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INTRODUCTION

   Gas hydrates are crystalline clathrate compounds of gas and water molecules that are formed as a result of their physical force of attraction. Above the melting temperature of ice, methane and water mixture may exhibit aqueous liquid phase(Lw), gaseous phase(Gmethane), and clathrate hydrate phase(H). Depending on amounts of water and methane, two-phase equilibrium of hydrate/methane system can exist above three-phase equilibrium line.

   Two-phase equilibria of hydrate/methane phase are important in natural gas pipelines and related process equipment. Experiments in this region are known to be very difficult for low concentration of water and long experimental times. However, few studies on hydrate/aqueous liquid phase were reported. Because of this, this study concentrated upon measuring the two-phase equilibria and predicting three-phase equilibria and two-phase equilibria with thermodynamic consistency.

THEORY

   Van der Waals and Platteuw [Sloan, 1990] derived the expression for the chemical potential of water in hydrate phase, (wH. The general expression is


[image: image30.wmf]Pressure / bar

0

100

200

X

 

CH4

0.0000

0.0005

0.0010

0.0015

0.0020

Calculated at 273 K

Calculated at 278 K

Experimented at 278 K

Experimented at 273 K



EMBED Equation.2 \s[image: image2.wmf])]

1

/(

1

ln[

,

,

P

P

+

-

=

å

4

4

4

4

CH

j

CH

CH

j

CH

j

j

f

C

f

C

RT

n


(1) 

where j denotes cavities which guest molecules can occupy, ( denotes a fluid phase, (wEH is the chemical potential of empty hydrates, (j is the number of type j cavities per water molecule, 
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 is the Langmuir constant for each kind of cavities. Nagata and Kobayashi [Nagata and Kobayashi, 1966] showed that Langmuir constants are considered simply temperature-dependent and can be represented by,
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(2)
Langmuir constants can be regressed by three phase equilibrium data.

   When equating chemical potentials for equilibrium calculation between a fluid and hydrate phase, the difference of reference states should be considered. We define ((w,
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   Now we write the two-phase equilibrium relation involving hydrate phase. For water
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(4)

   Three phase equilibrium relations can be written similarly. For LW-H-Gi equilibria,
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EXPERIMENTAL SECTION

   All the experiments were performed using a variable volume view cell with a hand-pump was used for generating pressure in Figure 1. For the purpose of enhancement in mixing, an external circulation loop was used to circulate aqueous phase by a high-precision metering pump. The cells and the circulation loop were immersed in a temperature-controlled bath.

   In measuring three-phase equilibrium, degassed water was charged into the cell. Hydrate former gas was introduced. The system was cooled to about 3-4K below the anticipated hydrate forming temperature. Once the hydrates were formed, they were allowed to decompose by raising the temperature. Near the complete decomposition, the system was maintained at the temperature for 8 hours. When no pressure change was detected, the condition was taken as the equilibrium condition.
   The solubility of hydrate former in aqueous phase was analyzed by sampling loop(5) and expansion chamber(3). Degassed water was charged into the cell until most of the cell was filled with solution. After hydrate former phase was completely changed to hydrate by subcooling, the system was maintained at a given temperature and pressure and was monitored more than a day. With no pressure change, small amounts of liquid phase were taken by sampling loop. The dissolved hydrate former in the sample was expanded in the expansion chamber which volume was measured precisely using methane PVT measurements. A pressure transducer (Sensys, 0-30 psia, (0.25%) was used to measure the pressure of expansion chamber. The solubility of methane was calculated by flash calculations using an equation of state by Yeom et el.[Yeom et al., in press] The standard error of solubility by these procedures was found to be less than 0.0002 in mole fraction .

RESULTS AND DISCUSSION

   The main difference of present calculation method is that we used the lattice equation of state [Yeom et al., in press] for both vapor and liquid phases consistently. The binary parameter was fitted to gas solubility in the region where hydrates are not formed. Pure parameters of each component were fitted to vapor pressure and liquid density. The parameters of equation of state are listed in Table 1. 

   In order to verify the reliability of the experimental apparatus and procedure, solubility of methane was obtained at 298.15 K and compared with those of other authors [Knapp et al, 1982] in Figure 2. Experimental results were found to be within a maximum deviation of 0.0003 in mole fraction. In calculation, the binary parameter was determined from vapor liquid equilibrium data and found to be 
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   The three phase equilibria including clathrate hydrate can be calculated by equation (5) and equation (6). The Langmuir constants for methane hydrates were regressed by dissociation pressures and can be related by,
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   In present work, new experimental data were obtained. The results of calculation are compared with experimental data in Figure 2.

   The two-phase equilibria of aqueous phase and clathrate hydrate can be calculated by equation (5). The solubility of methane in H-Lw equilibria and were obtained in this work. Comparisons of experimental data and calculated value are demonstrated graphically in Figure 3. The verification of experimental apparatus and comparison of calculated and experimental data of each phase was demonstrated in Table 2. 

   Solubility of methane mainly depends on temperature rather than pressure. Beyond the three-phase equilibrium pressure, solubility slightly decreases with pressure rise. Handa [Handa, 1990] calculated the solubility of methane in H-Lw equilibria and showed that the solubility decrease with pressure rise beyond three-phase equilibrium pressure. 
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Phase
No. of data points
AAD (%)
AAD(%)
Reference

LW-VCH4
8
11.0(a)
11.7(c)
This work

LW-VCH4
28
3.6(a)
4.1(c)
Knapp et al.[1982]

H-LW-VCH4
10
6.7(b)
2.1(d)
This work

H-LW-VCH4
55
5.7(b)
2.3(d)
Sloan [1990]

H-LW
15
-
8.8(c)
This work
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Fig. 2. Comparison of experimental and calculated solubility of CH4 at 298.15 K





Fig. 3. Comparison of experimental and calculated dissociation pressure of methane hydrate in H-LW-F equilibria





Fig. 4. Comparison of experimental and calculated solubility of CH4 in aqueous phase in H-LW equilibria





Table 1. Parameters for Equation of state





Table 2.  Verification of experimental apparatus and comparison of calculated and experimental data of each phase
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Figure 1. Experimental apparatus; (1)vacuum pump; (2)magnetic stirrer; (3)expansion chamber; (4)sampling valve; (5)sampling loop; (6)metering pump; (7)density transducer; (8)water bath; (9)hand pump
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