydrate, small cavity vg = 1/
23, large cavity v, = 3/23. R is universal gas constant and T is
temperature. h;; is canonical partition function of i guest molecule
in j cavity, which is given by the following equation:

by = eﬁ(ﬂf}*Agl?‘) = Ciifi (2)

where f3 is the inverse of the general gas constant times the
temperature. In thermodynamic equilibrium, the chemical
potential ;45 of guest molecule i in j cavity is equal to its
chemical potential in the original phase (gas, liquid or fluid).
Cjj is the Langmuir constant and f; is the fugacity of guest
molecule 7, which is obtained from SRK equation of state (Soave,
1972). A gf?‘c is the free energy of guest molecule i in the j cavity of
hydrate, which can be expressed as:

. > Ti
Agiy = gkiﬁ, (3)

where T, is the critical temperature of the guest molecule. The
reference values of k; for different guest molecules are shown in
the relevant literature (Kvamme and Tanaka, 1995; Qorbani,
2017). The form of Eq. 3 is also used for empty clathrates. To
calculate the chemical potential, it is necessary to associate the
cavity partition function with the composition and express the
occupancy of guest molecule i in j cavity with the filling
fraction 8;;.

Ciifi
i = Jf , (4)
1+ Z Ci ]fl
Substituting Eq. 4 into Eq. 2, the relationship between the
filling fraction, mole fraction and cavity partition function of the
guest molecules can be obtained, which is expressed as follows:
h xj

S . (5)

eij - 1+Zhij_ Vj(l—XT),

where xr represents the total mole fraction of all guest molecules
in the hydrate and xf]{- represents the mole fraction of guest
molecule i in the j cavity; The corresponding mole fraction of
water is:

xgzo =1- foj., (6)

in which the subscript H,O refers to the water transformed into
hydrate. The water phase is usually liquid or ice, but only liquid
water is considered in this study. The chemical potential of liquid
water is as follows:

szo(T, P, ?c) = W20 (T, P) + RT In xg100 @)

Thermodynamic equilibrium is reached when the
temperature, pressure, and chemical potential of all the co-
existing phases are equal at the phase boundary. To ensure
that the reference state of free energy of each phase is the
same, the chemical potential calculation of each phase and
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each component takes the ideal state as the reference and is
expressed as:

y,.(T, P,j/) = U (T, p,y) +RT-In ¢i<T, P, y), ®)

w(T.P3) -
y(TPx)

where the superscript ig and il denote ideal gas and ideal liquid
respectively, and the superscript co denotes infinite dilution. T is
temperature and P is pressure. ¢, is fugacity coefficient and the
fugacity coefficient of ideal gas is 1. X andyare the mole fraction
vectors of guest molecule i. y; is the activity coefficient of
component i in liquid mixtures. When x,—1, y; = 1, and
when x—0, p° = 1. The hydrate content of all gas
components can be estimated by calculating their chemical
potential when dissolved in the methane phase using the
above formulae, where Eq. 8 calculates the chemical potential
required by the partition function in Eq. 2. According to Eqs 1, 9,
typical equilibrium approximate equations used in many hydrate
reservoir simulators are obtained, which can be expressed as:

(T,P, )+RT.1ny,.<T,P,fc), )

u;
( )+RT In x;y° (T,P,?c), (10)

[JHZO ZRijln 1+Zh,]
j=12 (11)

= Hf;rze(’)Hzo (T,P)+RT ln[xi,Hzoy,(T, P, 55)],

The Gibbs free energy of the hydrate phase is written as the
sum of the chemical potentials of each component and given by:

Gu = Xjp oliio + ). Xi i (12)
i

The free energy gradient of all independent thermodynamic
variables must cause the change of free energy to be negative. The
following eq. 13 is used to calculate the phase transition free
energy.

-2 ) i (1.7.2)

0 Xl [l (TP ) - (1P )] o
i

where § is a constant coefficient, when it is equal to 1 means
hydrate generation, while it is equal to -1 means hydrate
decomposition. x represents the mole fraction of liquid, or the
mole fraction of water or guest molecule in the hydrate. i denotes
guest molecule. Superscript water denotes water phase. u denotes
chemical potential. The vector notation represents the mole
fraction of all the components in the real phase. The
summation symbol covers all the components in the hydrate
phase. The calculation of Eq. 13 is based on a full understanding
of hydrate composition.

To produce natural gas from large amounts of in-situ methane
hydrates scattered around the world and control the hydrate
formation and decomposition in low temperature or high
pressure pipelines, information about the heat of hydrate
formation and dissociation is of vital important. The
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FIGURE 1 | Schematic diagram of experimental apparatus for hydrate
reaction. Hydrate cores were not used in this manuscript, and the confining
pressure regulation system and axial pressure regulation system for core
deformation test was not used.

enthalpies of hydrate formation or decomposition can usually
be estimated by Clausius-Clapeyron or Clapeyron methods
(Tsimpanogiannis et al,, 2019), however, these two methods
may be too simplistic. The residual thermodynamic can
provide more reliable data and extend the calculation to non-
equilibrium conditions. The heat (enthalpy) formed in the
hydrate phase transition process must be transported from the
reaction system. The absolute value of the heat to be transferred is
given by eq. 14, which is solved by numerical method. The
enthalpy of pure guest molecular is calculated by residual
thermodynamics, as shown in eq. 15.

[AGTotal
AH = —RTziRaTT PN (14)
0ln ¢?*
HR = —RT? Zy[] , (15)
i or Pyjsi

where N is the number of moles of hydrate formed. The total free
energy change AG™ is the sum of the phase transition free
energy AG" and the energy to push away the original phase of the
guest molecule.

Experiments

The main purpose of the experiments is to determine the phase
equilibrium temperature and pressure of hydrate formation
under different gas components, so as to analyze and verify
the accuracy of the phase equilibrium diagram. The
experiments were completed by SHW-III  hydrate
electroacoustic testing device (as illustrated in Figure 1),
which can meet the requirements of image observation,
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temperature and pressure measurement. In these experiments,
the temperature regulation system, pressure regulation system,
fluid control system and data acquisition system of the device are
mainly involved (Wei et al., 2021). The main body of the setup is
the NGH reactor, where gas hydrate is generated and
decomposed. The side wall of the reactor encloses the inside
of the reactor into a cylindrical space, and the upper and lower
parts of the reactor vessel are sealed by the steel cover of the
pressure regulation system. The working pressure range of
0~30 MPa and the temperature range of —6°C~25°C in the
reactor are considered acceptable. To keep the temperature
constant, the hydrate reaction vessel is submerged into the
water bath temperature regulation system, to a closed system
where the reactor enclosed by a customized cylindrical cooling
jacket. Industrial alcohol and water are mixed in a certain
proportion and added to the water bath device. The
temperature in the reaction kettle is adjusted by the water
bath, and monitored by thermocouples (accuracy 0.05% of
reading). Continuous commissioning of the water bath
temperature regulation system is required according to the
experimental conditions to ensure that the temperature meets
the requirements. The pressure regulation system is composed of
confining pressure regulation system, axial pressure regulation
system and gas pressure regulation system. The experiments in
this manuscript only need to adjust the gas pressure regulation
system to provide the necessary pressure conditions for the phase
equilibria measurement of NGH. The fluid control system mainly
consists of a vacuum pump, a pressure stabilizing pump and a gas
cylinder. The gas flow rate and pressure in the system can be
adjusted by using pressure stabilizing pump and gas cylinder after
the air in the reactor is vacuumed by vacuum pump. The data
acquisition system controls the setting of axial pressure and
confining pressure by computer, and automatically records the
parameters in the process of experiments. The purity of the gas
used in the experiment is 99.9%, which was provided by Huate
Gas Co., Ltd. and the distilled water was self-made in the
laboratory.

The phase equilibrium temperature of hydrate was determined
by decomposition method, and the specific method was carried
out according to the following steps.

1) Prepare the experimental system. Clean the reactor with
deionized water, then wipe and clean the unit with a
wet alcohol cotton to ensure that there are no impurities in
the reactor. Calibrate the pressure and temperature sensors,
and check the airtightness of valves, pipes and reactors with
gas leak detector and soapy water. Vacuum after connecting
the re-actor to the line, check and ensure the integrity of the
device.

2) Hydrate preparation. After preliminary checking the device,
an appropriate amount of distilled water is added into the
reactor (about 5 ml water for acid gas reaction and 30 ml water
for general gas reaction). Thereafter, the valves of the inlet
pipeline are opened and the single or multi-component gas is
injected into the pump. To keep the pressure in the reactor
constant, the fluid control system is set to adjust the pressure
automatically with the change of the pressure in the reactor.

Hydrate Phase Equilibrium Diagram

Gas leak detector is used to check the tightness of the device at

the line interface. After all the preliminary, the refrigeration

device is turned on to reduce the temperature, and the hydrate
began to form after reaching the appropriate setting
temperature.

Hydrate decomposition and phase equilibrium temperature

measurement. When the gas hydrate is formed, the

temperature in the reactor is controlled to be constant, and
the pressure is reduced to the level when only a small amount
of hydrate does not decomposed (stage 1). When the hydrate
does not decompose in 3-4 h under stable temperature and
pressure, the pressure in the reactor was reduced by a micro
pressure gradient (0.1 MPa) to find the temperature and
pressure where the hydrate can decompose completely

(stage 2). This process needs to be repeated many times,

and the obtained temperature and pressure are phase

equilibrium points.

4) Data measurement and recording. The temperature in the
reactor, the pressure 1 on the inlet side of the reactor, the
pressure 2 on the outlet side of the core are automatically
measured and stored. The equilibrium pressure is the average
of the above two pressures.

3

~

To achieve the experimental purpose, the reaction
experiments of two kinds of pure gases and four kinds of
mixed gases were designed according to the experimental
method, and the phase equilibrium tests of 6 different gas
components were carried out under different experimental
pressure and temperature, and totally 24 groups of
experiments were completed. Repeated tests were carried out
to avoid accidental errors in the measurement of phase
equilibrium pressure. Nevertheless, some systematic errors are
unavoidable. For examples, the pressure difference between the
pressure sensors at the inlet and outlet of the reactor is about
0.02~0.05 MPa due their performance differences. Moreover, the
pressure in the reactor changes slightly during the experiments
because the gas expands with the decrease of pressure and the
hydrate decomposes into gas. The pressure stabilizing pump
minimizes this effect, and it is found that this error is
acceptable. From the point view of experimental temperature,
studies have shown that the actual marine hydrates are mostly
distributed in the water depth of 300-2000 m and exist in the
reservoir within 300 m below the seabed (Sun et al., 2021a; Sun
et al, 2021b). In submarine pipeline at cold climates or offshore
production, the pressure and temperature ranges are also in line
with the actual conditions. So it is believed that the temperature
range is reasonable and sufficient in this study.

RESULTS AND DISCUSSION

Thermodynamic Calculation of Pure Gas

Hydrate

Taking CH, and CO, as examples, the phase equilibria of sI
hydrate formed by pure gas were calculated by using the
thermodynamic model mentioned above. The thermodynamic
calculations carried out in this paper are obtained from
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FIGURE 2 | Comparison of predicted phase equilibrium curves of pure

CH,4 hydrate and CO. hydrate with literature values (De Roo et al., 1983;
Ohgaki et al., 1993; Mei et al., 1996; Fan and Guo, 1999; Seo et al., 2001;
Yang et al., 2001; Sun et al., 2002; Mohammadi et al., 2005; Mu and von
Solms, 2018a).

FORTRAN code, in which the results of dynamic simulation are
used (Kvamme and Tanaka, 1995; Kvamme et al., 2019; Kvamme,
2019). As seen in Figure 2, the equilibrium curve in the
temperature range of 273.17-289.05K is shown. Note that the
black and blue lines respectively represent the equilibrium curves
of CH, hydrate and CO, hydrate predicted in this paper, and the
black and blue dots are the reference values of the phase
equilibrium of CH,4 hydrate and CO, hydrate respectively (De
Roo et al., 1983; Ohgaki et al., 1993; Mei et al., 1996; Fan and Guo,
1999; Seo et al, 2001; Yang et al, 2001; Sun et al, 2002;
Mohammadi et al., 2005; Mu and von Solms, 2018a). The
figure shows 10 groups of phase equilibrium temperature and
pressure measured in the formation and decomposition
experiments of CH4 hydrate and CO, hydrate in the high-
pressure reactor. The standard deviation of experimental data
is represented by error bars. Notably, the blue line shows a sudden
change at 283.15K, which is due to the increased density of guest
molecules as part of CO, turns to liquid at higher pressures. The
point at which hydrates, liquid water, liquid carbon dioxide and
gaseous carbon dioxide coexist is known as the quadruple point,
beyond which the pressure to hydrate increases. The temperature
and pressure corresponding to the quadruple point have been
straightened out in many literatures. Ohgaki et al. (Ohgaki et al.,
1993) found this phenomenon and thought it is caused by liquid
carbon dioxide. Figure 2 shows some of his experimental data.
However, more studies lack the data and explanation on the right
side of the quadruple point when calculating the phase
equilibrium, and even ignore it.

Figure 2 is of guiding significance to the exploitation of NGH
by CO, replacement method. Injecting CO, into the hydrate layer
can not only seal it in the hydrate cage, but also replace CH,.
Many research groups around the world has been tempted by the
possibility of this win-win situation. However, if only the

Hydrate Phase Equilibrium Diagram

temperature and pressure at equilibrium are observed, it is
easy to form the misconception that the equilibrium curve of
CO; hydrate is discontinuous and that CO, hydrate is only more
stable than CH, hydrate in a limited range of temperature and
pressure. In fact, due to the Gibbs phase rule (F=C-P+2) and the
limitation of heat and mass transfer, the hydrate in natural
sediments can never reach the thermodynamic equilibrium.
Taking the hydrate formed by the mixtures of methane,
ethane and propane containing water as an example, the
number of active components C is 4 and the actively
coexisting phases P is 3 (water, alkane gas and hydrate) when
the adsorption phase is ignored. Then the degree of freedom F is
equal to 3, and the system still cannot reach equilibrium at a given
temperature and pressure. For a system as simple as the reaction
of methane and water to form hydrate (F = 2-342 = 1), even if we
specify a thermodynamic variable, the nucleation of hydrates may
be blocked due to heat and mass transfer restrictions, thus
resulting in slow growth of hydrate. Therefore, the equilibrium
curve is the limit of hydrate stability. Decomposition of hydrate
occurs either below phase equilibrium pressure or above phase
equilibrium temperature. There is a competitive phase transition
in the formation and dissociation of hydrate. The formation of
hydrate can only occur when the free energy of hydrate is lower
than that of guest molecule and water, because the
thermodynamic process strives to minimize the free energy.
According to the data in Figure 3, the free energy of CO,
hydrate is about 2 kJ/mol lower than that of CH, hydrate on
the left side of the quadruple point, and about 1.83 kJ/mol lower
than that of CH, hydrate on the right side of the quadruple point.
This indicates that CO, hydrate is more stable than CH, hydrate
in a wide range of temperature and pressure.

Table 1 and Table 2 show the calculated phase transition data
of pure CH, hydrate and CO, hydrate, where AH,, and AH;
respectively represent the contribution of water and guest
molecules to the enthalpy change, and G is the Gibbs free
energy. Table 3 is the decomposition enthalpy of methane
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FIGURE 3 | Free energy of pure CH, hydrate and CO, hydrate. The
temperature range shown in the curve is 273.17-289.05 K.
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TABLE 1 | Data of methane hydrate phase transition (partial).

Hydrate Phase Equilibrium Diagram

T (K) P (MPa) AH,, (kd/mol) AH; (kd/mol) AH (kJ/mol) G (kd/mol)
27317 2.52 38.68 18.38 57.06 -46.14
275.50 3.23 37.81 18.21 56.02 -46.16
277.26 3.89 37.23 18.04 55.27 -46.18
279.37 4.87 36.57 17.79 54.36 -46.21
281.87 6.37 35.85 17.40 53.25 -46.24
283.29 7.43 35.45 17.13 52.58 -46.26
285.05 9.04 34.97 16.73 51.70 -46.28
285.81 9.84 34.77 16.54 51.34 -46.29
286.45 10.59 34.60 16.36 50.96 -46.30
287.35 1.77 34.36 16.08 50.44 -46.32
288.84 14.14 33.97 15.57 49.54 -46.34
TABLE 2 | Data of carbon dioxide hydrate phase transition (partial).

T (K) P (MPa) AH,, (kJ/mol) AH; (kd/mol) AH (kJ/mol) G (kd/mol)
27317 1.42 45.43 22.36 67.79 -48.15
275.50 1.83 4410 22.35 66.45 -48.21
277.26 2.25 43.10 22.33 65.43 -48.25
279.37 2.90 41.91 22.31 64.22 -48.30
281.87 3.98 40.50 22.27 62.77 -48.34
283.29 9.70 39.43 22.02 61.45 -48.09
285.05 12.63 38.50 21.96 60.46 -48.11
285.81 14.30 38.11 21.94 60.05 -48.12
286.45 16.02 37.78 21.94 59.72 -48.12
287.35 19.25 37.32 21.97 59.29 -48.13
288.84 28.45 36.55 22.20 58.75 -48.15

TABLE 3 | Reported values of decomposition enthalpy of methane hydrate
(Handa, 1986; Lievois et al., 1990; Sloan and Fleyfel, 1992; Kang et al., 2001;
Anderson, 2004; Rydzy et al., 2007; Gupta et al., 2008; Nakagawa et al., 2008;
Mu and von Solms, 2018b).

Source T (K) P (MPa) AH (kJ/mol)
Handa 273.15 0.10 54.19
Lievois et al 273.156 — 54.77
Sloan et al 273.15 0.10 56.90
Kang et al 273.15 0.10 56.84
Rydzy et al 271.00 156.00 51.60
Nakagawa et al 279.00-282.00 5.00 55.30
Gupta et al 280.60-291.65 5.50-19.30 54.44
Mu et al 275.54-286.35 3.163-10.143 55.01
Anderson 274.00-318.00 2.85-311.12 53.50
Experimental data 273.17-289.05 2.562-14.15 53.32

hydrate reported by relevant scholars. The enthalpy of hydrate
formation (or decomposition) is calculated by calculating the
enthalpy change of structural water and guest molecules
respectively. The enthalpy change value is negative, indicating
formation, and positive, indicating decomposition. According to
Table 1, the average enthalpy of decomposition (or formation) of
methane hydrate is 53.32 kJ/mol and the average value of Gibbs
energy is —46.26 kJ/mol within the range of 273.17-289.05 K.
Similarly, as shown in Table 2, the average enthalpy of
decomposition (or formation) of carbon dioxide hydrate is
63.48kJ/mol, and the average value of Gibbs energy is

—-48.18 kJ/mol. Table 3 is the decomposition enthalpy of
methane hydrate reported by relevant scholars. The enthalpy
of hydrate formation (or decomposition) is calculated by
calculating the enthalpy change of structural water and guest
molecules respectively. The enthalpy change value is negative,
indicating formation, and positive, indicating decomposition.
According to Table 1, the average enthalpy of decomposition
(or formation) of methane hydrate is 53.32 kJ/mol and the
average value of Gibbs energy is —46.26 kJ/mol within the
range of 273.17-289.05 K. Similarly, as shown in Table 2, the
average enthalpy of decomposition (or formation) of carbon
dioxide hydrate is 63.48Kk]J/mol, and the average value of
Gibbs energy is —48.18 kJ/mol.

Eq. 16 is used to calculate the mean square error (MSE). The
smaller the MSE, the higher the accuracy of the prediction model
to describe the real data. The results show that the MSE of 5
methane hydrate phase equilibrium pressure points is 3.57%
MPa® and that of carbon dioxide hydrate phase equilibrium
pressure on the left side of the quadruple point is 1.32%
MPa’, which is lower than 5% MPa®. On the other hand, the
relative error between the average decomposition enthalpy of
methane hydrate calculated in this paper and the 9 average
enthalpy data values reported in Table 3 is only 2.6% (Handa,
1986; Lievois et al., 1990; Sloan and Fleyfel, 1992; Kang et al,,
2001; Anderson, 2004; Rydzy et al., 2007; Gupta et al., 2008;
Nakagawa et al., 2008; Mu and von Solms, 2018b). It can be seen
that the modified model by Kvamme and Tanaka is of high
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FIGURE 4 | Estimated and experimental hydrate equilibrium pressures for a system of (A) 96.89 mol% methane and 3.11 mol% hydrogen sulfate (Noaker and
Katz, 1954), and (B) 82.45 mol% methane, 10.77 mol% carbon dioxide, and 6.78 mol% hydrogen sulfate (Sun and Chen, 2005).
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reliability, which can accurately predict the phase equilibrium of
methane hydrate and carbon dioxide hydrate within a wide range
of temperature and pressure.

MSE =

(x5 - x5), (16)

M=

1
s

Il
—_

where x5 and x{* represent the calculated and measured values of
the model, respectively.

Phase Equilibrium Diagram of Methane

Containing Gas Hydrate

CH, and common gases, such as C,Hg, C3Hsg, N, H,S, CO,, etc.
are mixed to form multi-component gases which can react with
water to form hydrate under low temperature and high pressure.
The type of hydrate formed depends on gas composition,
concentration and temperature and pressure conditions.
Compared with pure gas hydrate, the formation mechanism of
multi-component gas hydrates is more complex and there may be
structural transformation of sI hydrate and sII hydrate. The main
components of natural gas, such as CH,, C;Hg, CO, and H,S, are
usually the object molecules of interest in the industrial field
(Jamaluddin et al., 1991). The existence of CO, and H,S, which
are the strong hydrate forming components, is the key problem in
flow assurance. Some gas fields in China, such as Puguang gas
field and Yuanba gas field, have a high content of H,S and CO, in
the produced gas, and hydrate can be formed under relatively low
pressure and relatively high temperature, which is easy to cause
hydrate blockage in the production system. Consequently, there is
aneed to predict and draw the phase equilibrium curves of multi-
component gases at different mole fraction ratio for engineers
and researchers who want to consult the diagrams at any time.
But before that happens, the validation of the theoretical model is
very necessary. In Figure 4, we use the proposed method to
compare the results with those obtained by classical techniques
used in industry or academia, and some experimental data for

hydrate equilibria involving multicomponent gas mixtures with
CHy in literature (Noaker and Katz, 1954; Sun and Chen, 2005).
When comparing literature data and predictions, the perfect
matching of our work with experimental data is not the
ultimate goal. Because anyone who wants to use this model
can make the prediction more accurate by adjusting the
Langmuir constant and associated interaction parameters. To
our delight, the comparison between the equilibrium pressures of
methane containing gas mixture and the measured experimental
data in Figure 4 shows good consistency and stability.
Accordingly, it can be confirmed that the model systems is
considered to be accurate enough within the scope of this work.
In this paper, taking CH4+CO,, CH4+C,H¢. CH4+H,S.
CH4+CO,+H,S as examples, the phase equilibria of methane
mixed with CO,, C,Hg and H,S in different molar ratios were
analyzed in the temperature range of 273.17-289.05 K. When
calculating the phase equilibria of the methane containing system,
the mole fraction of the gas component meets the normalization
condition. As shown in Figure 5, the phase equilibrium curves of
methane containing multicomponent gases at different mole
fraction ratios were predicted. The uncertainty of the
measurement is marked with error bars, and the pressure at
the same temperature was tested twice to ensure that the
measurement error is within an acceptable range. The curves
of different line-types and colors show the phase equilibrium
curves of different gas ratios, and the red dots are the
experimental value. In the low temperature and high pressure
environment, the molecules with the lowest free energy and the
lowest pressure needed to fill the cavity participate in the
nucleation to form a stable hydrate structure firstly based on
the law of thermodynamics, and then other metastable gas
molecules fill the cavity to continue to grow. CO, molecules in
sI hydrate mainly enter large cavities. Although it has been found
that it can exist in small cavities, the conditions required are
rather harsh. It is still unclear whether the structure of small
cavity filled with CO, molecule will be formed at the temperature
above 0°C, which is beneficial to the structural stability of hydrate.
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FIGURE 5 | Hydrate Phase equilibrium diagram of methane containing gases at different mole fraction ratios.

Therefore, in this paper, CH, mainly fills the small cavity of sI
hydrate structure, C,Hg and CO, fill the large cavity, while H,S
can not only fill the large cavity, but also exist stably in the small
cavity.

One would have to investigate mixed hydrates with certain
CO, contents in order to determine what is stable and what is not.
From only investigating pure methane and pure CO, hydrates
one cannot simply say that under certain conditions only
methane or only CO, would go into the hydrate structure, as
always mixed hydrates would form if CO, and CHj, are together
in a mixture with water. Figure 5A is the phase equilibrium
diagram of the hydrate formed by the mixtures of CH, and CO, at
different mole fraction ratios. In the sI hydrate formed by
CH4+CO, binary gas, CH,; mainly occupies the small cavity,
while CO, occupies the large cavity, which is more stable than
pure gas hydrate. The phase equilibrium pressure of gas mixture
changes differently before and after the quadrupole point of CO,,
and the phase splitting at the quadrupole affects the phase
equilibrium conditions. It can be seen that when the
temperature is lower than 283.15 K, with the increase of CO,
proportion in CH, gas, the corresponding phase equilibrium

pressure at the same temperature decreases, and with the
accumulation of CO, concentration in the mixtures, the
pressure drop caused by increasing the same CO, proportion
becomes smaller and smaller. On the contrary, when the
temperature is higher than 283.15 K, with the increase of CO,
ratio, the corresponding phase equilibrium pressure increases at
the same temperature, and the increase of CO, ratio leads to the
increase of pressurization amplitude.

The hydrate formation mechanism of CHy+ C,Hg system is
different from that of CH,+ H,S, but it shows similar trends in
phase equilibrium curve. CH, and C,Hg form sI hydrate with
their pure gas, but their mixed gas can be transformed into sII
structure when the composition of CHy is in the range of
75-99 mol% (Kwon et al., 2014). The unit cell is composed of
16 12-hedral and 8 16-hedral cages of water molecules in sII
hydrate, which is more stable than sI structure. More detailed
studies related to structural transformation can be found in
(Subramanian et al., 2000a; Subramanian et al., 2000b). Unlike
ethane, hydrogen sulfide hydrolyzes in the presence of water,
producing HS™, trace amounts of S*, and positively charged
hydrogen atoms. And under appropriate temperature and
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TABLE 4 | Calculated results of free energy of hydrate in 90 mol% CH4+10 mol% C,He/CO./HoS system. G in the table represents Gibbs free energy.

T (K) Gc1 (kd/mol) Gc1.Hzs (kdJ/mol)
273.17 -46.14 -47.12
275.50 -46.16 -47.02
277.26 -46.18 -46.92
279.37 -46.21 -46.87
281.87 —46.24 -46.85
283.29 -46.26 -46.86
285.05 -46.28 -46.89
285.81 -46.29 -46.90
286.45 -46.30 -46.91
287.35 —46.32 -46.93
288.84 -46.34 -46.97

pressure, the stability of cage structure can be ensured by the
action of dipole moment and Coulomb force. Figure 5B and
Figure 5C are the phase equilibrium diagrams of sI hydrate
formed by CH4+C,H binary gas system and CH,4+H,S binary
gas system at different mole fraction ratios, respectively. We can
see from the figures that, compared with hydrate phase
equilibrium of pure CH,, with the increase of C,Hy or H,S
ratio in binary gas mixtures, the corresponding phase
equilibrium pressure at the same temperature decreases, and
with the accumulation of C,Hg or H,S in the mixtures, the
pressure drop caused by increasing the same C,Hg or H,S
ratio becomes smaller and smaller.

Figure 5D shows the phase equilibrium diagrams of hydrate
formation from CH,, CO, and H,S ternary mixtures at different
mole fraction ratios. It can be seen from Figure 5D that in the
temperature range of 273.17-289.05 K, if the CH, content in the
mixtures remains unchanged (90 mol%), the higher the CO,
content is, the lower the average value of Gibbs energy is, and
the corresponding phase equilibrium pressure is higher at the
same temperature. If the ratio of CO, and H,S remains
unchanged, the lower the content of CHy, the lower the mean
free energy and the lower the corresponding phase equilibrium
pressure at the same temperature. Compared with the CH4+CO,
binary mixtures system, H,S not only reduces the equilibrium
pressure, but also reduces the influence of liquid CO, on the
equilibrium system to some extent. Therefore, the pressure
mutation in the CH4+CO,+H,S ternary mixtures system is
relatively moderate. The deviation of the predicted results may
be due to the underestimated effect of small molecule gas
adsorption into small pores on the reduction of the formation
pressure of hydrogen sulfide hydrate. Our calculations show that
the magnitudes of MSE are respectively 1.2, 4.8, 15.12 and 9.20%
MPa? for CH,+CO,, CH,+C,He, CH,+H,S and CH,+CO,+H,$
systems, in which 14 hydrate phase equilibrium pressure data are
used. Even though remarkable deviations occur for the higher
temperature regions in the presence of hydrogen sulfide, the
agreement is sufficiently fair for analysis of hydrate formation and
decomposition in reservoirs and pipelines.

H,S can enter both large and small cavities simultaneously.
When it enters the cavity of the hydrate, the positive hydrogen
atom and the negative oxygen atom in the inner wall of the cavity
attract each other by Coulomb force, which increases the stability

Gc1. c2 (kd/mol) Gc1.coz (kJ/mol)

-46.52 -46.45
-46.49 -46.46
—46.49 -46.47
-46.50 -46.48
—-46.50 —46.49
—-46.49 -46.36
-46.48 -46.38
—46.48 -46.39
-46.48 -46.40
-46.47 -46.41
-46.46 -46.42

of the hydrate. Thus, the hydrate equilibrium conditions are
shifted to areas where it is more likely to be generated or
decomposed. Therefore, the phase equilibrium data of hydrate
in the system of 90% CH4+10% C,Hy (also CO, and H,S) were
compared in this paper, and the free energy was calculated. The
results are shown in Table 4. It can be seen from the table that the
hydrate free energy of the binary system under the same
conditions is CH4+H,S system < CH4+C,Hg system <
CH,4+CO, system. These three values have little difference in
within the uncertainties of their determination, so they are just a
simple description of a small change here.

CONCLUSION

In the present study, the effects of different mole fractions of CO,,
C,Hg and H,S on the phase equilibrium of methane hydrate by
the hydrate electroacoustic testing device were mainly
investigated, and the thermodynamic parameters such as
decomposition or formation enthalpy and free energy of
hydrate were calculated and analyzed by using the modified
Kvamme-Tanaka thermodynamic model. The thermodynamic
process of hydrate decomposition and formation in methane
containing system was analyzed and some new and accurate
experimental data, calculated results and phase equilibrium
curves of methane containing system have been obtained. Due
to the consideration of the interaction between the motion of
guest molecules and the vibration of crystal lattice, the model
exhibits a good performance. The magnitudes of MSE percent are
respectively 1.2, 4.8, 15.12 and 9.20 MPa? for CH,+CO,,
CH4+C,Hg, CH4+H,S and CH4+CO,+H,S systems, and the
values are as low as 3.57 and 1.32 MPa® for pure methane and
carbon dioxide, respectively. Accordingly, the model systems is
considered to be accurate enough within the scope of this work.
The results are discussed from three aspects: theoretical analysis,
numerical calculation and laboratory experiment. In the range of
273.17-289.05 K, the average decomposition enthalpies of CH,
hydrate and CO, hydrate are 53.32kJ/mol and 63.48 kJ/mol,
respectively, and the average value of Gibbs free energy is
—46.26 kJ/mol and —48.18 k]/mol, respectively. The free energy
of CO, hydrate is 2 kJ/mol lower than that of CH, hydrate on the
left side of the quadruple point, and 1.83 kJ/mol lower than that of
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CH, hydrate after the quadruple point. CO, hydrate is more
stable than CH,4 hydrate in a wide range of temperature and
pressure. Additionally, with the increase of the mole ratio of C,Hj
or H,S in the binary system containing methane, the
equilibrium pressure of hydrate decreases at the same
temperature. When the temperature is lower than 283.15K,
the corresponding phase equilibrium pressure decreases with
the increase of the molar ratio of CO, in CH4+CO, binary
system, but the reverse trend appears when the temperature is
higher than 283.15 K. In the ternary system of CH4+CO,+H,S
mixtures, the higher the CO, content is, the lower the average
value of Gibbs energy is, and the higher the phase equilibrium
pressure is at the same temperature. The lower the CH, content,
the lower the average value of Gibbs energy and the lower the
phase equilibrium pressure at the same temperature. This study
is helpful for engineers and technicians to accurately and
conveniently estimate the thermodynamic parameters of
hydrate, which is of great significance to the safe production
and efficient development of hydrate.
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