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Abstract

:

Molecular dynamics simulations were performed to study the effects of temperatures, pressures, and methane mole fractions on the generation behaviors, dynamic properties, and interfacial structures of methane gas bubbles. Methane gas bubbling can be promoted by high temperatures and high mole fractions of methane, which come from the generation of larger methane clusters in solution. Bubbles were found to be highly dynamic, with more methane molecules exchanging between bubbles and the surrounding solution at high pressures and in systems with high mole fractions of methane. The interfacial structures between bubbles and the surrounding solution were rough at a molecular level, and the roughness of the outermost methane and water molecules was high at high temperatures, low pressures, and in systems with high methane mole fractions. The dissolution of methane molecules depended on the interactions between the outermost methane and water molecules, which would become stronger with decreasing temperatures, increasing pressures, and decreasing methane mole fractions. The results obtained can help in understanding both the generation behaviors of bubbles when gas hydrates decompose and the re-nucleation behaviors of gas hydrates in the presence of bubbles.
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1. Introduction


Gas hydrates are ice-like crystalline solids formed by water molecules and wrapped guest molecules under high pressures and low temperatures [1]. They can also be called methane hydrates when the guest molecules are methane. With vast reserves, high energy density, and relatively low carbon dioxide production, gas hydrates have been regarded as important energy resources [1,2], and they have been a hot topic in the last several decades.



Efforts have been put into studying the processes related to hydrates by using experimental [3,4,5,6,7,8,9,10] and theoretical methods [11,12,13,14,15,16,17], and the results demonstrated the great impacts of gas bubbles on the nucleation, growth, and decomposition of the hydrates. The presence of micro- and nano-bubbles can shorten the induction time for hydrate nucleation and accelerate the growth rate of gas hydrates, which can be attributed to the provision of gas sources and high Laplace pressures [7,9,10,13,17]. The mole fraction of methane in hydrates is about 0.148, which is much higher than that in saturated methane solution [1,18,19]. With the high mole fraction of methane, the decomposition of methane hydrates leads to the formation of a supersaturated methane solution, in which bubbles can be generated [8,20]. The bubbles that are formed can, in turn, affect the decomposition process of hydrates. On one hand, bubbles can promote the decomposition of hydrates by enhancing the mass transfer of methane molecules and decreasing the methane concentrations in the solution [17,21]. On the other hand, bubbles at the decomposition interface of hydrates will inhibit the process of heat transfer, which is not conducive to the decomposition of hydrates [22]. In addition, large numbers of micro- and nano-bubbles will exist in the solution after the hydrates decompose, and they play an important role in accelerating the re-nucleation of hydrates [7,23].



Given the importance of bubbles in hydrate systems, efforts have been made to study the properties of gas bubbles, such as their generation behaviors [20,21,24,25,26,27] and dynamic properties [27]. Molecular dynamics (MD) simulations have been frequently used to investigate the mechanism at the molecular scale [11,12,13,14,15,16,17,20,21,24,28,29]. Methane concentrations in solution will continuously increase with the decomposition of methane hydrates. Therefore, methane bubbles can be formed as the hydrates decompose [20,21,24]. The addition of ethanol and sodium chloride can promote the formation of bubbles in the process of hydrate decomposition [24]. The nucleation mechanism and evolution characteristics of methane bubbles are also found depending on the temperatures for hydrate decomposition [20]. Methane bubbles in systems with small mole fractions of methane are unstable and will decompose in a short time. However, the addition of carbon dioxide [25], a mixed gas of carbon dioxide and nitrogen [26], sodium chloride [27], and methanol [27] can benefit the stabilization of methane bubbles. In addition, the dynamic properties of bubbles have been evaluated by calculating the number of methane molecules exchanged between bubbles and the surrounding solution [27]. Bubbles are less dynamic with higher concentrations of thermodynamic hydrate inhibitors and larger bubble sizes, which are correlated with the solubility of methane in solution and the Laplace pressures of the bubbles [27]. The generation behaviors and dynamic properties of bubbles are important for the decomposition and re-nucleation of gas hydrates. However, there is still a lack of research on the effects of temperatures, pressures, and mole fractions of methane on them.



The interfacial structures between the gas and the solution can be a key issue for the dissolution of gas molecules [30,31,32], which is significant for the formation of gas hydrates. Gas molecules can be adsorbed, and they form a thin film on the surface of the solution; some of them can enter into the bulk of the solution [30,31,32]. In many studies, the interface refers to the narrow region in which the density changes from the value in one phase to that in the other [25,26,33,34], and it can be affected by the composition of the gas [25,26,33] and the solute [34] in the solution. However, the interface is rough at the molecular level, and it cannot be described well by only the density profiles [35,36,37,38,39,40]. Therefore, some efforts have been put into studying the outermost molecular layers on the surfaces of solutions [35,36,37,38,39,40]. In such studies, methane molecules are generally treated as isolated molecules, adsorbing onto the surface of the solution [35,36,37,38,39,40]. In bubbles with small radii, methane molecules can be in the supercritical state because of the high Laplace pressures. Therefore, methane in bubbles with small radii can be treated as a kind of liquid, and the outermost methane and water molecules in the interface can both affect the dissolution of methane molecules. However, studies on the interfacial molecular structures between methane gas bubbles and the surrounding solution are currently lacking.



The decomposition and re-nucleation of gas hydrates can be affected by the generation behaviors, dynamic properties, and interfacial structures of methane gas bubbles. However, the effects of the surrounding conditions on them are still unclear on the molecular scale, including the temperature, pressure, and mole fraction of methane (Xmethane). In this work, MD simulations were performed to study the process of methane gas bubbling in systems with different Xmethane values of 0.037 to 0.065 mole fractions at temperatures of 293.15 to 313.15 K and pressures of 5 to 18 MPa. The generation behaviors, dynamic properties, and interfacial structures of methane gas bubbles were studied to investigate the effects of temperatures, pressures, and Xmethane.




2. Models and Methods


In the simulations, a mixture of methane and water molecules were randomly placed in a 6.1 nm × 6.1 nm × 6.1 nm cubic box. Six systems with different Xmethane values ranging from 0.037 to 0.065 were investigated; the numbers of methane and water molecules (Nmethane, Nwater) are given in Table 1. Saturated methane concentrations in aqueous solution had a mole fraction of about 0.003 under similar thermodynamic conditions [18,19]. Therefore, the six systems were all methane-supersaturated aqueous solutions. Five independent simulations were carried out for each system, with pressures of 5, 8, 12, 15, and 18 MPa. After energy minimization was performed, each system was relaxed via a 20 ns isobaric–isothermal (NPT) simulation at 288.15 K and the setting pressure to ensure that no bubbles appeared. The structures obtained were used as the initial configurations for the next steps. After an additional 1 ns equilibrium simulation, the temperature was raised to 293.15 K at a rate of 5 K/ns in 1 ns, and then it was kept stable for 50 ns. After that, the temperature was raised step by step at a rate of 5 K/ns and kept for 50 ns at 298.15, 303.15, 308.15, and 313.15 K.



The TIP4P-ice model [41] and TraPPE model [42] were used for the water and methane molecules, respectively. The SETTLE algorithm [43] was used to constrain the rigid geometry of the water molecules. The Lennard–Jones potentials between different atoms were calculated with the standard Lorentz–Berthelot rules. Equations of motion were integrated with a time step of 2 fs. Periodic boundary conditions were applied in all three Cartesian directions [44]. A V-rescale thermostat [45] and Berendsen barostat [46] were used to adjust the temperature and pressure with time constants of 0.2 and 2.0 ps, respectively. The van der Waals interactions were calculated with a cutoff of 1.2 nm, and the electrostatic interactions were calculated with the Fast Smooth Particle–Mesh–Ewald method [47]. All of the simulations were performed in GROMACS 2019.3 [48].




3. Results and Discussion


3.1. Methane Gas Bubbling in a Supersaturated Aqueous Solution


As shown in Figure 1, Sys3_5MPa was taken as an example to characterize the process of methane gas bubbling. After 20 ns of relaxation simulation at 288.15 K and 5 MPa, the initial configuration of Sys3_5MPa was still in a state of methane supersaturation (Figure 1a). As the simulation proceeded, the methane molecules collided with each other. Methane clusters containing small numbers of methane molecules were frequently formed (Figure 1b), but quickly decomposed (Figure 1c). When the temperature was raised to 303.15 K, the system remained supersaturated in the first 22 ns (from 104 to 126 ns). A methane cluster was then generated, formed by a large number of methane molecules (Figure 1d). This methane cluster grew further into a gas bubble with the addition of dissolved methane molecules (Figure 1e). The shape of the bubble was subject to change, with the system being in two phases consisting of bubbles and the solution (Figure 1f). As a result, a methane bubble was found to be formed at 303.15 K in the time interval of 104 to 154 ns in the simulation.



The number of methane molecules (Nmethane) in the gas bubble is one of the key parameters for describing the bubble formation process, as reported in many previous studies, with the definition of gas molecules varying among researchers [20,21,23,25,49]. In the cluster analysis method, two methane molecules with a distance less than the cutoff length are classified as being in the same cluster [49]. In the following, a cutoff length of 0.53 nm was chosen to monitor the evolution of methane clusters in the simulation (Figure 2). Although several methane clusters with Nmethane values larger than 10 were recognized in the methane-supersaturated aqueous solution at the same time, only one was found to grow into a methane gas bubble (Figure 2a). Methane clusters with small Nmethane values were alternatively formed and decomposed until 126 ns. The Nmethane value in the largest methane cluster continuously increased in the time interval of 126 to 140 ns, suggesting that a methane gas bubble formed and grew with the addition of dissolved methane molecules. However, the Nmethane value in the second largest methane cluster decreased. After the bubble was formed at around 140 ns, the Nmethane value in the largest methane cluster fluctuated, while that in the second largest methane cluster remained at a level of less than 10 (Figure 2b). The results obtained indicated that only one methane gas bubble was formed in Sys3_5MPa at 303.15 K, and the Nmethane value in the largest methane cluster could be used to describe the process of bubble formation. The cutoff length (0.53 nm) was selected as the first minimum of the radial distribution function (RDF) between the methane molecules in the solution. Time evolutions of the Nmethane value with different cutoff lengths in the largest methane cluster were also obtained (Figure S1). When the cutoff length was in the range of 0.45 to 0.6 nm, the bubble formation process could be readily captured. Otherwise, dissolved methane molecules were identified as being in a cluster with a large cutoff length by mistake, while methane molecules in the same cluster could be wrongly recognized as belonging to different clusters with a small cutoff length.




3.2. Effects of Temperatures, Pressures, and Xmethane on the Generation Behaviors of Bubbles


The generation of gas bubbles can accelerate the decomposition processes of gas hydrates by decreasing the gas concentrations in the solution [17,20,21]. Therefore, the effects of temperatures, pressures, and Xmethane on the generation behaviors of bubbles are studied in this part.



According to the time evolution of Nmethane in the largest methane cluster in Sys3_5MPa (Figure 2), the time and corresponding temperature for methane gas bubbling could be recognized to be 126 ns and 303.15 K. The results also suggest that methane gas bubbles are more likely to be generated at higher temperatures. Table 2 lists the times and corresponding temperatures for the generation of methane gas bubbles in other systems. With a higher value of Xmethane, methane gas bubbles could be formed at lower temperatures, indicating that higher values of Xmethane benefited the generation of methane gas bubbles. With the same Xmethane values of 0.049 or 0.054, bubbles were more easily formed at 5 and 8 MPa than at 12, 15, or 18 MPa. However, the effect of pressure seemed to be different in systems with other values of Xmethane.



Classical homogeneous nucleation theory (CNT) [50] can be used to explain the effects of temperatures, pressures, and Xmethane on the generation of methane gas bubbles. In CNT, the free energy barrier for methane gas bubbling can be described as ΔG* = (16πγ3)/(3ΔGv2), and the rate of bubble nucleation, J, can be calculated as J = Aexp(−ΔG*/kT). In these equations, γ, ΔGv, k, and T refer to the interfacial tension, the free energy change in the transformation per unit volume, the Boltzmann constant, and the temperature, respectively. In addition, A is positive and increases with Xmethane in the solution. Therefore, methane gas bubbles are likely to be formed in systems with large values of Xmethane at high temperatures. However, the effects of pressures can be complex. On one hand, high pressures can increase the solubility of methane molecules in water [18,19], leading to fewer methane molecules entering the bubble nuclei, which is not conductive to bubble nucleation. On the other hand, the surface tensions will decrease with increasing pressures [51], which benefits the nucleation of methane gas bubbles.



On a molecular scale, the observed dependence of the generation of methane gas bubbles on temperatures, pressures, and Xmethane could be correlated with the Nmethane distributions of the methane clusters in the solution. Methane clusters with large Nmethane values were more likely to reach the critical sizes of the bubble nuclei, and then grew into methane gas bubbles. Time-averaged Nmethane distributions on the methane clusters were calculated for each condition over a simulation time of 20 ns at a frequency of 10 ps (Figure 3). The results obtained indicated that the increase in both the temperature and the Xmethane value were conducive to forming methane clusters with large Nmethane values (Figure 3a,c). Therefore, the generation of methane gas bubbles could be promoted in systems with large Xmethane values at high temperatures. However, the Nmethane distributions on the methane clusters were similar at different pressures in the range of 5 to 18 MPa (Figure 3b), suggesting the weak effects of pressures on the generation of methane gas bubbles (Table 2).




3.3. Effects of Temperatures, Pressures, and Xmethane on the Dynamic Properties of Bubbles


The gas bubbles that are formed can be nucleation sites for the re-nucleation of gas hydrates [7,9,10], which can be affected by the dynamic properties of the bubbles. The exchanges of methane molecules between bubbles and the surrounding solution can affect the increase in methane concentration in the surrounding solution. Therefore, the effects of temperatures, pressures, and Xmethane on the dynamic properties of the methane bubbles formed are studied in this section, focusing on the bubbles in Sys6_8MPa at different temperatures, those in Sys4 at 313.15 K and at different pressures, and those in systems with different Xmethane values at 313.15 K and 8 MPa.



For the studied systems, the effects of temperatures, pressures, and Xmethane on the inner pressures, radii, and surface tensions of bubbles were initially investigated. The number density profiles of methane and water molecules as a function of distance from the center of the gas bubbles were obtained. The regions in which the number density of water was less than 0.002 nm−3 were regarded as the bulk of the bubbles, and the number density of methane in the bulk of the bubbles was found to be about 10 to 11.5 nm−3. Several independent NVT simulations were carried out for systems with the same methane number density at the same temperature to obtain the inner pressures of those gas bubbles, and the computational details are presented in the Supplementary Materials. For the methane described by the TraPPE model, the critical temperature and pressure are 191.0 K and 45.0 bar, respectively [52]. Therefore, the methane molecules in the bubbles were all in a supercritical state in all of the systems (Figure 4a_I–c_I). In addition, both the methane number density in the bulk of the bubbles and the inner pressures increased with decreasing temperatures, increasing pressures, and decreasing Xmethane values (Figure 4a_I–c_I). Bubble radii are generally defined as the distance at which the methane density reaches half of that in the bulk of the bubbles [25,26]. The radii of the methane bubbles were found to increase with increasing temperatures, decreasing pressures, and increasing Xmethane values. Thus, the surface tensions (γ) could be obtained with Pin = Pout + 2γ/R, and they were around 56 to 60 mN/m, increasing with decreasing temperature, decreasing pressure, and increasing Xmethane values (Figure 4a_II–c_II).



Methane molecules with more than 12 water molecules in the first solvent shell were classified as dissolved molecules, and the other ones were in the gas phase [21]. When the state of methane gas molecules changed after a time-step simulation, these methane molecules were regarded as being exchanged between the bubble and the surrounding solution [27]. Therefore, time-averaged Nmethane exchanges between the bubbles and the solution could be determined over 20 ns with a time step of 10 ps (Table 3). The bubbles were found to be highly dynamic at high pressures and in systems with high Xmethane values, while the effects of temperature seemed to be complex. The dynamic properties of the bubbles could be affected by the dynamics of the methane molecules in the bubbles, the solubility of methane in the surrounding solution, and the size of the interfacial area. Higher dynamics of methane molecules in bubbles could drive more methane molecules to be dissolved in the solution, which would benefit the exchange of methane molecules. The low solubility of methane in the solution limited the dissolution of methane molecules, thereby reducing the exchange of methane molecules. More methane molecules could exchange between two phases with a larger interfacial area. It is known that the dynamics of methane molecules in bubbles will increase with higher temperatures and pressures, and the solubility of methane in aqueous solutions increases with lower temperatures and higher pressures. Although the dynamics of methane molecules in bubbles decreased with decreasing inner pressures in systems with higher Xmethane values (Figure 4c_I), the interfacial area for the exchange of methane molecules increased with the increase in the radii of the bubbles at the same time. As a result, the bubbles were highly dynamic at high pressures and in systems with high Xmethane values. The effects of temperature on the dynamic properties of bubbles can be complex because of the promoting impacts of the high dynamics of methane molecules in bubbles together with the inhibiting effects of the low solubility of methane molecules in solutions at high temperatures.




3.4. Effects of Temperatures, Pressures, and Xmethane on the Interfacial Structures between Bubbles and the Surrounding Solution


In addition to the dynamic properties of bubbles, the interfacial molecular structures between the gas phase and liquid phase also play important roles in the dissolution of gas molecules [38,39,40], which affects the re-nucleation of gas hydrates. In this section, the interfacial structures between bubbles and the surrounding solution are studied, with a focus on the systems in the preceding section.



The interfacial molecular structures were composed of the outermost methane and water molecules, as shown in Figure 5. These outermost molecules were identified with a procedure adapted from previous works [35,36,37,38,39,40], which is shown in detail in the Supplementary Materials. Thereafter, the average radius of the outermost methane, R(methane), and the average radius of the outermost water, R(water), were obtained with respect to the center of the bubbles. Surface densities were defined as the density of the outermost methane or water on the spherical shell with radii of R(methane) or R(water), respectively. When the distance to the center of the bubble was larger or smaller than R(methane), this outermost methane was classified as being in humps or wells of the bubble’s surface, respectively. When the distance to the center of the bubble was larger or smaller than R(water), this outermost water was classified as being in wells or humps on the liquid’s surface, respectively [38]. The separation between two of the outermost molecules in the radial direction (R) and the minimum distance between two of the outermost molecules projected on the spherical shell (S) were also calculated. The steady value of R at large values of S can be used to represent the surface roughness at the molecular level [35,36,37,38,39,40].



At higher temperatures, the radii of the gas bubbles became larger (Figure 6b), leading to more of the outermost molecules (Figure 6a). However, the surface density of the outermost molecules became smaller (Figure 6c). The radius of the outermost water was larger than the radius defined by half of the bulk density of the bubbles, while the radius of the outermost methane was smaller (Figure 6b). The mean difference in radii between the outermost methane and water molecules increased with increasing temperature (Figure 6b). The results suggest that the gas bubbles and methane solution were much more separate and that the interactions became weaker. Therefore, the methane molecules had less of an opportunity to dissolve in the solution. Temperature also had an effect on the roughness of the interfacial molecules. The percentage of methane molecules at the humps (Figure 6d) and the value of R at large values of S for the outermost methane (Figure 6e) increased with increasing temperature, indicating that the methane bubbles had a higher surface roughness at higher temperatures. The surrounding liquids had a higher surface roughness at higher temperatures (Figure 6f), and the effect of temperature on the roughness of the outermost methane molecules was stronger than that of the outermost water molecules (Figure 6e,f).



With the increase in pressure, the radii of the gas bubbles decreased, and the mean differences in radii of the outermost methane and water molecules also decreased (Figure 7b). Therefore, the bubbles and solution became closer, suggesting a stronger interaction between them. As the pressure increased, there were fewer of the outermost methane and water molecules, and the number of the outermost methane molecules decreased less than that of the outermost water molecules (Figure 7a), resulting in an increase in the surface density of the methane molecules and a decrease in the surface density of the water molecules (Figure 7c). The increasing surface density of the methane molecules could result in an increasing numerical density of methane in the bubbles (Figure 4b_I). However, some water molecules at wells under low pressure were covered by those at humps and, therefore, did not belong to the outermost water molecules under a high pressure. This phenomenon could be proved by the higher percentage of water at humps under higher pressures (Figure 7d). In addition, at higher pressures, with the increasing percentage of water at humps, the methane molecules were more likely to dissolve into the water because of the lower density of the water at the humps [38]. The outermost methane and water molecules both had a lower roughness at higher pressures (Figure 7e,f), which was opposite of the effects of external pressure on the surface roughness of water clusters [38].



At the same external temperature and pressure, the gas bubbles were bigger in systems with larger values of Xmethane, leading to more of the outermost methane and water molecules (Figure 8a) and larger bubble radii (Figure 8b). With the decrease in the inner pressures of the bubbles in systems with larger values of Xmethane (Figure 4a_I), the mean differences in the radii of the outermost methane and water molecules increase (Figure 8b), suggesting weaker interactions between the bubbles and the surrounding solution. In addition, the percentage of methane molecules at humps increased, while that of water molecules at humps decreases (Figure 8d), which was consistent with the effect of external pressure (Figure 7d). The surface density of the outermost molecules was higher (Figure 8c) for bigger bubbles, which could be explained by the greater roughness of the outermost molecules (Figure 8e,f). The outermost molecular layers with a greater roughness were thicker in the radial direction, resulting in a larger density projected onto the surfaces.





4. Conclusions


In the present work, classical MD simulations were conducted to study the process of methane gas bubbling in systems with different values of Xmethane (mole fractions of 0.037 to 0.065) at temperatures of 293.15 to 313.15 K and pressures of 5 to 18 MPa. The effects of temperature, pressure, and Xmethane on the generation behaviors, dynamic properties, and interfacial structures of methane gas bubbles were investigated. The major findings are listed in the following.



More methane clusters with large values of Nmethane can be generated at high temperatures and in a supersaturated solution with a high value of Xmethane. The generation of these large methane clusters can promote the formation of gas bubbles. However, the effects of pressure are not obvious in the range of 5 to 18 MPa.



More methane molecules were found to be exchanged between bubbles and the solution at high pressures and in systems with high values of Xmethane. However, the effects of temperature are complex. On one hand, a high temperature leads to high dynamics of the methane molecules in the bubbles, thus promoting the exchange of methane molecules. On the other hand, the low solubility of methane in the solution could inhibit the exchange of methane molecules at high temperatures.



The interfacial structures between bubbles and the surrounding solution were rough on the molecular level. The roughness of the outermost methane and water molecules became large at high temperatures, low pressures, and in systems with high values of Xmethane. The interactions between the outermost methane and water molecules could also become stronger with decreasing temperature, increasing pressure, and decreasing values of Xmethane in the systems. The strong interactions between the outermost methane and water molecules can benefit the dissolution of methane molecules in the solution.



The results obtained in this study can be used to understand the generation behaviors of gas bubbles during the decomposition of gas hydrates, together with the re-nucleation behaviors of gas hydrates in the presence of bubbles at different temperatures and pressures.
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Figure 1. Snapshots of Sys3_5MPa at (a) 0, (b) 38, (c) 40, (d) 126, (e) 146, and (f) 215 ns. Methane molecules and water molecules are represented by cyan balls and red lines, respectively. 
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Figure 2. Time evolutions of (a) the number of methane clusters with Nmethane values larger than 10 and (b) Nmethane values in the largest and the second largest methane clusters in Sys3_5MPa. 
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Figure 3. Time-averaged Nmethane distributions on methane clusters in (a) Sys1_5MPa at different temperatures, (b) Sys1 at 293.15 K and at different pressures, and (c) systems with different Xmethane values at 8 MPa and 293.15 K. 
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Figure 4. (I) Methane number densities and the inner pressures in the bulk of bubbles and (II) radii and surface tensions of the bubbles in (a) Sys6_8MPa at different temperatures, (b) Sys4 at 313.15 K and at different pressures, and (c) systems with different Xmethane values at 313.15 K and 8 MPa. 
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Figure 5. (a) All and (b) parts of the outermost methane and water molecules at the interface between the methane gas bubble and the surrounding solution. Methane molecules are represented by cyan balls, oxygen atoms are shown in red balls, and hydrogen atoms are hidden. 
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Figure 6. Time averages of (a) the total numbers of outermost methane and water molecules, (b) bubble radii, (c) the surface densities of the outermost methane and water molecules, (d) percentages of methane and water molecules at humps, and R as a function of S for (e) the outermost methane molecules and (f) the outermost water molecules in Sys6_8MPa at different temperatures. 
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Figure 7. Time averages of (a) the total numbers of the outermost methane and water molecules, (b) bubble radii, (c) the surface densities of the outermost methane and water molecules, (d) the percentages of methane and water molecules at humps, and R as a function of S for (e) the outermost methane molecules and (f) the outermost water molecules in Sys4 at 313.15 K and different pressures. 
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Figure 8. Time averages of (a) the total numbers of the outermost methane and water molecules, (b) bubble radii, (c) the surface densities of the outermost methane and water molecules, (d) the percentages of methane and water molecules at humps, and R as a function of S for (e) the outermost methane molecules and (f) the outermost water molecules in systems with different values of Xmethane at 313.15 K and 8 MPa. 
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Table 1. The numbers of methane and water molecules and the mole fractions of methane in each system.






Table 1. The numbers of methane and water molecules and the mole fractions of methane in each system.





	System
	Sys1
	Sys2
	Sys3
	Sys4
	Sys5
	Sys6





	N (methane)
	270
	310
	350
	390
	430
	470



	N (water)
	6940
	6900
	6860
	6820
	6780
	6740



	X (methane, mol/mol)
	0.037
	0.043
	0.049
	0.054
	0.060
	0.065
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Table 2. The times and corresponding temperatures for the generation of methane gas bubbles in each system.
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	Xmethane (mol/mol)
	5 MPa
	8 MPa
	12 MPa
	15 MPa
	18 MPa





	0.037
	nb 1
	nb
	nb
	nb
	nb



	0.043
	229 (313.15)
	167 (308.15)
	nb
	nb
	nb



	0.049
	126 (303.15)
	120 (303.15)
	185 (308.15)
	170 (308.15)
	158 (308.15)



	0.054
	62 (298.15)
	86 (298.15)
	133 (303.15)
	121 (303.15)
	122 (303.15)



	0.060
	100 (298.15)
	48 (293.15)
	55 (298.15)
	109 (303.15)
	67 (298.15)



	0.065
	ns 2
	10 (293.15)
	33 (293.15)
	38 (293.15)
	17 (293.15)







Note: 1 No bubble formation. 2 No simulation performed because bubbles were generated in the relaxation simulation.
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Table 3. Time-averaged Nmethane exchanges between the bubbles and the solution per 10 ps in (a) Sys6_8MPa at different temperatures, (b) Sys4 at 313.15 K and at different pressures, and (c) systems with different Xmethane values at 313.15 K and 8 MPa.
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Part a

	
Part b

	
Part c




	
Temperature

(K)

	
Nmethane

(10 ps)−1

	
Pressure

(MPa)

	
Nmethane

(10 ps)−1

	
Xmethane

(mol/mol)

	
Nmethane

(10 ps)−1






	
293.15

	
21.93

	
5

	
19.46

	
0.037

	
nb 1




	
298.15

	
21.50

	
8

	
19.89

	
0.043

	
17.29




	
303.15

	
21.77

	
12

	
19.90

	
0.049

	
18.82




	
308.15

	
21.63

	
15

	
20.31

	
0.054

	
19.89




	
313.15

	
21.40

	
18

	
20.40

	
0.060

	
20.57




	

	

	

	

	
0.065

	
21.40








Note: 1 No bubble formation.
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