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The hydrate has characteristics of low thermal conductivity and temperature sensitivity. To further analysis the mech-
anism of thermal conductivity and provide method for the exploitation, transportation and utilization of hydrate, the effect
of decomposition and thermal conductivity of methane hydrate in porous media has been studied by using the molecular
dynamics simulation. In this study, the simulation is carried out under the condition of temperature 253.15 K-273.15 K
and pressure 1 MPa. The results show that the thermal conductivity of methane hydrate increases with the increase of tem-
perature and has a faster growth near freezing. With the addition of porous media, the thermal conductivity of the methane
hydrate improves significantly. The methane hydrate-porous media system also has the characteristics of vitreous body.
With the decrease of the pore size of the porous media, thermal conductivity of the system increases gradually at the same
temperature. It can be ascertained that the porous media of different pore sizes have strengthened the role of the thermal

conductivity of hydrates.
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1. Introduction

Gas hydrates are inclusion compounds where hydrogen-
bonded water molecules encage appropriate guest molecules
(such as CHy, C;Hg, C3Hg, CO,, Ny, and Hy) under suitable
pressure and temperature conditions.[!! Hydrates do not exist
alone in nature, but are always accompanied by other materials
such as quartz sand, ice, etc. The interest of gas hydrates re-
search began with the discovery that the formation of hydrate
could plug pipelines during the transmission of natural gas.?!
Natural gas hydrate (NGH) is a kind of abundant, widely dis-
tributed, and clean energy, which will play an important role in
the future energy resources. At present, the research of natural
gas hydrate including mining safety, effectiveness, and econ-
omy are still in the stage of experiment.>® Gas hydrates are
nonstoichiometric crystalline compounds, which belong to a
group of solids called clathrate hydrates. It is known that type
I, I, and H are the major crystal structures of gas hydrates, de-
pending principally on the molecular size of guest molecules
and the formation conditions.!!-]

As we all know, the stability of hydrate changes equally
sensitive to temperature, therefore the research of thermal con-
ductivity to hydrate is very necessary. On one hand, it can pro-
vide the property physical data for gas hydrate exploitation.
On the other hand, it can evaluate the quantity of hydrate re-
sources by using the thermal conductivity of hydrate layer. -]
To further study the storage, transportation, and utilization of
hydrate, it is completely essential to research the thermal con-
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ductivity of gas hydrate. For instance, in the design of gas hy-
drate storage process, the thermal conductivity is an important
physical parameter. Because of the low thermal conductivity
of hydrate, it is expected to enhance the thermal conductivity
when using hydrate. Scientists have already carried out a lot of
theoretical and experimental research on thermal performance

of hydrate.

Due to the limitation of experimental methods, molecular
dynamics (MD) simulation has become an important alterna-

10-

tive method in recent years.!!>-12! In the previous studies, the

thermal conductivities of nanometer materials have been in-

13.14] However, there are

vestigated by using MD simulation.|
few MD reports related to the decomposition and thermal con-
ductivity methane hydrate in porous media. In the paper, we
performed MD simulation to study the effect of porous media
on decomposition and thermal conductivity of methane hy-
drate. The paper is organized as follows. In Section 2, the
structure models and computational methods are presented.
The results concerning the thermal conductivity of pure hy-
drate, hydrate in porous media and hydrate in porous media
with different pore sizes are given and discussed in Section 3.
Finally, some conclusions are drawn from the present study in

Section 4.
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2. Structure models and computational methods
2.1. Simulation system and simulation method

The initial positions of the oxygen atoms in hydrate lat-
tice were obtained from x-ray diffraction experiment,!'>! and
the hydrogen atoms were added in a random manner which
was consistent with Bernal-Fowler rule. Figure 1 shows a
model which consists of 368 water molecules and 64 methane
molecules in a simulation box. As a reference system, a
2 x 2 x 2 unit cell replica of the cubic sI hydrate (a = 11.62 A)
was prepared with methane molecules placed at the small and
large cages. The 2 x 2 x 3 unit cell silica ZSM-11 zeolite
porous media models whose size were respectively 0.35 nm,
0.8389 nm, and 1.2053 nm were also taken into consideration,
as shown in Fig. 2. The model denoted as SiO2(ZSM-11 zeo-
lite) in the text is shown in Fig. 3. The layers are repeated due
to periodic boundary conditions.

Fig. 1. Methane hydrates simulation system. Color scheme: white (H),
red (O), gray (C).

Fig. 2. Different pore size of porous media models used in this paper to simulate system (a) for the pore size is 0.35 nm, (b) for the
pore size is 0.8389 nm and (c) for the pore size is 1.2053 nm. Color scheme: red (O), yellow (Si).

Fig. 3. Final structure of hydrate + porous media simulation system (a)
for silica (0.35 nm) + hydrate, (b) for silica (0.8389 nm) + hydrate and
(c) for silica (1.2053 nm) + hydrate.

The rigid, three-center SPC/E potential model proposed
by Berendsen et al.!'% was used for water-water interactions,
in which each water had equilibrium O—H bond length of 1.0 A
and H-O-H bond angle of 109.5° (as listed in Table 2). The

SPC/E potential is expressed as
12 6
Gmn Gmn
F'mn Fmn

Standard combination rules were used to calculate the

U(r;nn) = Z
m#n

Lennard—Jones parameters for the unlike pairs of atoms. The
equations are

Emn = (emmsnn)l/za (2)
Omn = (Gmm + O-nn) /2, (3)

where r,,, 1s the distance between molecules m and n, and
U(rmn) is the interaction potential, g, refers to the charge
on molecules m, & is the permittivity of free apace, €, and
Omn are the Lennard—Jones parameters. Methane molecules
are treated as spherical particles, and Lennard—Jones po-
tentials are used for methane-methane and water—-methane
interactions.!!”] Long-range electrostatic interactions are han-
dled by the Ewald summation method, and nonelectrostatic
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interactions are truncated at a distance of 11.0 A. The equa-
tions of motion are integrated by using the Leapfrog algorithm.
The standard Lorentz—Berthelot combining rule was adopted
for the methane—water nonelectrostatic interactions. The
Lennard—Jones parameters of water and methane molecules
used in this work are listed in Tables 1 and 2. All molecular
dynamics simulations are performed with periodic boundary
condition by using LAMMPS molecular dynamics software

package.[!3]

Table 1. Lennard—Jones parameters. 19211

Atom £/KJ-mol ! o/A
Cc-0 0.89 345
C-C(CHy) 1.23 373
0-0(H,0) 0.65 3.16
0-0(Si0;) 0.63 3.158
Si-Si(Si0,) 251 3.92

Table 2. Intermolecular potential parameters for the water models. 224!

Model qule qole Ion/A /HOH/(°) u/D
SPC +0.82 —0.41 1.0 109.5 227

2.2. Thermal conductivity calculation method of molecu-

lar dynamics simulation

Heat energy can be transmitted through solids via electri-
cal carriers (electrons or holes), lattice waves (phonons), elec-
tromagnetic waves, spin waves, or other excitations. In metals
electrical carriers carry the majority of the heat, while in in-
sulators lattice waves are the dominant heat transporter. Nor-
mally, the total thermal conductivity A can be written as a sum
of all the components representing various excitations

A=Y e, 4)

where a denotes an excitation.
Thermal conductivity is defined as

Q
—— 5

vT’ ©)

where @ is the heat flow rate (or heat flux) vector across a unit

2=

cross section perpendicular to @ and T is the absolute tem-
perature. For the kinetic formulation of thermal conduction in
gases, let us assume that c is the heat capacity of each particle
and n is the concentration of the particles. In the presence of a
temperature gradient VT, for a particle to travel with velocity
v, its energy must change at a rate of

%—f =cv-VT. (6)

The average distance a particle travels before being scat-
tered is V7, where 7 is the relaxation time. The average total
heat flow rate per unit area summing over all particles is there-

fore

1
Q=-nct{v-v)VT = —grwﬂ)zVT. @)

The Green—Kubo formulas relate the ensemble average of
the auto-correlation of the heat flux J to the thermal conduc-
tivity kappa

J =Y it} (fijvj)Xi

i<j

1
= Yewit5 Y (fij (vitv) Xy, ®)

i<j

Combining Egs. (5)—(8), we have

b=y [ G0 IO ©)
where V is the system volume, and J (¢) is the heat flux.

This hydrate sample is equilibrated by using canonical en-
semble (NVT) and micro-canonical ensemble (NVE) molecu-
lar dynamics methods with periodic boundary conditions at
pressure 1 MPa and temperature 253.15 K-273.15 K. The re-
sult shows that the system is stable. The total simulation time
is 1 ns with a time step of 1 fs, in which 500 ps is used for
equilibration.

3. Results and discussion

In order to give the general features of the system con-
figuration, snapshots of the configuration of methane hydrate
dissociation process and schematic diagram of thermal con-
ductivity in porous media at 7 = 273.15 K are shown in Figs. 4
and 5, respectively.

In Fig. 4, with the decomposition of hydrate, methane
molecules gradually accumulate on the surface of SiO; porous
media. In Fig. 5, the kinetic energy is exchanged between one
or more particles in a hot layer and a cold layer at set intervals,
which imposes an energy flux through the system and reduces
the concentration and the temperature, and thus plays a role in
the decomposition of hydrate.

3.1. The thermal conductivity of pure hydrate

The molecular structure of hydrate is very similar to that
of ice, but its thermal conductivity (about 0.49 W-m~'-K~!) is
much smaller than that of ice (2.23 W-m~! ~K_1), and is closer
to that of water (0.605 W-m~!-K~1).[25:26] Although having a
crystalline structure, the hydrate shows the thermal character-
istics of vitreous body.!?”! Generally the thermal conductivity
of hydrate is extremely low. We have used molecular dynam-
ics to simulate the thermal conductivity of pure hydrate, and
compared the result with the actual value in literatures. The
results show that the simulation value is 0.51 W-m~!-K~! and
the actual value is 0.49 W-m~!-K~!, which demonstrates that
the model we use in this paper is reasonable. The thermal con-
ductivity of methane hydrate at different temperatures is given
in Table 3.
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100 ps, 273.15 K 200 ps, 273.15 K

500 ps, 273.15 K 1000 ps, 273.15 K

Fig. 4. Snapshots of the configuration of methane hydrate dissociation process in porous media at 7 = 273.15 K.

Fig. 5. Schematic diagram of thermal conductivity of hydrate in SiO, porous media at 7 = 273.15 K.

Table 3. Thermal conductivity of methane hydrate at different temperatures.

T/K A/W-m~ LK1 T/K A/W-m~1.K"! T/K A/W-m K]
1 257.42 0.5098 7 261.51 0.5402 13 267.41 0.5892
2 257.8 0.5135 8 262.4 0.5456 14 268.4 0.6015
3 258.4 0.5187 9 263.36 0.5520 15 269.28 0.6138
4 258.82 0.5214 10 264.36 0.5595 16 270.97 0.6357
5 259.34 0.5243 11 265.41 0.5684 17 272.47 0.6562
6 259.97 0.5275 12 266.4 0.5780 18 273.15 0.6680

As shown in Fig. 6, the thermal conductivity of methane
At the

same time, the thermal conductivity increases rapidly with the

hydrate increases with the increase of temperature.

increase of temperature near the freezing point, that is, the de-
composition process is about to begin. It demonstrates that the
lower thermal conductivity is the reason why gas hydrate ex-
ists stably. This phenomenon is also shown in Fig. 7. Figure 7
shows the change of methane hydrate thermal conductivity
with time at 7 = 263.15 K, 268.15 K, 273.15 K. Within 1 ns,
the thermal conductivity are increased by 312.04%, 125.34%,

and 38.74% at 263.15 K, 268.15 K, and 273.15 K, respectively.
This is consistent with the trend in literature.”*8! Tt is well
known that the formation of hydrate is accompanied by the de-
composition of hydrate. Because the thermal conductivity of
ice is higher than that of hydrate, the increase of the ice content
in the decomposition process of pure hydrate will increase its
thermal conductivity. When the temperature is 263.15 K, the
thermal conductivity of hydrate increases first, then remains
constant, increases again, and then remains unchanged. This

phenomenon can be explained that when the decomposition
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rate is larger than the synthesis rate, the content of ice in-
creases rapidly and the thermal conductivity increases. When
the synthesis rate is equal to the decomposition rate, the con-
tent of ice is constant, and the thermal conductivity remains
constant. The thermal conductivity remains unchanged until
the hydrate is completely decomposed. Moreover, the lower
the decomposition temperature is, the more easily it leads to
icing. So the amount of methane hydrate decomposition at
263.15 K is much more than that of at 273.15 K in 1 ns. At
a certain temperature and pressure condition, the thermal con-
ductivity of gas hydrate increases with time.
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Fig. 6. Thermal conductivity of methane hydrate at different tempera-
tures.
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Fig. 7. (color online) Variation of the methane hydrate thermal conduc-
tivity with time at 7 = 263.15 K, 268.15 K, 273.15 K, respectively.

3.2. The thermal conductivity of hydrate in porous media
It is
usually accompanied by other materials, such as quartz sand

The gas hydrate does not exist alone in nature.

porous media, ice, etc. So it is important to study the thermal
conductivity of hydrate in the composites.

Figure 8 compares the thermal conductivity between
methane hydrate-SiO, porous media system (in this section we
consider it as a system) and pure hydrate at different tempera-
tures. It can be seen that the thermal conductivity of methane
hydrate is greatly increased by the addition of SiO, porous
media. In the case of 263.15 K, the thermal conductivity of
the pure hydrate is 0.55 W-m~!-K~!, while the thermal con-
ductivity of system is 0.90 W-m~!-K~!, which is increased by

72.73% compared to that of pure hydrate. This is due to the ad-
dition of SiO, porous media will change the basic structure of
hydrate. In addition, the SiO; porous media has high thermal
conductivity, it can significantly improve the heat transfer abil-
ity of the whole system and enhance energy transfer in gas hy-
drate, so as to avoid the icing phenomenon appeared in the late
period of hydrate decomposition effectively and increase the
temperature of the system, thus increasing the thermal conduc-
tivity of hydrate. For pure compound, its thermal conductivity
increases with the increase of temperature, which is different
from that of non-metallic crystal ordinary, shows a characteris-
tics of vitreous body. Figure 9 shows that the thermal conduc-
tivity of methane hydrate-porous media system increases with
time at a certain temperature and pressure. Hence, it can be
concluded that from Figs. 8 and 9, the addition of SiO, porous
media improves the thermal conductivity of methane hydrate,
but does not change the thermal conductivity of the vitreous
body.
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Fig. 8. (color online) The thermal conductivity of methane hydrate in
porous media and the thermal conductivity of pure hydrate.
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Fig. 9. (color online) Variation of methane hydrate in porous media
thermal conductivity with time at T = 263.15 K, 268.15 K, 273.15 K,
respectively.

3.3. Thermal conductivity of hydrate in porous media of
different pore sizes

Due to the high thermal conductivity properties of SiO;
porous media, the porous media with different pore sizes were
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introduced into hydrate system, to strengthen the heat conduc-
tion performance of hydrate.

1.6
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3 1.2053 nm
12} /,/"

of /

Thermal conductivity/ W-m—1-K~!

0.8} /o/
0.6 |-
0.4 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1
256 260 264 268 272
Temperature/K

Fig. 10. (color online) Thermal conductivities of methane hydrate in
porous media of different pore sizes.

As shown in Fig. 10, with the decrease of the pore size
of SiO;, porous media, the thermal conductivity of the sys-
tem increases gradually at the same temperature. When the
SiO, porous media pore size is small, the change trend rate
of thermal conductivity with temperature increases more ob-
vious. The small size effect of porous media improves the
SiO, surface. Meanwhile, the hydrate has the characteristics
of metastability. Therefore, there is a micro effect between
the SiO, porous media and the hydrate, which enhances the
micro-energy transfer. From the view of hydrate, the micro ef-
fect on thermal conductivity is mainly reflected in the phonon
mean free path length on.

4. Conclusions

By using molecular dynamics simulation, the decompo-
sition of methane hydrates in porous media and the influence
of methane hydrates decomposition on heat conduction per-
formance were studied. The main conclusions can be drawn
as follows.

Firstly, the thermal conductivity of hydrate-SiO, porous
media system increases with the increase of temperature. At
a certain temperature, the smaller the pore size, the larger en-
forcement impact for porous media on the thermal conduc-
tivity increase of hydrate. The main reasons for this phe-
nomenon are the following two points. To begin with, porous
media changed the basic structure of hydrate. The thermal
conductivity of the porous media is several times larger than
the thermal conductivity of the hydrate. With the porous
media added, the energy transfer has been significantly en-
hanced. The small size effect of porous media improves the
SiO, surface. Meanwhile, the hydrate has the characteristics
of metastability. Hence, the existing micro effect between the
porous media and hydrate enhances the role of micro-energy
transfer. From the view of hydrate, micro effect on thermal
conductivity is mainly reflected in the phonon mean free path
length on.

Secondly, the addition of porous media does not change
the thermal conductivity of the vitreous body for hydrate. The
thermal conductivity of methane hydrate-SiO, porous media
system also increases with the increase of temperature.

Thirdly, in the vicinity of decomposition, the thermal con-
ductivity of hydrate increases rapidly with the increase of tem-
perature. The low thermal conductivity of hydrate is one of the
important reasons for its existence in nature. The rapidly in-
crease of thermal conductivity means that the decomposition
process is about to begin.
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