이성분 혼합 가스계의 가스 하이드레이트 상평형

서유택, 강성필, 이 흔

한국과학기술원 화확공학과

Gas Hydrate Phase Equilibrium for Binary Gas Mixture Systems

Yu-Taek Seo, Seong-Pil Kang and Huen Lee

Department of Chemical Engineering, KAIST

Introduction
Gas hydrates are crystalline compounds which are formed by physically stable interaction between water and relatively small guest molecules occupied in the cavities built by water molecules. Predictions of global energy use in the next century suggest a continued increase in emissions and rising concentrations of CO2 in the atmosphere. The newest way is to manage carbon, capturing or separating and securely storing CO2 freely vented from the energy system. Hydrate formation method is less energy intensive and has a huge potential capability of separation and fixation of CO2. We can consider the natural gas exploitation in relation to CO2 fixation into deep ocean. In the present work, the hydrate forming conditions in the ternary system containing CO2, N2 and H2O is examined and the isobaric equilibrium conditions of CO2 and CH4 mixture were measured to identify the hydrate-forming region. 

Thermodynamic model.

The equilibrium criteria of the hydrate forming system are based on the equality of the fugacity of any component in all phases coexisted simultaneously and focused on obtaining the equilibrium properties. According to the van der Waals and Platteeuw model , the fugacity of guest components in the vapor phase is in equilibrium with that in the hydrate phase. Therefore, the equilibrium relation of guest components between hydrate and vapor phase is automatically satisfied. Then, the final equilibrium conditions for the hydrate forming system are determined by comparing the equality between the fugacity of water in the hydrate phase and that in any other phase. The overall structure of thermodynamic model for describing the hydrate equilibria was given in our previous work.The thermodynamic model for hydrate phase was developed by van der Waals and Platteeuw , which related the chemical potential of water in the hydrate phase to that in hypothetical empty hydrate lattice. Chemical potential difference between the empty hydrate and the filled hydrate phase 
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 is obtained from
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where 
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 for the number of cavities of type m per water molecule in the hydrate phase, 
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 for the Langmuir constant of component j on cavity type m, and 
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 for the fugacity of component j in the vapor phase with which hydrate is in equilibrium. The Langmuir constant considers the interaction between the guest-water molecules in the hydrate cavities and the cavity potential function uses the Kihara potential with spherical core. In 1963 McKoy and Sinanoglu summed up all guest-host binary interactions to yield and overall cell potential. The Kihara hard-core parameter, a, is given in the literature, while Kihara energy and size parameters, ( and (, are obtained by fitting the equation (1) and the following expression in chemical potential differences of water. 
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In this study, the last term of equation (2) was replaced with water activity by using the proper EOS. The SRK-EOS incorporated with MHV2 mixing rule was used to determine the corresponding fugacity. Any appropriate excess Gibbs energy model for VLE calculations can be used for the MHV2 mixing rules. In the present study, we use the modified UNIFAC model as the excess Gibbs energy model. All the UNIFAC parameters used in this study were cited from the literature.

Experimental Section

A schematic diagram of the experimental apparatus used in this work is shown in Figure 1. For the measurement of vapor compositions at a given equilibrium condition, a sampling valve having a sampling loop of about 24.36 (L was installed and connected to a gas chromatograph on-line through high-pressure metering pump. Gas mixture was made using two syringe pumps. The charged gas mixture was analyzed using gas chromatograph and confirmed the desired composition. ISCO microsyringe pump was used to pressurize the system up to 235 bar. The equilibrium cell was cylindrical in shape and made of SUS316 material. It had an internal volume of about 50cm3. A couple of sapphire sight glasses installed at the front and back of the cell made it possible to observe the phase transition occurred inside the cell. A digital indicator attached to a thermometer with ±0.1 K accuracy was used to measure the temperature inside the cell. The cell pressure was measured by a Heise pressure gauge (0-400 bar), accurate to within 0.1 %. 

Results and Discussion

Figure 2 indicates the temperature versus pressure diagrams for three phase equilibrium conditions of CO2 and CH4 mixture system where the three coexisting phases are hydrate, liquid water and vapor phases. It is clear from the data that the equilibrium data approach to the pure CO2 three phase equilibrium data as the CO2 content of the vapor phase increase. The results also indicate that the three phase coexisting lines intersect in the upper quadruple points. The locus is upper limit condition of hydrate formation. In addition, the equilibrium lines are connected to lower quadruple point. The lower quadruple locus is estimated from calculated value of two three-phase equilibrium conditions. Therefore it is lower limit condition of hydrate formation. Three-phase equilibrium data of water-rich liquid, hydrate, and vapor (Lw-H-V) for the binary CO2 and N2 mixture system are presented in Figure 3. Measured equilibrium vapor compositions were much the same as initially introduced. The composition of mixed guests in hydrate and gas phase is different at equilibrium and the both change during hydrate formation. According to various initially charging CO2 concentrations, equilibrium conditions were drastically changed between both the pure CO2 and N2 hydrate Lw-H-V phase boundaries. It was clear from the data shown in Figure 3 that 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 increased. The results also indicated that pressure-temperature curve of a mixed gas containing 96.59 mol % CO2 was placed under pure CO2 curve. This phenomenon was considered as a stabilizing effect of N2 on mixed hydrates. CO2 molecules fill the large cavities of structure I hydrate. When a small amount of N2 was included, N2 molecules occupy the vacant small cavities of structure I hydrate. Figure 2 and Figure 3 show also the prediction results of the ternary systems. The calculated results are in good agreement with experimental data at low concentration, but showed a deviation at higher concentration than 50 mol% in high pressure region. Model calculations were also performed and compared with experimental results in Figure 2. Our gas hydrate prediction model was found in previous works [1]. 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 generally calculated values were underestimated. Our model well explained even the stabilizing effect of mixed hydrates. We compared our calculation results with well-known Sloan’s CSMHYD program [2] results. It gave an excellent feature at low CO2 concentrations, especially within 3 % at 5 mol % CO2 mixture. But, as the CO2 mol % increased deviations radically increased, and over the temperature of 278 K it brought unacceptable results. Contrary to our results, it was impossible for CSMHYD to give results for high CO2 concentrations, especially over CO2 78 mol %. CO2 and N2 form different hydrate structure, thus there should be a point where two hydrate structures coexist. Calculations using CSMHYD suggested that the phase boundary between the two-solid solutions lay at approximately 15 mol % of CO2. Figure 4 indicate the hydrate equilibrium conditions for CO2 and N2 mixture system in the presence of THF. It is noted that the equilibrium conditions are promoted by THF. The equilibrium temperatures in the presence of THF are much higher than that of pure water system.
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Figure 1. Schematic diagram of 
  Figure 2. Hydrate equilibrium conditions 

the experimental apparatus

  for the CO2 and CH4 mixture system. 
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Figure 3. Hydrate equilibrium conditions 
  Figure 4. Stabilization effect of THF

for the CO2 and CH4 mixture system
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