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A new thermodynamic model is presented to determine gas hydrate equilibrium in
sediments. Using variable contact angles between water and gas in pores, we obtain more
accurate prediction of the equilibrium condition of gas hydrates in the sediment than
previous studies that used a constant angle of zero. An empirical correlation between
variable contact angles and gas solubility is determined in terms of experimental data and
is used in the thermodynamic calculations. The new variable contact angle model can
reduce the prediction error for equilibrium pressure by more than 50% compared to the
Clark–Bishnoi model for temperatures � 274 K. © 2005 American Institute of Chemical
Engineers AIChE J, 52: 1228–1234, 2006
Keywords: variable contact angle model, gas hydrate, equilibrium, porous media

Introduction

Gas hydrates are nonstoichiometric compounds formed by
the physical combination of water and low molecular weight
gases. They are formed when the water molecules form cage-
like structures around the gas molecules. Gas hydrates are
represented by the general formula Mn(H2O)p, where M rep-
resents the guest gas molecule, n represents the number of
guest molecules, and p represents the number of water mole-
cules.1 Host molecules are held to each other by hydrogen
bonds. No chemical attraction exists between the host and
guest molecules but a van der Waals force is exerted between
them,2 except in the case of host molecules containing polar
molecules. Gas hydrates are known to exist in one of three
structures3: Structure I (sI), Structure II (sII), and Structure H
(sH). Structure I (sI) is a body-centered cubic structure; these
hydrates are generally present in permafrost regions and in
deep oceans. Structure II (sII) is a diamond lattice formed with
gases that are bigger than ethane and smaller than pentane.

These hydrates are generally seen in pipeline clogs and in
natural gas industries. Each structure forms two types of cav-
ities: pentagonal dodecahedron for a small cavity (sI and sII)
and tetrakaidecahedron (sI only) or hexakaidecahedron (sII
only) for a large cavity.2,3

Sir Humphrey Davy first discovered gas hydrates in 1811.4

Then, interest in the study of hydrates reached its peak in 1934
when the focus of that interest was to solve the problems
created by hydrates in the petroleum industry. In the petroleum
and natural gas industries, the formation of hydrates is unde-
sirable because the hydrates agglomerate and block pipelines
and process equipment, which leads to equipment damage or
destruction. However, there are vast deposits of naturally oc-
curring hydrates that contain large amounts of natural gas.
According to Collett5 and Kenvolden,6 it is estimated that
nearly 200,000 trillion cubic feet of methane may exist in the
form of hydrates in the U.S. permafrost regions and in the
surrounding oceans. Later, Milkov7 and Klauda and Sandler8

refined the global estimation for seafloor gas hydrate using a
different method. Several techniques have been proposed to
recover the gas from the hydrates: thermal decomposition,
depressurization, and slurry mining. However, to evaluate the
gas recovery conditions, more accurate study on the formation
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and decomposition of hydrates in porous media is vitally
needed.

To recover methane gas from natural gas hydrate deposits,
an understanding of the thermodynamic equilibrium of gas
hydrates is essential. van der Waals and Platteeuw9 developed
a statistical thermodynamic model to predict the equilibrium
formation conditions of hydrates in a bulk water phase. It was
further investigated and modified by Parrish and Praustnitz10

followed by many other researchers.11-15 However, few studies
have been done to predict the equilibrium conditions of natural
gas hydrates in sediments. Because the equilibrium conditions
of gas hydrates in sediments are very different from those in a
bulk water phase,16,17 a modified thermodynamic model is
needed for the hydrate equilibrium in the sediment.

For decades, several thermodynamic models have been de-
veloped to predict the gas hydrate equilibrium in sediments.
Handa and Stupin16 were the first to conduct experiments to
predict the formation conditions of gas hydrates in sediments.
They performed experiments with methane and propane gas in
a silica sediment with an average pore size of 70 Å. Uchida et
al.17 experimentally determined the equilibrium conditions for
the formation of methane hydrates in glass sediments with pore
sizes of 100, 300, and 500 Å. Clarke et al.18 developed a
correlation for the prediction of thermodynamic conditions in
sediments based on the assumption that the surface properties
(contact angle and surface tension) remain constant and that the
pore size of the sediment remains uniform. Their model pre-
dicts equilibrium conditions for temperatures between 260 and
274 K for an average pore size of 70 Å, although the error
between calculated equilibrium pressure and experimental
pressure is �10% at temperatures � 274 K. The error becomes
larger with increasing temperature. Klauda and Sandler19 de-
veloped a model in which they used the pore size distribution
function to predict the equilibrium instead of using a uniform
size. Recently, Turner et al.20 reported that no appreciable shift
from the bulk phase equilibrium is found for pore sizes of
�600 Å.

A new predictive equilibrium model is presented in this
article with the assumption that the contact angle changes as
the concentration of gas in the water phase increases. This
change of contact angle was already observed by Li and
Firoozabadi21 in porous media. In this work, the new variable
contact angle model is developed and applied to temperatures
above the melting point of ice. A correlation between the
concentration of gas in water and the contact angle between
water and the pore walls is determined. Thus, as the impurity
(gas) in the water changes, the surface properties in the pores
are determined at each and every equilibrium temperature and
pressure.

Thermodynamic Model for Planar Surface

At gas–water–hydrate equilibrium, the chemical potentials
of water in the hydrate and in the other coexisting phases are
equal.9 If liquid water is present, then

�w
L�T, P� � �w

H�T, P� (1)

where �w
L (T, P) is the water chemical potential of pure liquid

and �w
H(T, P) is the water chemical potential of hydrate at

temperature T and pressure P.

Using the chemical potential of the empty hydrate lattice
(��) as the reference state2,10-13 (273.15 K and zero atmo-
spheric pressure), the equilibrium equation becomes

��w
L � ��w

H (2)

where ��w
L � �� � �w

L and ��w
H � �� � �w

H.

Calculation of ��w
H

The statistical thermodynamic model for the hydrate phase
as stated by van der Waals and Platteeuw9 is

��w
H

RT
� ��

i�1

2

�iln�1 � �j �ij� (3)

where �i is the number of i-type cavities per water molecule
and �ij is the fractional occupancy of i-type cavities with j-type
molecules, expressed as

�ij �
Cijfj

�1 � ¥j Cijfj�
(4)

where fj is the fugacity of gas. Herein the Peng–Robinson
correlation22 is used for the calculation of the fugacity and Cij

is the Langmuir constant. The smooth cell Langmuir10 coeffi-
cient can be calculated as

Cij �
1

kT �
0

R

4�r2exp��
W1�r� � W2�r� � W3�r�

kT �dr (5)

where W1(r), W2(r), and W3(r) are the smooth cell potentials of
the first, second, and third shells and R is the radius of the
hydrate cavity,11 which can be calculated using an empirical
correlation between the first shell radii of all cavities and the
reference chemical potential difference of the theoretical empty
hydrate cavity, ��w

0 , calculated using the distortion model12

R � 	 � � 
 ��w
0 (6)

where 	, �, and ��w
0 are constants, the values of which are

listed in Lee and Holder.13

Calculation of ��w
L

The model developed by Holder et al.23 is used to predict the
chemical potential of water in the aqueous phase that is in
equilibrium with the hydrates. The model is given as

��W
L

RTF
�

��W
0

RT0
� �

T0

TF �h�W
RT2 dT � �

0

P �V�w
RTF

dP � ln �wXw (7)

The first term on the right-hand side is the reference chemical
potential difference, which is experimentally determined based
on the distortion model.12,13 The second term gives the tem-
perature dependency of enthalpy at constant pressure. The third
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term accounts for the change in chemical potential difference
arising from pressure. The fourth term gives the activity change
of water. The reference properties of sI and sII are available in
Lee and Holder.13 The temperature dependency of the enthalpy
term is given by2

�h�W � �hW
0 � �

T0

T

�C�PwdT (8)

where �hW
0 is an experimentally determined reference enthalpy

difference between the empty hydrate lattice and pure water at
the reference temperature. �C�P is the heat capacity difference
between the empty hydrate lattice and the water phase, which
is a function of temperature, and can be evaluated by the
following relationship:

�C�Pw � �CPw

0 � b�T � T0� (9)

where �CPw

0 is a heat capacity experimentally determined at
the reference temperature and b is a parameter to fit the exper-
imental data.

Calculation of the Thermodynamic Conditions in
Sediments

When gas hydrates are formed in sediments, the equilibrium
conditions of gas hydrates mainly depend on the surface prop-
erties. The major surface properties include the surface tension
and the contact angle. Considering the pores of sediments as
small capillary tubes with a uniform radius of r, the pressure
difference across the curved surfaces is calculated by the
Young–Laplace equation

�p �
2�

r
(10)

where �p is the pressure drop in the capillary tube, � is the
surface tension between the gas and water interface, and r is the
radius of the pore as shown in Figure 1.

The activity of water in the pores can be represented as

ln a � �
2�Vl

RTr
cos � (11)

where the surface tension is 72.5 dyne/cm.18 The equation for
thermodynamic conditions for the formation of gas hydrates in
sediments is given by combining Eqs. 2, 3, 7, and 11:

��w
0

RT0
� �

P0

Pl �V�w
RTf

dP � �
T0

Tf �h�w
RT2 dT � ln �wXw

� �
i

�iln�1 � �
j

�ij� �
�2�Vl

rRT
cos � (12)

The following assumptions are made to determine the equi-
librium conditions of gas hydrates in the sediment:

(1) The contact angle of water changes as a function of the
concentration of gas in water.

Figure 2. Comparison of equilibrium conditions for a
pore size of 300 Å.

Table 1. Comparison of Methane Hydrate Equilibrium in
Sediments between the Predicted Equilibrium Data from the

Clarke et al. Model and from the New Model

Mean Pore
Size (Å)

Temperature
(K)

Error(%)*

From Clarke
et al.

From the
New Model

50** 274 4.62 1.46
275 4.99 0.24
276 6.16 2.13

70† 273.2 6.83 0.53
274.2 5.42 0.69
276.2 11.83 0.29

119†† 277.2 10.77 1.08
277.6 9.85 0.15
277.7 6.34 1.127

300** 278.2 19.81 4.00
279.5 21.95 1.05
279.7 20.83 10.00
280.6 21.91 4.28
281.7 16.45 0.29
283.7 16.57 1.17

500** 278.5 19.79 2.83
281.3 16.10 1.50
281.5 14.40 2.01
281.6 18.65 2.21

*Error% � �Pcalculated � Pexperiment�/Pexperiment � 100%.
**Experimental data obtained by Uchida et al.17

†Experimental data obtained by Smith et al.26

††Experimental data of Handa and Stupin.16

Figure 1. Contact angle in a capillary.
Modified from Clarke et al.18
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(2) The solubility of gas in water can be calculated using
Henry’s constant.

(3) This model assumes a uniform pore size.

Determination of contact angle

To determine the contact angle at various conditions, a
trial-and-error method has been used. A contact angle is as-
sumed for a corresponding temperature. Then, the pressure is
calculated for the corresponding temperature and the assumed
contact angle. The calculated pressure based on the contact
angle is compared with the experimentally determined pres-
sure. If they are not equal, another angle is assumed and the
pressure is recalculated until the analytically determined and
experimentally determined pressures are equal for the corre-
sponding temperature. In this manner, all pressures and contact
angles are determined in the temperature range from 273.15 to
300 K.

Determination of solubility

The solubility of methane in water is determined using the
correlations developed by Chapoy et al.24 The determination of
Henry’s constant as a function of temperature25 is given by

log10	HW
L �T�


�
146.8858 � 5.76834 
 103

T � 5.19144 
 10 log10�T� � 1.84936 
 10�2T
(13)

where T is in degrees Kelvin.
The partial volume of methane is given as a function of

temperature in the following equation:

Vm
��T� �

Vm
��298.15K�Vw

sat�T�

Vw
sat�298.15�

(14)

The saturation vapor pressure of water is calculated by the
following expression:

Psat � e	A��B/T�
�Cln�T��DTE
(15)

where the values of the coefficients A, B, C, and D are the same
as those reported in Chapoy et al.24

Using the above correlations and data, the solubility of
methane is given by

Figure 3. Relationship between contact angle, methane
solubility, and equilibrium temperature.

Figure 4. Relationship between contact angle and meth-
ane solubility.

Figure 5. Comparison of equilibrium conditions for a
pore size of 50 Å.

Figure 6. Comparison of equilibrium conditions for a
pore size of 70 Å.
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Xm�T� �
fj

Hw
L�T�exp	Vm

��T�/�RT�
�P � Psat�
(16)

In this equation fj is the fugacity of gas, which is determined
using the Peng–Robinson equation of state.22

Results and Discussion

The equilibrium conditions of methane gas hydrate are cal-
culated using the equation proposed by Clarke et al.18 The data
are plotted with pressure on the y-axis and temperature on the
x-axis, as shown in Figure 2. The experimental data of Uchida
et al.17 for 300 Å are also shown in Figure 2. The errors
between the extrapolated experimental data and the analytically
determined data using the model presented by Clarke et al.18

are shown in Table 1. In terms of the variable contact angle, the
errors become smaller at �278 K compared to the error cal-
culated by the Clarke et al. model.18

Figure 3 shows the methane solubility at hydrate equilibrium
pressures with different temperatures in terms of Eqs. 13–16.
The solubility of methane in water at each hydrate equilibrium
pressure increases as the temperature increases. Thus, the con-
centration of methane gas in water increases as its solubility
increases. According to the work by Firoozabadi and Li,21 it

can be concluded that there is a change in the wetting angle as
the concentration of impurities in water increases. Figure 3
shows the relationship between the iteratively determined wet-
ting angle and the temperature to fit the experimental data by
Uchida et al.17 From Figure 3, it is shown that the wetting angle
increases as the temperature increases. The solubility data
calculated at the equilibrium temperature and pressure are
plotted against the wetting angle as shown in Figure 4. A trend
line is drawn between the wetting angle and the solubility and
is given as

� � 21.015 Ln�Xm� � 146.56 (17)

The contact angle is an implicit function of equilibrium tem-
perature and pressure because it is related to the methane
solubility (Xm). Figure 2 shows the calculation result of using
a variable contact angle for the equilibrium calculation of
methane gas hydrate in sediments with an average pore size of
300 Å. Table 1 shows that the new variable contact angle
model gives a more accurate prediction than the results ob-

Figure 7. Comparison of equilibrium conditions for a
pore size of 119 Å.

Figure 8. Comparison of equilibrium conditions for a
pore size of 500 Å.

Figure 9. Comparison of equilibrium conditions of
ethane hydrate in silica gel with an average
pore size of 50 Å.

Figure 10. Comparison of equilibrium conditions of
ethane hydrate in silica gel with an average
pore size of 75 Å.
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tained by Clarke et al.,18 especially as the temperature in-
creases.

We also apply this variable contact angle model to determine
the equilibrium conditions for methane hydrates in glass sedi-
ments of pore sizes 50, 70, 119, and 500 Å in Figures 5, 6, 7,
and 8 (Table 1), respectively. A comparison between the ex-
perimental data by Smith et al.26 and the predicted equilibrium
conditions using the two different methods is shown in Figure
5. Figure 6 shows a comparison between the results from the
new variable contact model and the Clarke et al. model (zero
contact angle) with reference to Handa and Stupin’s experi-
mental data.16 Figures 7 and 8 compare the experimental data
reported by Uchida et al.17 with the calculated results by the
Clarke et al. equation18 and the calculated results by the vari-
able contact angle model. Table 1 together with Figures 5 to 8
show that the new predictive model gives better results than the
zero-degree contact angle method when compared to the ex-
perimental data.

In Figures 9 and 10, the equilibrium conditions of ethane gas
hydrate in sediments with an average pore size of 50 and 75 Å
have been calculated using Eq. 17. As shown in Figures 9 and
10, the error between predicted data and experimental data for
ethane gas hydrate was reduced to less than half. This shows
that the model may have the potential to be used as a general
model. The solubility of ethane gas in water is determined
using Henry’s constant.2 Table 2 shows that the new contact
angle model substantially reduces the errors compared to the
zero contact angle model.

Conclusions

A new model with variable contact angles between water
and gas in pores has been developed to predict the gas hydrate
equilibrium in porous media at temperatures above the ice
melting point. In the new model, a contact angle is calculated
using the empirical correlation between the solubility of meth-
ane gas in water and the contact angle of water in sediments
with an average pore size of 300 Å. After applying the empir-
ical model to the calculation of the hydrate equilibrium of
methane gas in sediments with average pore sizes of 50, 70,
119, and 500 Å, the percentage error between calculated equi-
librium pressure and experimental equilibrium pressure is re-
duced by more than half. We also apply the model to the

prediction of ethane gas hydrate in sediments with average pore
sizes of 50 and 75 Å and reduce the prediction error. By
applying various pore size distribution functions to the new
model, more accurate prediction of the equilibrium conditions
can be made in the future.
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Notation

A, B, C, D � coefficients defined in Eq. 15
Cij � Langmuir constant, kPa�1

�CPw
� molar heat capacity difference between the empty hydrate

lattice and pure water phase, J mol�1 K�1

f � fugacity
�hW

0 � molar enthalpy difference between the empty hydrate lat-
tice and pure water at 273.15 K and 0 atm, J/mol

P � pressure, bar (�105 Pa)
�P � pressure difference in a capillary tube, bar

R � gas constant
r � radius of pore
T � temperature

Vl � volume, m3

Vm, Vw � methane and water partial volume, m3/mol
�VW � water volume difference between the empty hydrate lattice

and pure water phase, m3/mol
W1, W2, W3 � cell potential for first, second, and third shell, kJ/mol

Xm, Xw � mole fractions of methane and water

Greek letters

	, � � coefficients defined in Eq. 6
� � surface tension

�W � activity coefficient of water
��w

0 � difference of chemical potential of water and theoretical
empty hydrate at 273.15 K and 0 pressure, J/mol

��w
L � difference between the chemical potential of water in the

unoccupied hydrate lattice and the bulk water phase, J/mol
��w

H � difference between the chemical potential of water in the
unoccupied hydrate lattice and the occupied hydrate, J/mol

�� � chemical potential of water in the unoccupied hydrate lat-
tice, J/mol

�i � ratio of small or large cavities to water molecules in a unit
cell

� � degree of contact angle
�ij � fraction of i-type cavities occupied by j-type gas molecules
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