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Analysis of nucleation, crystal growth, and
phase equilibrium for methane hydrate by

molecular dynamics simulations
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Thesis Abstract

Clathrate hydrates are crystalline solids consisting of hydrogen-bonded water molecules
forming cages that enclose the guest molecules. Understanding mechanisms of formation
process and phase equilibrium states of clathrate hydrates is crucial for scientific interests
and various potential industrial applications. Molecular Dynamics (MD) simulations play a
significant role to cultivate understanding of various physical properties for hydrate systems
at molecular scale. In this study, the nucleation process, crystal growth process, and phase
equilibrium condition of methane hydrate were analyzed by MD simulations.

Firstly, the nucleation rate and critical nucleus size of methane hydrate were statistically
estimated using 200 nucleation MD simulations. The mean first-passage time (MFPT)
method and survival probability (SP) method were employed to calculate them. The nu-
cleation rates calculated by both methods were in good agreement, and the critical nucleus
size estimated by the MFPT method was higher than values obtained by the previous study.
Although more rigorous approach is required to calculate the accurate critical nucleus size,
these methods are useful to analyze the nucleation process.

Secondly, the mechanisms of crystal growth of methane hydrate near the water/methane
interface were analyzed. We found that new cages were stabilized when sharing faces with
the hydrate seed. Moreover, the calculated growth rate in the direction that covers the
water/methane interface was faster than that in the direction normal to the interface.

Finally, the three-phase equilibrium conditions of water/methane/methane hydrate sys-
tem were estimated by isometric-isothermal (NVT) MD simulations. We found that the
calculated equilibrium conditions were higher than those reported by previous isobaric-
isothermal (NPT') simulation studies and experimental data. The differences between our
results and previous simulation studies were caused by the long computational time, large
system size and more importantly the pressure calculation method employed. We moni-
tored the pressure in the methane phase, far from the interfaces, and confirmed that it was
higher than the total pressure of the system. This fact clearly highlights the difficulties in
the pressure control for multiphase systems. The pressure control is not required in NVT
simulations, which is beneficial to predict the phase equilibrium conditions for multi-phase

systems.
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