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Introduction

The hydrates of the various gases may have structures corresponding to the fundamental types SI or SII. Mixtures containing more than one gas constituent can similarly form a hydrate structure of one kind, but it is possible that the hydrates of the individual constituents are characterized by different structures. If a system containing only one type of hydrate is formed, the phenomenon corresponding to complete mixing of the solid solution is manifested, and thus a mixed hydrate is formed.

In this study, the CO2-N2-hydrocarbon hydrate system would be investigated in detail. The equilibrium temperature and pressure conditions would be obtained, and the hydrate structure change would be confirmed experimentally as adding hydrocarbons. As an additional hydrocarbon components, 2,2- Dimethylbutane (C2H5C(CH3)3) and Methylcyclohexane (C6H11CH3), added system would be also investigated. When hydrocarbon, that is insoluble in water, was added in CO2-N2-water system, the hydrate structure was changed from SI to SH. At that time, gas hydrates are formed at a lower pressure and at a temperature. Because structure H requires both a small molecule such as methane and larger molecules typical of a condensate or an oil fraction, occurrence of structure H is possible in both the gas and oil industry.

Experimental Section

Apparatus The apparatus was constructed to measure the gas hydrate dissociation pressures and analyze the equilibrium compositions of vapor via on-line gas chromatograph. The apparatus consisted of two major parts; preparation of gas mixture section and equilibrium dissociation pressure and temperature measurement section. An equilibrium cell was made of 316 stainless steel and its internal volume was about 50 cm3. Two sapphire sight glasses were equipped at the front and back of the cell, and allowed visual observation of phase transitions. The cell contents were agitated by a magnetic spin bar that was coupled with an immersion magnet placed under the cell in the bath. The bath contained about 30 L of a liquid mixture of ethylene glycol and water, which was controlled by an externally circulating refrigerator/heater.

For the measurement of vapor compositions at a given equilibrium condition, sampling valve having sampling loop volume of about 0.5 (L respectively was installed and connected to a gas chromatograph on-line through a high-pressure metering pump. The gas chromatograph used a thermal conductivity detector (TCD) and a Porapak Q packed column. A vapor-sampling valve that has a calibrated loop volume of 4.8827 (L was used to perform the calibration for CO2 and N2. After the cell was pressurized with CO2 or N2 at a fixed pressure, gas in the loop was injected into the gas chromatograph to obtain the curve for moles vs. peak areas. The calibration curve for each gas was fitted to a linear equation, which showed minor deviations from linearity.

CO2 and N2 gas mixture was made using a couple of D series micro-syringe pumps. CO2 was charged with known amount of moles using syringe pump, then N2 was charged with needed amount of moles for desired gas composition by another pump. The charged gas mixture was gathered in a reservoir, and then analyzed using a gas chromatograph for confirmation.

Procedure After the equilibrium cell was well cleaned, overall inner parts were evacuated with vacuum pump. An amount of approximately 35 cm3 of the aqueous solutions containing hydrocarbons was initially charged into the evacuated equilibrium cell. The air in the cell was eliminated with flushing of gas mixture several times and the pressure was first adjusted to a desired pressure with gas mixture. The cell temperature was kept constant as a temperature just above that at which gas hydrates formed. Clathrate nucleation was then induced by agitation of magnetic spin bar with immersed magnet in bath. When gas hydrates were formed and the system pressure reached a steady state, external heater was used to increase the system temperature at a rate of 1 to 2 K per hour to a condition where the hydrate phase was dissociated and in coexistence with liquid and vapor phases. The nucleation and dissociation steps were repeated at least twice in order to remove the hysteresis phenomenon. When the amount of minute crystals existed and system temperature were kept constant at least for 8 to 10 hour after the system pressure was stabilized, the pressure was considered a hydrate dissociation pressure at the specific temperature. The existence of crystal was confirmed by visual observation.

For the measurement of the equilibrium composition, the experiment was more carefully carried out. It should be noticed that the best condition for the measurement of the equilibrium compositions could be obtained when the amount of hydrates was relatively small in liquid water. Thus, the nucleation and dissociation process for the analysis of composition is nearly similar to that of the measurement of dissociation pressures. When the system temperature and pressure was in equilibrium condition, the vapor phase was analyzed three times though the gas chromatograph. The reported equilibrium composition of the vapor phase was taken as the average value.

Thermodynamic model

In a system with N substances from which Nc are the hydrate-forming components, thermodynamic equilibrium is established among the vapor (V), liquid (L), and hydrate (H) phases. At the equilibrium condition of H-L-V phases, 
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,  i = 1,…,N
(1)

and
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Water is also included in this fugacity relationship. Given temperature, overall composition of the mixture, and expressions for the fugacities of each component in each phase, equation 1 and 2 is solved to obtain the pressure where hydrate first forms and to determine the proportions and compositions of each coexisting phase. In this study, the Soave-Redlich-Kwong equation of state (Soave, 1972) incorporated with a modified version of the Huron-Vidal mixing rule (Huron and Vidal, 1979) was used.

Cubic equation of state incorporated with various mixing rule have been not only applied in low-pressure vapor-liquid equilibrium (VLE) calculations, but also used for estimating the high-pressure phase equilibria.
Results and Discussion

Measured equilibrium vapor compositions were much the same as initially introduced. According to various initially charged CO2 concentrations, equilibrium conditions were changed between both the pure CO2 and N2 hydrate H-Lw-V phase boundaries. The rate of change of equilibrium temperature with the mole fraction of CO2 was high at low concentrations of CO2, but decreased as the CO2 content of the gas mixture increased. This phenomenon was considered a stabilizing effect of N2 on mixed hydrates. CO2 molecules fill the small and large cavities of SI hydrate. When a small amount of N2 was included, N2 molecules occupy the vacant cavities that do not be filled by CO2 molecules. A similar phenomenon was observed and explained by Okui and Maeda (1997) during investigation of CH4+C2H6+H2O system.

Model calculations were also performed and compared with experimental results in the same figure. Calculated results were in good agreement with our experimental data. Deviations at low CO2 concentrations were rather larger than that of high CO2 concentrations and calculated values were underestimated in general. Our model well explained even the stabilizing effect of N2 on mixed hydrates. CO2 forms SI hydrate, and N2 forms SII hydrate. If CO2-rich gas mixture were introduced, obtained hydrate would be SI and vice versa. Figure 1 shows that there does not happen any severe P-T slope change from hydrate structure transformation.

Three-phase equilibrium data of hydrate, water-rich liquid containing hydrocarbons, and vapor for the ternary system (H-Lw-V) are presented in Figure 1,2,3, and 4. According to containing hydrocarbons in CO2 concentrations of 48.15, 17.61, and 0.000 mol % in CO2-N2 mixture gases, equilibrium conditions were shifted to condition of lower pressure and higher temperature. And in CO2 concentrations of 100.0, and 77.80 mol % in CO2-N2 mixture gases, there were not shifted. The results indicated that hydrate structures were changed to SH as increasing N2 concentrations. This phenomenon was considered that CO2 molecules fill the 512 and 435663 cavities of SH hydrate and N2 molecules fill the vacant 512 and 435663 cavities that do not be filled by CO2 molecules, and hydrocarbons only fill the largest cavity, 51268. The S​H more stabilized when that was formed in 2,2-dimethylbutane containing solution than when in methylcyclohexane containing solution: that is, three phase equilibrium condition was lower pressure and higher temperature in 2,2-dimethylbutane containing solution than when in methylcyclohexane containing solution.
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Figure 3. CO2+N2 hydrate equilibrium condition. ; CO2 mole fraction is 0.1761





Figure 4. N2 hydrate equilibrium condition. 
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Figure 2. CO2+N2 hydrate equilibrium condition. ; CO2 mole fraction is 0.4815
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Figure 1. CO2+N2 hydrate equilibrium condition. ; CO2 mole fraction is 0.7780
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