Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive publisher-authenticated version is available on the publisher Web site

Archimer

Geochemical Journal
March 2008, Volume 42 (2) : Pages 163-175
© 2008 TERRAPUB. The Geochemical Society of Japan.

Archive Institutionnelle de l’Ifremer
http://www.ifremer.fr/docelec/

Empirical expressions for gas hydrate stability law, its volume fraction
and mass-density at temperatures 273.15 K to 290.15 K
Zhengquan Lu1, 2, * and Nabil Sultan1
1
2

Département de Géosciences Marines, IFREMER Centre de Brest, Plouzané Cedex 29280, France
Institute of Mineral Resources, Chinese Academy of Geological Sciences, Beijing 100037, P.R. China

*: Corresponding author : Zhengquan Lu, email address : luzhq@vip.sina.com

Abstract:
A series of empirical expressions for predicting gas hydrate stability, its volume fraction out of pore
space and gas hydrate mass-density were established in different systems in consideration of gas
composition (CH4, C2H6, H2S) and salinity (NaCl, seawater), and pore size at temperature between
273.15 and 300 K, based on our gas hydrate thermodynamic model (Sultan et al., 2004b, c). Six of the
developed expressions for predicting gas hydrate stability were validated against the available
published experimental data and they were also compared with other models. At temperature 273.15
to 290.15 K, the ARDPs (Average Relative Deviation of Pressures between the prediction and the
experimental data) have shown that these empirical expressions are in agreement with the
experimental data as well as other models, indicating their reliability of predicting gas hydrate stability
for these systems. At higher temperatures, the empirical predictions for gas hydrate stability do not
well reproduce the experimental data, because they are based on van der Waals model. The empirical
expressions for predicting gas hydrate stability in the systems of CH4 + H2S + H2O, CH4 + seawater +
poresize, CH4 + H2S + NaCl and CH4 + CO2 + NaCl, and for evaluating gas hydrate fraction and its
density need further validation due to lack of available published experimental data. However, the
empirical expressions for gas hydrate fraction and its density show that the effects of pore size and
salinity are negligible; gas hydrate fraction will increase if methane concentration continuously
increases relatively in excess of methane solubility and decreases with pressure within gas hydrate
stability zone, which is well consistent with data of natural gas hydrates in Cascadia; gas hydrate
density tends to increase with ethane percentage and decrease with pressure.
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1. Introduction
Gas hydrates are becoming more and more attractive not only because of their world-wide
occurrences (Charlou et al., 2004) with a great amount of potential energy (Kvenvolden, 1995; Milkov,
2004), but also because of their great effects: blocking oil and gas pipelines (Hammerschmidt, 1934),
causing the marginal continental slope instabilities (Dillon et al., 2001; Maslin et al., 2005; Sultan et al.,
2004a), affecting the carbon flux balance and leading to the global warming (Dickens, 2001;
Kvenvolden, 2002). Gas hydrate appears as ice-like solid clathrate formed by host lattices of water
molecules that embrace small guest molecules (such as methane) stabilizing the cavities (Sloan,
1998). Among the relevant issues on gas hydrates, their formation conditions, their fraction out of pore
space and the density are perhaps the three most interesting fundamental aspects to earth scientists.
In recent years, numerous theoretical models are proposed about the gas hydrate stability (Handa,
1990; Bakker et al., 1996; Rempel and Buffett, 1997, 1998; Zatsepina and Buffet, 1997, 1998; Sloan,
1998; Xu and Ruppel, 1999; Henry et al., 1999; Clennell et al., 1999; Davie and Buffett, 2001; Klauda
and Sandler, 2003; Sultan et al., 2004b, 2004c; Zhang et al., 2005). Most of them are derived from the
van der Waals’s thermodynamic theory (van der Waals and Platteeuw, 1959) with the relevant
calculated or experimental parameters. Whereas some of them do not consider the dynamic factors
affecting gas hydrate occurrences such as the balance of the supply and the diffusion of gases, the
salinity and the effect of pore size in marine environments, Rempel and Buffett (1998) and Xu and
Ruppel (1999) solve the models of gas hydrate stability and occurrence in the view of the gas
advection-diffusion system. Zatsepina and Buffet (1998) and Davie and Buffett (2001) simulate the
gas hydrate formation in terms of both the salinity and the methane flux in consideration of gas
diffusion. Capillary effects on gas hydrate formations are also taken into consideration (Clennell et al.,
1999; Henry et al., 1999; Klauda and Sandler., 2003). On the other hand, many empirical expressions
for gas hydrate formations are also given (Cisternas and Lam, 1991; Elgibaly and Elkamel, 1998;
Østergaard et al., 2000, 2005; Masoudi and Tohidi, 2005; Tishchenko et al., 2005). These empirical
models put emphasis on inhibitors and salts affecting gas hydrate formations. However, there are few
theoretical or empirical models concerned with the gas hydrate fraction out of pore space and the
density.
In this work, based on our gas hydrate thermodynamic model (Sultan et al., 2004b, 2004c), empirical
expressions for gas hydrate formation, its fraction and gas hydrate density are established for different
systems in consideration of gas composition, and/or salinity, and/or pore size. Afterwards, the
predicted results are compared with the available published experimental data on gas hydrate stability.
These expressions aim at providing an empirical solution for gas hydrate quick predictions. And the
empirical expression for predicting gas hydrate density may also be used to evaluate the continental
slope instability. Actually gas hydrate dissociation is an important factor affecting the seafloor
morphology (Sultan et al., 2004c), and meanwhile it inevitably changes the gas hydrate-bearing layer’s
density.

2. Theoretical bases for gas hydrate characterization and quantification
The following key equation is used to cope with the two-phase chemical potential equilibrium relation
involving gas hydrate characterization:
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On the left side the first four terms represent the difference of the chemical potential of water between
the empty hydrate lattice and the liquid phase, and the last fifth is the difference of the chemical
potential of water between the hydrate phase and the empty hydrate lattice (Van der Waals and
Platteeuw model, 1959; Sloan, 1998); the right-hand term corresponds to the capillary effect on the
0
hydrate phase equilibrium (Henry et al., 1999);  , Vw , H w are the water chemical potential
difference at the reference condition (T0 = 273.15K, P0 = 0.101328MPa), the water molar volume
difference, the water enthalpy difference between the empty hydrate lattice and the liquid phase
respectively; R is the ideal gas constant; T and P are the hydrate equilibrium temperature and
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pressure;

X w ,  w are the water mole fraction and its activity coefficient; j denotes the cavity type

which guest molecules can occupy, v j is the number of type
lattice, and

j cavities per water molecule in the

yi j is the fractional occupancy of type j cavity taken by guest molecule i , which can be

further calculated in relation to the gas fugacity and the Langmuir constant;
of the hydrate-water interface;





is the interfacial energy

is the hydrate-water contact angle; rp is the pore radius; and

Vh is

the water molar volume in the hydrate lattice.
It is clear that the water salinity has an effect on the hydrate equilibrium conditions. Its effect is
computed according to the Dickens and Quinby-Hunt (1997) approach. The capillary effect may
reduce the hydrate equilibrium temperature by about two degrees at given pressure (Henry et al.,
1999).
The hydrate fraction depends on the gas supply, its solubility and the gas to water ratio in the hydrate
phase. For a given gas concentration Gi in a pore water system, the volume hydrate fraction  can
be calculated in the following equation (e.g.

Gi > xi , where xi is the gas i solubility at the hydrate

equilibrium pressure and its computation method is given in Handa (1990)):
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molar volume of H2O in the aqueous solution, and Vi , the partial molar volume of gas
component i in the vapour.
The mass density  H of hydrate can then be expressed by:

H 

M H 2O  i

Mi

n
i

i

ni

Vh

(3)

where M H 2O is the water molar mass and M i is the gas i molar mass.

3. Empirical expressions of gas hydrate stability and their validation
The general procedure of this work can be divided into four steps: 1) designing appropriate systems; 2)
producing a series of data by running our gas hydrate thermodynamic model (Sultan et al., 2004b,
2004c) for the use of the next step; (3) constructing appropriate empirical expressions to best
characterize our model-produced data of the second step (Sultan et al., 2004b, 2004c); (4) validating
the empirical expressions possibly against predecessors’ published experimental data and other
models.
In the course of empirically modelling, the designed systems are listed in Table 1. For each system,
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originally, the temperature changes from 273.15K to 300K and pressure ranges from 1.5×10 Pa to
4.0×107Pa (150m to 4000m water depth) so as to get a broader view of our model-produced data
(Sultan et al., 2004b, 2004c). All the gas compositions and salinity are given by units of mol gas per
mol water, mol ion per mol water respectively.

3.1. System of pure methane and water
In the case of pure methane and pure water, after correlating our gas hydrate thermodynamic
modelled-produced data (Sultan et al., 2004b, 2004c), gas hydrate (structure-Is) stability can be best
expressed as:
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where P is pressure (kPa) and T is temperature (K), A and B are coefficients with ten digitals (Table 2).
This empirical expression is compared with some of predecessors’ published experimental data as
well as with other available models. The compared errors in terms of RDP and ARDP are listed in
Table 3 (RDP is the relative deviation of pressures between the prediction and the published
experiment data, in percents, RDP 
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The ARDPs are 2.08%, 1.49%, 2.24%, 1.47% and 1.52% with respect to the published experimental
data (Table 3). Generally the ARDPs of smaller than 5% are considered as acceptable. It shows that
the predicted gas hydrate formation conditions from the empirical expression for pure methane and
pure water system are well consistent with the experimental measurements. The predicted results are
also generally in agreement with other models (Sultan et al., 2004b; Sloan, 1998; Handa, 1990),
especially at low temperatures below 290K (Fig. 1).

3.2. System of methane and ethane with pure water
Although gas hydrates are possibly transformed from structure-Is into structure-IIs under certain
conditions in pure water system (Subramanian et al., 2000), they are still considered as Structure-Is in
this paper. Considering the fact that in natural submarine environments, methane contents are usually
greater than 90%, thus in this system only the case with ethane percentage lower than 10% is
considered and the empirical expression can be given as:
P T  exp (Ce.Me  De).T . exp Ee.Me .Fe
(5)

 









where Me is mol percentage of ethane with respect to methane ( 0  Me  10 ); coefficients Ce, De,
Ee, Be are given with ten digitals in Table 2.
For the mixture of methane and ethane with pure water system, the ARDPs reach 1.23%, 2.74% and
7.18% with the cases of 1.1, 2.1 and 4.8 ethane percentages of the mixture respectively (Table 3),
showing that the predicted results agree well with the experimental data (Fig. 2) and that the empirical
expression works better at lower ethane percentage. As the gas hydrate equilibrium pressure does not
decrease strictly proportionally with the increase of ethane percentage in this case due to gas hydrate
structure changes (Maekawa, 2001), the relatively growing difference between the prediction and the
experimental data with the increase of ethane percentage is explainable. Additionally the comparisons
with other models also indicate that they differ little within the given temperature range, especially
below the temperature of 285K.

3.3. System of methane and hydrogen sulphide with pure water
In marine sediments hydrogen sulphide contents are generally supposed to be low (e.g.
2.5%H2S+97.5%CH4, Shipboard Scientific Party, 2003). Therefore, for this system the case of
hydrogen sulphide concentration with respect to methane lower than 3% is just considered. The
correlated expression of gas hydrate (structure-Is) stability to hydrogen sulphide percentage can be
written as:
P T  exp (Ch.Mh  Dh).T . exp Eh.Mh .Fh
(6)

 









where Mh is mol hydrogen sulphide percentage with respect to methane ( 0  Mh  3 ); coefficients
Ch, Dh, Eh, Fh are presented with ten digitals in Table 2.

3.4. System of methane and carbon dioxide with pure water
It was reported by Servio et al. (1999) that gas hydrates formed from the mixture of 20 vol% CO2 and
80 vol% CH4 in pure water are structure-IIs. However, Takeya et al. (2006) found that gas hydrates
encaging 96%-98% methane and a small amount of CO2 are type-Is in the submarine environment of
Okhotsk sea. In this work gas hydrates formed from the mixture of methane and CO2 are assumed as
structure-Is. Hence the best curve for this system can be expressed as:
P T  exp (Cc.Mc  Dc).T . exp Ec.Mc .Fc
(7)
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where Mc is mol carbon dioxide percentage with respect to methane ( 0  Mc  20 ), and coefficients
Cc, Dc, Ec, Fc are presented with ten digitals in Table 2.
For the system of pure water with the mixture of methane and carbon dioxide, the comparisons are
only conducted between the predicted results and the experimental data with 80mol% methane and
20mol% CO2 (Table 3, Fig. 3) based on available references (Dholabhai et al., 1994; 1997; Servio et
al., 1999; Seo et al., 2001). The ARDPs between the predicted results and the experimental data are
calculated to be 12.36%, 8.14% and 10.53% with respect to data of Dholabhai et al. (1994, 1997),
Servio et al. (1999) and Seo et al. (2001) respectively. The big differences are probably related to the
relative high content of CO2 in relation to methane. However, at lower temperatures, the differences
between them seem smaller than they are at higher temperatures. When compared with other models,
our predicted results are intermediate between models of Sultan et al. (2004b) and Sloan (1998),
suggesting a general agreement between them.

3.5. System of salt water with pure methane
Experimental data indicate that Cl- plays a predominant role in affecting gas hydrate stability in pore
water (Lu et al., 2005) compared with other anions (such as SO42-, PO43-, CO32-) and cations (such as
+
+
+
2+
2+
Na , K , Ca , Mg , NH4 ). In this paper, the content of NaCl out of pore water is just taken as the
salinity affecting gas hydrate (structure-Is) stability.
To better get the correlation, the salinity up to 0.050 mol NaCl / mol H2O (13.966wt% NaCl) is taken
into consideration, about four times as much as seawater. The empirical expression can be expressed
as:
P T , S  exp (Cs.S  Ds).T . exp Es.S .Fs
(8)













where S is salinity in pore water ( 0  S  0.050molNaCl / molH 2 O ), and coefficients Cs, Ds, Es,
Fs are given with ten digitals in Table 2.
For the pure methane and various pore water systems, the compared results are listed in Table 3:
when the salinity is 3.0wt%NaCl, the difference between the predicted results and the experimental
data of Maekawa (2001), the ARDP, is 3.61%; when the salinity is 3.35wt% NaCl, the ARDP is 4.91%
between the predicted results and the experimental data of Dickens et al. (1994); and when the
salinity is 0.02001 mol NaCl per mol pore water, the ARDP is 8.47% between the predicted results
and the experimental data of Jager et al. (2001). These results show that with the increase of salinity
the ARDPs gradually increase. When compared with other models (Sultan et al., 2004b; Sloan, 1998),
it can still be seen that they are in agreement with them within the given temperature range (Fig. 4).

3.6. System of pure water / seawater with various pore sizes
When the predicted gas hydrate stability zone does not coincide with the real submarine gas hydrate
occurrence, the theory of pore capillary is well applied to explain the difference (Clennell et al., 1999;
Henry et al., 1999). To analyse gas hydrate stability dependence on the pore size, the case of pure
methane and pure water is first given. The pore size changes from 610-9m to 110-6m of the pore
radius. Actually, this pore size range generally covers the span of marine sediment pore size (the
average is around 110-7m, Griffiths et al., 1989; Henry et al., 1999). And this designed pore size
range also embraces the ever-proposed pore radius range (550-600Å) of sensibility to gas hydrate
equilibrium (Turner et al., 2005). In this system, gas hydrate (structure-Is) stability curve can be
correlated as:



1
1
PT   exp ( Ra.  Rb).T .( Rc.  Rd )


rp
rp



(9)

where rp is the pore radius (from 610-9 to 110-6m), and coefficients of parameters Ra, Rb, Rc, Rd
are listed with ten digitals in Table 2.
Similarly, for the system of pure methane and seawater, the empirical gas hydrate (structure-Is)
stability curve can still be expressed as Equations (9), but with different coefficient values (Table 2).
For the system of pure methane and pure water with different pore sizes, scientists (Handa, 1992;
Uchida et al., 1999, 2002; Anderson et al., 2003) carried out comparatively a large quantity of relevant
experiments about the effect of different pore sizes on gas hydrate formation, which make it possible
to compare the predicted results with the experimental data in a broad extent of pore sizes (Table 3,
Fig. 5). Through calculations, it is seen that when the pore sizes are 7.0nm, 9.2nm, 10.nm, 15.8nm,
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30.0nm, 30.6nm, 50.0nm and 100 nm, the ARDPs are 6.20%, 11.57%, 12.54%, 4.35%, 2.68%,
2.64%, 2.08%, and 2.64% respectively. When the pore size is 6.0nm, the ARDP reaches 22.83%, but
these two sets of experimental data (Uchida et al., 2002) are obviously deflecting away from others
(Fig. 5), even compared with the similar pore size (7.0nm) experimental data (Handa and Stupin,
1992), possibly indicating some experimental errors. However, the differences between the predicted
results and the experimental data generally decrease with the increase of pore size, suggesting that
the empirical expression works better with the increase of the mean pore size. Except the cases with
pore sizes of 9.2nm and 10.0nm, the ARDPs are lower than 6.20%, showing good agreements
between the predicted results and the experimental data. Especially when pore sizes are greater than
10.0nm, all the ARDPs are lower than 4.35%, indicating that the empirical expression works well with
the pore size greater than 10.0nm, and this pore size is one magnitude lower than the expected mean
pore size in natural environments (110-7m, Griffiths et al., 1989; Henry et al., 1999).

3.7. System of salt water with different gas mixtures
Based on the work for systems of pure water with the mixture of methane and ethane, pure water with
the mixture of methane and hydrogen sulphide, and pure water with the mixture of methane and
carbon dioxide, the empirical expressions for gas hydrate (structure-Is) stability in systems of salt
water with gas mixture of methane and ethane, salt water with gas mixture of methane and hydrogen
sulphide, and salt water with gas mixture of methane and carbon dioxide can be further correlated to
salinity respectively (Equation (10), (11), (12)):

PT   exp((Ce1 .S  Ce2 ).Me  De1 .S  De2 ).T . exp( Ee1 .S  Ee2 ).Me.(expFe1 .S   Fe2 )

(10)

where S is the salinity ( 0  S  0.08014molNaCl / molH 2 O ); Me is the ethane percentage
( 0  Me  5 ); Ce1, Ce2, De1, De2, Ee1, Ee2, Fe1, Fe2 are presented with ten digitals in Table 2.

PT   exp((Ch1 .S  Ch2 ).Mh  Dh1 .S  Dh2 ).T . exp( Eh1 .S  Eh2 ).Mh.(expFh1 .S   Fh2 )

(11)

where S is the salinity ranging ( 0  S  0.05994molNaCl / molH 2 O ); Mh is the H2S percentage
( 0  Mh  3 ); Ch1, Ch2, Dh1, Dh2, Eh1, Eh2, Fh1, Fh2 are enumerated with ten digitals in Table 2.
(12)
PT   exp((Cc1  Cc 2 .S  Cc3 .S 2 ).Mc  Dc1.S  Dc 2 ).T .( Ec1  Ec 2 .S  Ec3 .S 2 ).Mc  expFc1 .S   Fc 2 
where S is the salinity ( 0  S  0.05994molNaCl / molH 2 O ); Mc is the CO percentage
2

( 0  Mc  3 ); Cc1, Cc2, Cc3, Dc1, Dc2, Ec1, Ec2, Ec3, Fc1, Fc2 are listed with ten digitals in Table 2.
In the system of pore water with the mixture of methane and ethane, only one example is given with
salinity of 3.0 wt% NaCl out of pore water based on the experimental data of Maekawa (2001). When
ethane percentage is 2.1 in the mixture, the ARDP is calculated to be 5.68% and when ethane
percentage is 4.8 in the mixture, the ARDP is 11.56% (Table 3). The compared results show that the
errors between the predictions and the experimental data grow with the increase of ethane percentage
(Fig. 6), suggesting that the predicted expression works better at lower ethane percentage in this
system. At high ethane percentage of the mixture in pore water, the increasing difference between the
prediction and the experimental data is probably caused by gas hydrate structure transformation,
which is reported by experimental results (Maekawa, 2001). When compared with other models
(Sultan et al., 2004b; Sloan, 1998), it is shown that the differences between the predicted results and
the models are not big.
It should be pointed out that among all the empirical expressions some can not be validated due to
lack of experimental data and thus need to be further confirmed However, as all the empirical
expressions proposed in this paper are just intended for structure-I gas hydrate equilibrium predictions,
it is not yet known whether some ARDPs with more than 5% are partially caused by the discrepancy
between the predicted and the experimental gas hydrate structures or by other reasons.
Furthermore, in principle De, Dh, Dc, Ds, De2, Dh2, Dc2, Rb are equal to A, and Fe = Fh = Fc = Fs =
Fe2 = Fh2 = Fc2 = Rd = B, Ce2 = Cc, Ee2 = Ee, Ch2 = Ch, Eh2 = Eh, Cc1 = Cc, but the empirical
expressions for different systems are deduced individually, inevitably leading to the coefficient
differences. However, these small coefficient differences for various equations with the same given
initials, as a matter of fact, cause little temperature offset on the average with respect to the system of
pure water and pure methane (e.g. 0.03K, 0.07K, 0.17K, 0.43K), indicating that the separate
expressions do not affect the predictions much for the interconnected systems.
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4. Empirical expressions of gas hydrate fraction, its density and their
discussions
4.1. Empirical expression of gas hydrate fraction
It is very complex to propose a unified empirical expression for gas hydrate fraction considering all the
factors such as temperature or pressure, gas composition, salinity and pore size. The differences of
gas hydrate fractions resulted from different pore sizes and from different salinities are very small,
suggesting that the pore size and the salinity have practically little influence on the gas hydrate
fraction.
Hence in this paper in the course of deducing the empirical expression for gas hydrate fraction, the
case of pure methane and pure water is only taken into consideration. With the similar procedures to
the previous part, for this system the empirical expression can be best fitted as:

Fr P, M   ( Fa1 . expFa 2 .M   Fa3 .M Fa4 ). lnP   Fb1 . expFb2 .M   Fb3 .M Fb4

(13)

where Fr is the gas hydrate fraction; P stands for pressure (kPa); M is methane concentration (0.004
to 0.15 mol / mol H2O); coefficients Fa1, Fa2, Fa3, Fa4, Fb1, Fb2, Fb3, Fb4 are given with ten digitals in
Table 4.

4.2. Empirical expression of gas hydrate density
Preliminary calculations have shown that pore sizes, salinity and pure methane system have
practically little influence on the density of the gas hydrate layer. Thus in this paper the case of mixture
of methane and ethane in pure water system is only considered. The empirical expression of gas
hydrate mass-density can then be expressed as:
Ds P, Me   ( Da1  Da 2 .Me  Da 3 .Me 2 ). exp ( Db1 . ln Me   Db 2 ).P   exp Dc1 .Me .Dc 2 .P

Dd 1  Dd 2 . Me  Dd 3 . Me 2

(14
)
where Ds is the density (g/cm3); P is the pressure; Me is the ethane percentage in the mixture
( 1  Me  3 ); Da1, Da2, Da3, Db1, Db2, Dc1, Dc2, Dd1, Dd2, Dd3 are listed with ten digitals in Table 4.

4.3. Discussions on gas hydrate fraction and gas hydrate density
Due to lack of experimental data on gas hydrate fraction and gas hydrate density, the empirical
expressions for the gas hydrate fraction and the gas hydrate density cannot be validated at the
moment. However, from Equation (2) and (3) it can be seen that the two major parameters controlling
gas hydrate fraction values are the gas solubility and the ratio of gas to water in the hydrate phase.
Deaton and Frost (1946) experimentally measured the gas to water ratio for several gas hydrate
systems. At the temperature 273K, they showed the methane to water ratio in the hydrate phase was
about 142 or 143 mmol CH4/mol H2O. Lorenson and Collett (2000) reported that the gas to water ratio
is comprised of 121 to 173 mmol CH4/mol H2O depending on the temperature and pressure
conditions. Results from Deaton and Frost (1946) and from Lorenson and Collett (2000) fit well with
the Sultan et al. (2004b) predictions (155 mmol CH4/mol H2O at around 273.5K and 162 mmol
CH4/mol H2O at around 282 K).
The solubility of methane in water rises with the increase of P or falls with the increase of T before gas
hydrates are formed and during gas hydrate crystallization the solubility keeps constant (Handa, 1990;
Sultan et al., 2004b; Davie et al., 2004), and thus the gas hydrate fraction will grow with the duration of
gas hydrate crystallization if methane is continuously provided in excess to the solubility. For different
gas hydrate equilibria, the gas solubility in water rises with P or T increase. In marine environments,
when subsurface sediments are within the gas hydrate stability zone, the gas solubility in pore water
will decrease from the deep to the shallow (Rempel and Buffett, 1997; Zatsepina and Buffett, 1997,
1998; Yang et al., 2001; Servio and Englezos, 2002; Davie et al., 2004). If methane concentrations are
constantly provided from the deep, the gas hydrate fraction is more and more accumulated in the
shallow. It can be clearly seen from the empirical expressions (Fig. 7). It is consistent with the fact that
in the Hydrate Ridge area the largest concentration of gas hydrate exists in the shallower part of the
gas hydrate occurrence zone while it is less concentrated in the deeper part (Expedition 311
Scientists, 2005). If the gas hydrate fraction in the Hydrate Ridge area is quantitatively calculated with
the empirical expression (Fig. 8), it can be comparable with that speculated from the geophysical
logging data (Lee et al., 2006; Fig. 9).
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Of course, in reality especially in local environments the situation is complicated. For example, in
subsurface sediments, if methane cannot be provided continuously and sufficiently from the deep to
the shallow, gas hydrate will possibly preferably occur just nearby the locations where methane is
supplied. In the Blake Ridge area, gases are supplied by the biogenic process, hence gas hydrates
are accumulated just close to the BSR within the gas hydrate stability zone (Paull and Matsumoto,
2000).
For the empirical expression predicting gas hydrate density, although there are either no experimental
data available to confirm, it is still clear that the gas hydrate density decreases with the gas hydrate
equilibrium pressure and the gas hydrate mass-density increases with the ethane percentage in the
gas mixture (Fig. 10).

Conclusions
A general agreement between the correlated expressions and the experimental data and other models
shows the reliability of the empirical expressions for predicting gas hydrate stability in different
systems within the given appropriate parameter ranges. The deflection of the empirical predictions for
gas hydrate stability from the experimental data indicates the constraint of the originally based van der
Waals model at high temperatures (>290.15K).
Other empirical expressions for predicting gas hydrate stability in other systems and evaluating gas
hydrate fraction out of pore space and gas hydrate density need further validations due to lack of
available experimental data at the moment. However, the predicted results show that effects of pore
size and salinity on gas hydrate fraction are negligible and that gas hydrate density is nearly
independent of pore sizes and salinities.
The empirical expression for gas hydrate fraction shows that the methane concentration plays an
important role in controlling gas hydrate fraction. Gas hydrate fraction may rise greatly with the
increase of methane concentration and it could obviously decrease with the increase of pressure at a
constant gas concentration within the gas hydrate stability zone.
From the empirical expression of gas hydrate density changing with ethane percentage with respect to
methane, it is extracted that the density tends to decrease with the increase of pressure and increase
with the ethane percentage in the gas mixture.
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Tables

Table 1 List of the designed systems in correlation of gas hydrate formation
C2H6

H2S

CO2

pure water pore water pore size

System No.

CH4

01

●

02

●

03

●

04

●

05

●

06

●

●

07

●

●

08

●

09

●

10

●

seawater

●
●

●
●

●
●

●
●

●

●

●
●

●
●

●

Note: ●--signifies consideration of various factors affecting gas hydrate formation system
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Table 2 Relevant variables and parameters in correlated equations for gas hydrate equilibrium
Variable
Rs-squared,
Systems
Equations
Parameters
ranges
points
T:
273.15290.15K
A: 0.1045998173
0.998792, 482
CH4+H2O
Eq. (4)
P:
1500- B: 1.01337211×10-9
40000kPa
Ce: 0.001743551779
0.989815, 8
Me:
0 De: 0.1053746708
CH4+C2H6+ H2O Eq. (5)
(exclusive) -10 Ee: -0.5458198173
0.990577, 8
Fe: 0.8031850629×10-9
Ch: 0.003073015158
0.984682, 13
Mh:
0 Dh: 0.1066400891
CH4+H2S+ H2O
Eq. (6)
(exclusive) -8
Eh: -1.014974813
0.986926, 13
Fh: 0.5464837042×10-9
Cc: 0.0004290004837
0.999236, 18
Mc:
0 Dc: 0.1045713821
CH4+CO2+ H2O
Eq. (7)
(exclusive) -20 Ec: -0.135446772
0.999533, 18
Fc: 1.016136845×10-9
S: 0 (exclusive) Cs: 0.1711726397
0.999805,22
-0.050
mol Ds: 0.1046133676
CH4+ NaCl + H2O Eq. (8)
NaCl per mol Es: -34.14836102
0.999625, 22
H2O
Fs: 1.010769956×10-9
-11
Ra: 2.830542962×10
0.998598, 13
R: 610-9-110- Rb: 0.104638146
CH4+ H2O + Pore
6
Eq. (9)
meter of pore Rc: -3.312874659×10size
18
radius
0.997453, 13
Rd: 9.8640645×10-10
Ra: 3.053808015×10-11
0.999441, 13
-9
R: 610 -110 Rb: 0.1065001844
CH4+ Seawater +
6
Eq. (9)
meter of pore Rc: -2.490775613×10
Pore size
18
radius
0.992911, 13
Rd: 0.6834013617×10-9
Ce1: 0.01065187252
0.998051, 6
Ce2: 0.002021155646
Me:
0 De1: 0.1758750175
0.999801, 6
De2: 0.1048323571
(exclusive) -5
CH4+C2H6+ NaCl
Eq. (10)
S:
0-0.08014 Ee1: -2.794741198
+ H2O
0.998105, 6
mol NaCl out of Ee2: -0.6303566695
pore water
Fe1: -34.92161276
Fe2: 0.9372047997×10- 0.99987, 6
9

CH4+H2S+
+ H2O

NaCl

Eq. (11)

Ch1: 0.03146516458
Ch2: 0.004011976207
Mh:
0 Dh1: 0.1763278999
(exclusive) -3
Dh2: 0.1050973
S:
0-0.05994 Eh1: -8.635077998
mol NaCl out of Eh2: -1.30225971
pore water
Fh1: -35.32491058
Fh2: 0.8713968411×109

CH4+CO2+
+ H2O

NaCl

Eq. (12)

Mc:
0
(exclusive) -3
S:
0-0.05994
mol NaCl out of
pore water

0.991668, 5
0.999863, 5
0.991865, 5
0.999854, 5

Cc1: 0.000419793886
0.997332 (second
Cc2: 0.0009341330952
degree), 5
Cc3: 0.03464474167
Dc1: 0.1739887194
0.999781, 5
Dc2: 0.1045756253

13

Ec1: -1.103423658×1010

0.996242 (second
Ec2: 2.978552143×10-9
- degree), 5
Ec3: -2.410085873×10
8

Fc1: -34.87559599
Fc2: 1.009068322×10-9

0.99971, 5
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Table 3 AADPs between the predicted results and the experimental data

hydrate formation system

CH4 + H2O

97.9mol% CH4 + 2.1mol% C2H6
+ H2O
98.9mol% CH4 + 1.1mol% C2H6
+ H2O
95.2mol% CH4 + 4.8mol% C2H6
+ H2O
CH4 + 3.0wt% NaCl out of H2O
CH4 + 3.35wt% NaCl out of H2O
CH4 + 0.02001mol% NaCl out of
H2O
97.9mol% CH4 + 2.1mol% C2H6
+ 3.0wt% NaCl out of H2O
95.2mol% CH4 + 4.8mol% C2H6
+ 3.0wt% NaCl out of H2O

ADPs* range (%)
0.04-3.57
0.01-3.82
0.74-6.95
0.04-6.75
0.09-4.45
0.23-2.14

AADPs** (%)
2.08
1.49
2.24
1.47
1.52
1.23

data source
Dickens et al., 1994 (7)
Maekawa 2001 (30)
Yang et al., 2001 (10)
Gayet et al., 2005 (16)
Glew, 2003 (23)
Maekawa, 2001 (10)

0.27-6.22

2.74

Maekawa, 2001 (13)

1.78-11.58

7.18

Maekawa, 2001 (14)

2.42-5.86
1.99-10.90
2.39-13.68

3.61
4.91
8.47

Maekawa, 2001 (7)
Dickens et al., 1994 (10)
Jager et al., 2001 (3)

3.93-7.28

5.68

Maekawa, 2001 (8)

9.28-13.88

11.56

Maekawa, 2001 (8)

9.72-15.45
80mol% CH4 + 20mol% CO2 +
H2O
5.08-14.0
7.22-11.88
CH4 + H2O + 6.0nm pore size
20.70-24.96
CH4 + H2O + 7.0nm pore size
3.83-8.52
CH4 + H2O + 9.2nm pore size
10.52-12.24
CH4 + H2O + 10.0nm pore size
9.53-15.04
CH4 + H2O + 15.8nm pore size
2.62-7.29
CH4 + H2O + 30.0nm pore size
0.40-7.98

12.36

Dholabhai et al., 1994, 1997
(6)
8.14
Servio et al., 1999 (5)
10.53
Seo et al., 2001 (3)
22.83
Uchida et al., 2002 (2)
6.20
Handa et al., 1992 (3)
11.57
Anderson et al., 2003 (3)
12.54
Uchida et al., 1999, 2002 (3)
4.35
Anderson et al., 2003 (4)
2.68
Uchida et al., 1999, 2002
(13)
CH4 + H2O + 30.6nm pore size
0.76-5.37
2.64
Anderson et al., 2003 (3)
CH4 + H2O + 50.0nm pore size
1.22-3.83
2.08
Uchida et al., 1999, 2002 (4)
CH4 + H2O + 100.nm pore size
0.88-6.19
2.64
Uchida et al., 1999, 2002 (6)
Note: *--the absolute deviation of pressures for each pair point (ADPs = abs(Pexperiment - Pprediction) /
Pexperiment); **--the average absolute deviation of pressures for all the pair points of one group set
(AADPs = average(abs(Pexperiment - Pprediction) / Pexperiment).
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Table 4 Relevant variables and parameters in correlated equations for gas hydrate fraction and its
density

Systems

CH4+H2O

CH4+C2H6+ H2O

Equations

Eq. (13)

Eq. (14)

Variable ranges

T: 273.15-290.15K
P: 1500-40000kPa
M: 410-3 - 0.15
mol/mol H2O

T: 273.15-290.15K
P: 1500-40000kPa
Me: 0 (exclusive) 3

Parameters
Fa1: 3.372819758
Fa2: -0.0146473394
Fa3: -3.342336281
Fa4: -0.004074376116
Fb1: -0.2926569378
Fb2: -30
Fb3: 1.197540315
Fb4: 0.08689668992
Da1: 0.5996244768
Da2: 0.03264272614
Da3: -0.00497352021
Db1: 6.300233839×10-8
Db2: 4.523123336×10-8
Dc1: 0.02773021069
Dc2: 0.2915045823
Dd1: 0.009992175158
Dd2: -0.01488030989
Dd3: 0.002216034151

Rs-squared,
points
0.993491, 16

0.99984, 16

0.991983, 5
0.990242, 4
0.987395, 5
0.99148, 5
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Figures

predicted curve
Sultan's model, 2002
Sloan's model, 1998
Handa's model, 1990
Dickens et al., 1994
Maekawa, 2001
Yang et al., 2001
Glew, 2003
Gayet et al., 2005
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Fig. 1 Comparison between the predicted results and the experimental data as well as the
predecessors’ modelled results based on pure methane and pure water system
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predicted curve
Sloan's model, 1998
1.1mol%ethane+98.9mol%methane
2.1mol%ethane+97.9mol%methane
4.8mol%ethane+95.2mol%methane
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Fig. 2 Comparison between the predicted results and the experimental data (Maekawa, 2001) from the
mixture of methane and ethane in pure water system

18

predicted curve
Sultan's model, 2002
Sloan's model, 1998
Data from Dholabhai et al, 1994
Data from Dholabhai et al, 1997
Data taken from Servio et al., 1999
Data taken from Seo et al., 2001
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Fig. 3 Comparison between the predicted results and the experimental data from the mixture of 80
mol% methane and 20 mol% carbon dioxide in pure water system
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30000
predicted curve
Sultan's model, 2002
Sloan's model, 1998
3.0wt%NaCl, Maekawa 2001
3.35wt%NaCl, Dickens et al 1994
0.02001m ol%NaCl, Jager et al 2001
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Fig. 4 Comparison between the predicted results and the experimental data in pure methane and pore
water system
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predicted curve (r=6nm)
predicted curve (r=7nm)
predicted curve (r=9.2nm)
predicted curve (r=10nm)
predicted curve (r=15.8nm)
predicted curve (r=30nm)
predicted curve (r=50nm)
predicted curve (r=100nm)
r=6nm, Uchida et al., 2002
r=7nm, Handa et al., 1992
r=9.2nm, Anderson et al., 2003
r=10nm, Uchida et al., 1999, 2002
r=15.8nm, Anderson et al., 2003
r=30nm, Uchida et al., 1999, 2002
r=30.6nm, Anderson et al., 2003
r=50nm, Uchida et al., 1999, 2002
r=100nm, Uchida et al., 2002
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Fig.5 Comparison between the predicted results and the experimental data from pure methane and
pure water system in porous media
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Fig. 6 Comparison between the predicted results and the experimental data (Maekawa, 2001) for the
mixture of methane and ethane in 3.0wt% NaCl system
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Figure 7 Gas hydrate fraction as a function of pressure and bulk methane concentrations
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water depth = 890m, sediment depth = 75mbsf
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Fig. 8 Prediction for gas hydrate fraction at site 1244 of Hydrate Ridge
Note: water depth is 890m, assuming that methane concentration in sediment is 0.007 mol/mol water
and hydrostatic pressure is equal to 100kPa/10m.
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Fig. 9 Gas hydrate saturations estimated from the S-wave velocity (solid) and the electrical resistivity
log (dash) at site 1244 of Hydrate Ridge (Lee et al., 2006)
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Fig. 10 Schematic relations of gas hydrate density to pressure at different ethane percentage with
respect to methane
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