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Abstract: Stability condition is of critical importance for methane hydrate exploitation, transportation,
and reserves. This study measured the stability conditions of methane hydrate in fine-grained
sediment with different dry densities (ρd = 1.40, 1.50 and 1.60 g/cm3) and various initial water
saturations by the multi-step heating method. The experimental result showed that the methane
hydrate formation in fine-grained sediment required lower temperature and/or higher pressure
compared to that in bulk state. At the same time, it is found that the deviation degree of P–T
conditions of methane hydrate in fine-grained sediment with different dry density and initial water
saturation are completely different from that in pure water. In addition, according to the nuclear
magnetic resonance technique (NMR), the changes in NMR signal intensity during the formation and
decomposition of methane hydrate in silt were analyzed. Regardless of formation and dissociation
stages, liquid water always distributes in the small sediment pores. An empirical formula is developed
to address the capillary suction of water and hydrate with respect to the unhydrated water within
sediment. Furthermore, a phase equilibrium model is proposed to predict the stability conditions of
hydrate-bearing fine-grained sediment.

Keywords: fine-grained sediment; methane hydrate; stability conditions; nuclear magnetic resonance;
phase equilibrium model

1. Introduction

Natural gas hydrate (NGH) is a cage-type crystalline ice-like solid formed by nat-
ural gas and water molecules under high pressure and low temperature, which mainly
occurs in the permafrost region and deep-sea sediment environment [1,2]. Due to the high
methane density of NGH, and the huge reserves throughout the world, methane hydrate
is considered as a potential clean energy in the 21st century [3,4]. The traditional hydrate
exploitation methods include depressurization, thermal injection, and chemical injection,
which drives methane hydrate from stable state to unstable state for dissociating methane
hydrate back into gas and water [5]. Then, the methane gas is extracted and collected as
an energy resource. Therefore, understanding the stability condition of methane hydrate
within sediment and establishing the corresponding thermodynamic model are of impor-
tance for designing the exploitation scheme for methane hydrate. Moreover, the developed
model is helpful to evaluate the productive efficiency for methane hydrate.

To meet the requirement of commercial exploitation of hydrate, many scholars have
performed research on the stability conditions of hydrate in bulk state or within sediment.
Early researchers [6,7] focused on the stability condition of bulk hydrate and obtained
a great deal of experimental data. However, this research result is not applicable to the
actual exploitation of gas hydrate. Because in the process of hydrate formation, the water
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in natural sediments will be subject to the physical and chemical action from soil particles,
thus changing the stability conditions of methane hydrate. Thus, the stability condition of
bulk hydrate is not applicable to analyze the hydrate synthesizing or dissociation behavior
within sediment [8]. Subsequently, researchers began to synthesize hydrate in porous
media and measured the stability condition of hydrate.

Handa and Stupin [9] measured the stability conditions of propane hydrate and
methane hydrate within silica geo material with particle size of 200~425 mesh. The ex-
perimental result showed that the stable pressure for the silica geo material was 20~100%
higher than that for bulk state. A similar observation was obtained by Uchida et al. [10–12]
through measuring the stability condition of hydrate in glass beads. Linga et al. [13] studied
the formation of methane hydrate in quartz sand and concluded that the conversion rate
of methane hydrate in quartz sand is about 75%. Bagherzadeh et al. [14] used NMR to
study the synthesis of methane hydrate in quartz sand with different particle sizes and
found that the smaller particle size of porous media corresponded to the faster hydrate
formation rate and the lower the residual water content. Clennell et al. [8] insisted that
the influence of hydrate occurrence on hydrate stability was attributed to the fact that the
physicochemical interactions between water and sediment reduced the chemical potential
of pore water. Turner et al. [15] found that the pore size has little effect on the stability
condition of hydrate when the pore size is greater than 60 nm. However, most studies
adopted that synthetic material as the host sediment, and thus the pore distribution range
was narrow, which could not reflect the pore characteristics and mineral composition of
natural hydrate sediments.

In the South China Sea, natural gas hydrate is mainly distributed in the sediments
containing clay [16–18]. The existing research has shown that the pore size and distribution
of sediments have a significant impact on dissociation behavior of hydrate [19]. Kumar
et al. [20] found that the conversion rate and formation rate of hydrate in quartz sand
sediments decreased after the addition of clay. Compared to the synthetic materials with
single pore size, the pore characteristics of clay sediments are more complex, and the
capillary effect of small pores will lead to lower water activity [8,9]. The charge on the
surface of clay minerals also leads to more complex physicochemical interactions of water
molecules on the clay surface. Furthermore, seismic wave attenuation known by its high
sensitivity to porosity, permeability and fluid content (e.g., Matsushima et al. [21]), was
used by Bouchaala et al. [22] to detect and study the stability of hydrates in the North Sea.
Meanwhile, they found a good correlation between field and laboratory results.

To further explore the stable condition of hydrate in sediments, Uchida et al. [20,23,24]
analyzed the effect of small pore size in clay mineral sediments on hydrate stability from the
aspect of thermodynamics. However, the experimental data of hydrate stability conditions
in seafloor clay sediments insufficiently meet the current needs, especially in revealing the
micro influence mechanism on hydrate stability conditions in the South China Sea. To this
end, this paper refers to sediment characteristic (GMGS3 [25]) in the South China Sea to
prepare the synthetic samples. The stable condition of methane hydrate was measured
for analyzing the sediment capillary influence. In addition, Nuclear Magnetic Resonance
was also used to further explore the phase transition mechanism of methane hydrate
in sediments with different pore sizes. At present, there are not many data for testing
hydrate by NMR technology, and this work can quantify the change in unhydrated water
in the process of hydrate formation without damaging the sample, which is of great
significance for studying the stable conditions of hydrate synthesis in sediment. Moreover,
a modified model was employed to characterize the stable condition of methane hydrate
within sediment.
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2. Experimental Introductions
2.1. Experimental Equipment and Procedures
2.1.1. Stability Conditions Measurement

The schematic diagram of apparatus for measuring the stability condition is shown in
Figure 1. The experimental apparatus can provide a low-temperature and high-pressure
condition for hydrate formation and dissociation to measure the stability condition of
methane. The flange type chamber is made of 316 stainless steel, with 148.7 mm height
and 99.8 inner diameter. The maximum bearable pressure is 20 MPa. In the experiment,
a high precision constant temperature water bath (controllable temperature of −20 ◦C to
100 ◦C, precision of ±0.1 ◦C) was used to maintain the temperature of the reactor, and the
ethylene glycol solution was selected as the constant temperature circulating liquid. Two
Pt100 platinum resistance temperature sensors were inserted into the reactor to monitor the
temperature of specimen, and the accuracy is ±0.1 ◦C. A pressure sensor with measuring
range of 0 to 15 MPa and accuracy of 0.1% full scale was used for measuring the pressure.

Figure 1. Schematic diagram of apparatus for measuring the stability conditions of methane hydrate.

In the experiment, methane hydrate was synthesized by the excess gas method. In
the process of experimental operation, a vacuum pump is used to vacuum the reactor and
pipeline, then methane is used for scavenging, and then vacuum and gas injection are
carried out. To ensure the balance of the temperature and pressure conditions of the sample
and leak detection, after the completion of gas injection, the pressure was kept stable for
more than 6 h, and then the cooling synthesis was carried out. After the completion of
the synthesis, the stable point data are obtained by multi-stage heating, and the step of
heating is 0.5 ◦C. When the temperature and pressure condition is outside the stability line
of pure hydrate, the temperature is raised to the initial value. The time for each stable point
is about 6 h. This experiment mainly focuses on soil samples with different dry density
(ρd = 1.4, 1.5, and 1.6 g/cm3) and different initial water saturation. The basic situation of
the samples is shown in Table 1.
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Table 1. Detailed information of tests.

NO ρd/g·cm3 T0i
1©/K Pi

2©/MPa Td
3©/K Sw0

4©/%

A1 1.6 291.23 7.99 273.86 19.54
A2 1.6 291.23 8.00 273.86 48.01
B1 1.5 291.03 7.98 273.56 20.14
B2 1.5 291.43 7.98 273.76 30.13
B3 1.5 291.03 8.02 273.56 39.22
B4 1.5 291.23 7.98 273.76 50.14
C1 1.4 291.13 8.01 273.76 20.06

Annotation: 1© represents the initial stable temperature of the experiment; 2© represents the initial stable pressure
of the experiment; 3© represents the stable temperature after hydrate formation; 4© represents the initial water
saturation of the experiment.

2.1.2. NMR Experiment

The experimental equipment is made up of a MacroMR12-150H-I large aperture
nuclear magnetic resonance imaging analyzer developed by Suzhou Newmai Company,
which integrated with a temperature, pressure, and automatic acquisition system (Figure 2).
The cavity size of the flexible button reaction tank (made of imported polyether ether ketone
(PEEK)) is 70 mm length and 99.8 mm inner diameter, and withstands a pressure of 15 MPa.
The temperature control layer between the outer layer of the reactor and the temperature
control inner layer of the clamp is separated by two types of coolant. The coolant is the low
signal strength electronic fluorination liquid (FC-770 and FC-40) produced by 3 M Company
in the United States [26,27]. FC-770 coolant is used to control the sample temperature, and
FC-40 coolant is used to prevent the influence of FC-770 coolant temperature on the clamp
coil. The circulating coolant temperature is independently controlled by two constant
temperature water baths, THGD-3030 (the controllable temperature is −20 ◦C to 100 ◦C,
with an accuracy of ±0.02 ◦C) and THS-30 (the controllable temperature is from room
temperature to 100 ◦C, with an accuracy of ±0.02 ◦C to 0.05 ◦C) produced in Ningbo
Tianheng instrument Factory. The temperature and pressure are measured by the optical
fiber temperature sensor and the pressure sensor, and the collected data are automatically
recorded on the computer. The accuracies in the temperature and pressure were ±0.1 ◦C
and full scale, respectively.

Figure 2. Nuclear magnetic resonance measurement system of natural gas hydrate.

According to a large number of previous laboratory studies [28–30], the relaxation
signal of hydrogen in pore fluid measured by low-field NMR is invisible, so the formation
and dissociation of hydrate in porous media can be determined by the NMR technique.
The experimental operation process was as follows: the dried soil was mixed with a certain
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proportion of deionized water, and then placed in a moisturizing tank for more than 24 h
with a sealed bag, and the water content was measured again. The soil sample was divided
into two layers and pressed into the PEEK sample tube (size 50 mm length and 29 mm
inner diameter) by a Jack, then weighed and recorded. After calibrating the instrument,
the signal intensity of the empty cylinder was measured first, and then the sample was
put into the reactor to connect the pipeline. In order to keep the sample temperature
consistent within specimen, CPMG measurement was carried out after standing for 6 h. In
the following, the gas was injected into the chamber, and then decreasing the temperature
forms methane hydrate. For dissociation methane hydrate, the temperature raised as
2 ◦C→3 ◦C→4 ◦C→5 ◦C→6 ◦C→7 ◦C→9 ◦C→10 ◦C→19 ◦C step by step. For each step,
the CPMG sequence measurement was carried out after the temperature and pressure of
each stage remained constant for more than 6 h. The testing conditions of the sample are
shown in Table 2.

Table 2. Detailed information of tests.

NO ρd/g·cm3 T0i
1©/K Pi

2©/MPa Td
3©/K Sw0

4©/%

H1 1.6 291.98 8.00 275.24 48. 10
H2 1.6 292.07 8.00 274.97 20.40
H3 1.5 292.07 8.00 275.15 41.00
H4 1.4 292.07 7.99 274.97 20.30

Annotation: 1© represents the initial stable temperature of the experiment; 2© represents the initial stable pressure
of the experiment; 3© represents the stable temperature after hydrate formation; 4© represents the initial water
saturation of the experiment.

2.2. Experimental Materials

Referring to the particle content of drilling investigation borehole sampling (GMGS3 [25])
in the South China Sea God Fox Sea (Figure 3), the experimental soil is artificially pre-
pared. Figure 3 shows the particle size distribution curve of soil sample, in which the
contents of clay particle (<0.005 mm), silt particle (0.005 mm~0.075 mm), and sand particle
(0.075 mm~2 mm) are 20%, 70%, and 10%, respectively. The specific gravity of the prepared
soil sample is 2.73, the liquid limit is 20.06%, and the plastic limit is 14.03%. The water used
in the experiment is deionized water prepared in the laboratory (conductivity 1.8 µs/cm,
pH 5.6). The gas used in the test is methane gas with a purity of 99.99% purchased from
Guangdong Huate Gas Co., Ltd., Foshan, China.

Figure 3. Comparison of the particle size distribution curve of soil sample and GMGS3 [25].
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2.3. Determination of Hydrate Saturation

The hydrate saturation in the sample is defined as the ratio of the synthetic hydrate
volume to the total pore volume of the sample as:

Sh = Vh/Vv × 100% (1)

Vh = ∆nh ·
(

MCH4 + MH2O · Nhyd

)
/ρh (2)

where Sh is Hydrate saturation, Vh is the volume of hydrate in sediment pores, Nhyd is the
number of hydrate, here 6.1 [20,31], ρh is the density of hydrate (0.917 g/cm3) [32], MCH4 is
the molar mass of methane gas, MH2O is the molar mass of water, and ∆nh is the mass of
synthetic hydrate. The experiment is carried out in a space of constant volume. According
to the quantity conservation of matter, ∆ng is the methane gas consumption and can be
calculated from the following gas equation of state [33]:

∆ng = (PiV)/(ZiRTi)− (PV)/(ZRT) (3)

where P represents the pressure in the reactor, T represents the temperature of the sample,
R represents the ideal gas constant (8.314 J·mol−1·K−1), V represents the volume of free
methane gas, Z represents the gas compression factor, which is calculated according to the
Peng-Robinson equation [34], and the subscript i represents the corresponding parameters
in the initial state.

3. Results and Discussion
3.1. Experimental Results of Phase Equilibrium

Taking the experimental results of B1 sample as an example, Figure 4 presents the
pressure and temperature of methane hydrate during formation and dissociation stages., in
which the six turning points A, B, C, D, E, and F correspond to the points on the temperature
and pressure curve against time (Figure 5). The stable conditions of methane hydrate in the
sample can be determined from the changes of temperature and pressure against time.

Figure 4. P–T diagram of synthesis and decomposition of methane hydrate in silt.
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Figure 5. Pressure and temperature variation diagram of methane hydrate in fine-grained sediment.

In Figure 4, the pressure drop is flat from A to B, which indicates that the A–B section
is only the volume compression of methane gas caused by the decreasing temperature. In
the process from B to C, one can find an abrupt increase in temperature. This is because
that a large number of hydrate nucleates and generates and releases a large amount of
heat in a short time, which leads to the abnormal change in sample temperature. In the
stage of C–D, the formation of hydrate gradually consumes the methane gas in the reactor,
which leads to a significant decrease in pressure in the reactor with constant volume. From
point D, the temperature begins to increase and dissociate methane hydrate. The generated
methane gas gradually increases the gas pressure in the reactor, such as stage D–E–F. As
for the F–A stage, the methane hydrate has almost been decomposed, but there is still
some residual methane hydrate crystal lattice, so it is not parallel to the A–B segment. As
temperature further increases, methane hydrate crystal lattice is completely decomposed,
and the pressure is back to the initial point A.

Figures 6 and 7 present the stability conditions of methane hydrate of fine-grained
sediment with different dry densities and initial water saturation. In addition, the stability
conditions of methane hydrate in coarse sand (0.5 mm < diameter < 2 mm, SW0 = 50.8%)
were also provided for comparison. The stability conditions of methane hydrate for the
coarse sand are consistent with those of pure hydrate measured by Nakamaura et al. [35].
In addition, previous studies [36–38] also show that the stability conditions of hydrate in
coarse sand are not affected by pores, which indicates that the experimental equipment and
methods are reliable. Figure 6 shows that the stability condition curves of methane hydrate
within fine-grained sediment shift left compared to those of bulk hydrate. That is to say,
the methane hydrate requires higher pressure and/or lower temperature to maintain the
stable state within fine-grained sediment. This is because the capillary effect decreases the
activity of pore water within fine-grained sediment. In Figure 6, one also finds that the
dry density has a slight influence on the stability condition curve. On the whole, high dry
density corresponds to a low temperature and high pressure. However, the tendency could
be affected by the hydrate saturation. Even at the same temperature, different hydrate
saturation and liquid water content determine the hydrate phase transition position within
fine-grained sediment. Consequently, the capillary suction can be significantly affected.
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Figure 6. The stability conditions of methane hydrate in fine-grained sediment under different dry
densities. (a) Low initial water saturation and bulk data [35]; (b) high initial water saturation and
bulk data [35].
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Figure 7. The stability conditions of methane hydrate in fine-grained sediment with different initial
water saturation and bulk data [35].

Figure 7 shows the stability conditions of methane hydrate under different initial water
saturation. Under the same dry density, as initial water saturation increases, the stability
condition curve of methane hydrate in fine-grained sediment exhibits a more significantly
left shift from that of bulk hydrate. This is mainly due to the fact that, in the case of low
initial water saturation, water is mainly adsorbed on the surface of fine soil particles and
the activity of water is low, which leads to higher pressure and lower temperature for
stabilizing the methane hydrate.

Figure 8 presents the evolution of hydrate saturation against temperature. From
Figure 8, it can be seen that the hydrate saturation decreases with increasing temperature.
The increasing temperature causes the methane hydrate dissociation, reducing the content
of hydrate within fine-grained sediment. In Figure 8a,b, one can find that the decreasing
tendencies in hydrate saturation with temperature for different dry densities are almost
consistent with each other, if the influence of initial hydrate saturation is ignored. In
Figure 8c, the hydrate saturation evolution curve with temperature is presented at the
same dry density. The curves of Sh–T are completely different for the different initial water
saturations. For the high initial water saturation, the decrease in hydrate saturation with
increasing temperature is relatively uniform. With respect to the low initial water content,
the reduction of hydrate saturation is flat at la ow temperature stage (<~280 K), but sharply
decreases when temperature increases up to the temperature of ~280 K. This is due to the
fact that, under the same initial temperature and pressure, the pore water in the soil sample
prefers to exist within small pores and close to the surface of fine soil particles due to the
physical adsorption and capillary effect. In the case of the low initial water saturation, pore
water is mainly affected by the adsorption effect, and the temperature change does not
induce a significant hydrate dissociation. In contrast, high initial water content mainly
corresponds to the capillary effect. A great deal of hydrate can be decomposed by increasing
temperature at low temperature stage.
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Figure 8. Cont.
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Figure 8. Temperature dissociation curve of methane hydrate in fine-grained sediment. (a) Low initial
water saturation; (b) high initial water saturation; (c) different saturation at the same dry density.

3.2. NMR Measurement Results

Figure 9 shows the P–T evolution curve of the synthesis and decomposition of methane
hydrate in fine-grained sediment determined by the gas hydrate NMR measurement system,
which is consistent with the results measured by the gas hydrate phase equilibrium test
system. Figure 9 also finds that the evolution curve of P–T is relatively flat in the early
stage of heating. After the experimental temperature reached 7 ◦C, the slope of the P–T
evolution curve increased obviously, indicating that the main dissociation of hydrate also began to
increase. The specific reason can be explained by the T2 (T2 is the transverse relaxation time; it is
proportional to pore radius.) distribution obtained by NMR experiments, as shown in Figure 10.

Figure 9. P–T evolution curve of methane hydrate in fine-grained sediment and bulk data [35].
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Figure 10 shows the results of signal changes during hydrate synthesis and decom-
position in sediments with different dry densities and initial water saturation measured
by nuclear magnetic resonance instruments. In the procedure of the test, the temperature
is always larger than 1.6 ◦C not only for ensuring the good synthesis of hydrate, but also
for avoiding the effect of freezing on hydrate formation. It can be seen from Section 2.1.2
that the T2 is proportional to the pore radius R, so the water content in the sample can be
determined through the T2 distribution condition. When there is no methane, only the
leftmost T2 peak appeared, but after the methane gas injection, the second T2 peak and
the rightmost T2 peak (the third T2 peak) appeared, and the region of the first T2 peak
enlarged. During the formation and decomposition of methane hydrates, the first and
second T2 peaks change visibly, while the third T2 peak shows no significant change. The
results show that the first and second zeniths are the signals of water and methane in the
pores, while the third zenith is the signal intensity of methane gas outside the samples in
the measured area.

Figure 10. Cont.
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Figure 10. Cont.
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(a) ρd = 1.6 g/cm3, SW0 = 48.10%; (b) ρd = 1.6 g/cm3, SW0 = 20.40%; (c) ρd = 1.5 g/cm3, SW0 = 41.00%;
(d) ρd = 1.4 g/cm3, SW0 = 20.30%.

As shown in Figure 10, the nuclear magnetic signal intensity increases inhomoge-
neously with decomposition time. The small pores corresponding to T2 at 1~2 ms have no
nuclear magnetic signal intensity at the hydrate synthesis stage, but the signal intensity
suddenly appears after heating and dissociation in the early stage (temperature up to 7 ◦C).
In the later period of heating, the NMR signal intensity of the aperture range has no obvious
change, but the change in the signal intensity is more significant in the large aperture. This
shows that the hydrate in the small pores basically decomposes completely in the early
stage, and the decomposition rate of methane hydrate in the macropores increases when
the temperature reaches 7 ◦C. The reason for this phenomenon is probably that the water
in the small pores is more significantly affected by the physical adsorption on the surface
of mineral particles and the capillary effect of the pores, so that the potential energy of the
small pores is lower and the required equilibrium conditions are harsh. It is also sensitive
to the change of temperature and pressure environment. Macropores are greatly affected by
armor effect [39], which leads to the existence of some residual water. When the tempera-
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ture reaches 7 ◦C, the temperature and pressure condition is close to the phase equilibrium
line, so the decomposition rate of methane hydrate in macropores is accelerated. This is
also the reason why the slope of the P–T evolution curve in Figure 9 increases obviously. In
addition, it can be seen from Figure 10 that the positions of the first two T2 peaks of the
samples with high initial water saturation (such as Figure 10a,c) have changed obviously,
while those of the samples with low initial water saturation (such as Figure 10b,d) have
not shifted obviously. This is probably due to the formation of methane hydrate on the
surface of soil particles caused by the secondary synthesis of liquid water hydrate produced
by decomposition, which promotes the change in surface relaxation rate, especially the
migration of water in the samples with high water saturation.

3.3. Stability Conditions Simulation

At present, most of the hydrate stability condition models are based on the van der
Waals-Platteeuw (later known as vdWP) model [40–43]. Clarke et al. [40] only considered
the influence of a single pore diameter and could not establish a unified relationship
between pore size variation and stability conditions. Klauda and Sandler [41] further
extended the vdWP model by using the probability model of pore size. Yan et al. [42]
established a stability condition model of hydrate in porous media by linking the water
holding characteristic curve with the synthetic conditions of hydrate. Zhou et al. [43]
proposed a generalized phase equilibrium equation by combining the equilibrium condition
of hydrate in sediment with the capillary effect and salt concentration. For this reason, this
section will deepen and expand the Brooks and Corey [44] model theory and present a
methane hydrate stability condition model suitable for the fine-grained sediment with wild
pore size distribution characteristic.

According to the Gibbs–Thomson equation, the temperature offset ∆T(∆T = Tbulk −
Ts) of the equilibrium temperature of hydrate in capillary from pure hydrate can be calcu-
lated by [45]:

∆T = Tbulk/(ρh∆H)pc (4)

pc = Fγhl cos θ/r (5)

where pc represents the capillary suction at the hydrate-water interface at the hydrate
phase transition region within sediment pores, ∆H is the enthalpy of formation of methane
hydrate (∆H = 338.7 kJ/kg) [45],γhl represents the interfacial tension between hydrate and
water, θ indicates the contact angle between hydrate and pore wall of sediment, and r is the
pore radius. Tbulk is the equilibrium temperature of pure hydrate, which can be obtained by
being fitted from the stability condition curve of methane hydrate measured by Nakamaura
et al. [35] in this paper. In this study, Tbulk = 9.737 ln p + 263.9.

Ts is the stable temperature of hydrate in sediment, which can be obtained by:

Ts = Tbulk − ∆T = Tbulk − Tbulk/(ρh∆H)pc (6)

According to the Formulas (4)–(6), the temperature and pressure conditions after the
equilibrium of water in a single radius sediment can be obtained. However, due to the
synthesis of hydrate, the pore size changes all the time, so the capillary pressure in the
formula also changes. According to the research conclusion of Yan et al. [42] and Zhou
et al. [43], the relationship between capillary pressure and water saturation is similar to
the soil–water characteristic curve of the sample. Therefore, the soil–water characteristic
curve model of Brooks & Corey [44] is used to describe the relationship between capillary
pressure and water saturation as:

pc = a((Sw − Sr
w)/(1− Sr

w))
−n (7)

where Sw represents undydrated water saturation in each period, Sr
w represents residual

water saturation after hydrate formation in sediments in theory, and a and n are model
parameters.
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Through combining the above three Equations (5)–(7), the stability conditions of
hydrate in fine-grained sediments can be obtained, which is the relationship of temperature
T, pressure P, and unhydrated water saturation Sw. However, it is worth noting that the
capillary pressure in Equation (7) does not address the influence of dense degree on stability
condition. Thus, the authors improve the model parameters according to the relationship
established by Yan et al. [46] as:

a = ηeω (8)

where e is void ratio of sediment, and parameters η and ω are fitting parameters.
To verify the model, a series of experimental samples (marked by A1, A2, B1, B2, B3,

B4, and C1) are simulated. The used parameters are listed as followings: η = 70, ω=−2,
n = 0.8. Due to the discrepancy in sample preparation with different dry density and
initial water saturation, the residual water content is completely different. Therefore, this
simulation adopts different values for A1, A2, B1, B2, B3, B4, and C1. The adopted values
for Sr

w are 0.1%, 0.01%, 1.82%, 1.8%, 1.65, 1%, and 1.5% for A1, A2, B1, B2, B3, B4, and C1,
respectively. The simulation results are shown in Figure 11, and the predicted result of the
model satisfactorily coincides with the experimental data. It has been demonstrated that
the established model is capable of addressing the stability condition of methane hydrate
within fine-grained sediment.

Figure 11. Cont.
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4. Conclusions

This paper measures the stability condition of methane hydrate within artificially
prepared fine-grained sediment through the multi-step temperature rising method. The
NMR technique is used to reveal the formation and dissociation procedure of methane
hydrate within fine-gained sediment. In addition, an improved model is established to
address the stability condition of methane hydrate in fine-grained sediment:

The stable temperature and pressure condition of methane hydrate within fine-grained
sediment deviates left from that of the bulk methane hydrate. The dry density has a slighter
influence on the stability condition, but the capillary suction can play a significant role in
influencing the stability condition of methane hydrate at low initial water content.

The NMR result suggests that methane hydrate in fine-grained sediment is not com-
pletely synthesized because of the physical adsorption and capillary effect. In the hydrate
dissociation, the hydrate in the small pores decomposes first, then followed by the larger
sediment pores.

The developed model for stability condition of methane hydrate links the relationship
of pressure, temperature, and undydrated water saturation within fine-grained sediment.
As validated by the measured data, the model is demonstrated to have the ability of
simulating the stability condition of methane hydrate in fine-grained sediment, especially
for the influences of initial water content and dry density.
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