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Gas hydrates or clathrate hydrates are important in many
applications in science and engineering—in flow assurance,
in geological and deep ocean sedimentary carbon storage,
hydrogen transportation and storage, methane and natural
gas production, and others. This special issue of the Journal
of Thermodynamics, entitled Advances in Gas Hydrate Thermodynamic and Transport Properties, is intended to give the
reader an appreciation for recent developments and current
research activities related to gas hydrates. There is a collection
of eight papers in this special issue, ranging in topic from
experimental phase equilibrium to molecular simulations of
clathrate structures and stability, multiscale modeling and
simulation of phase behavior and reservoirs, to observational
investigations of natural deposits of hydrates.
The first paper is a collaborative contribution from
Prairie View A & M University, Georgia Institute of Technology, and Oak Ridge National Laboratory by Drs. Gabitto
and Tsouris and provides a short review on the physical
properties of pure and sediment-bearing gas hydrates. The
authors give an excellent overview of the fundamental
structures (sI, sII, and sH) of gas hydrates as well as
discussing the morphology and physical property diﬀerences
between pure and sediment-bearing gas hydrates. Gabitto
and Tsouris note that all three gas hydrate structures, when
completely occupied by gas, have essentially the mechanical
properties of ice with the exception of thermal expansivity
and thermal conductivity. Moreover, they discuss the strong
interaction between hydrates and sediments that aﬀects the
morphology and properties of both.
The next article is from a research group from Osaka University in Japan led by Dr. Shunsuke Hashimoto. Hashimoto

et al. present a study of the thermodynamic properties of
mixed gas hydrates with tetra n-butyl ammonium salt additives, which have great potential in hydrogen transportation
and storage at much lower pressures than pure hydrogen
hydrates. This class of hydrates, called semi-clathrates, consists of ammonium cations and anions incorporated directly
into the water cage. The group from Osaka University
has specifically studied the stability properties of tetra nbutyl ammonium bromide (TBAB) using phase equilibrium
experiments and Raman spectroscopy and concluded that
it is possible to obtain reversible storage and release of
hydrogen without destroying the semi-clathrate structure of
TBAB hydrate cages.
Following this, there are three papers aﬃliated with
the group of Professor JW Lee from City College of New
York. The first of these papers is by Yedlapalli et al. and
is a collaborative eﬀort between CCNY and Texas A &
M University. It centers on the use of ab initio quantum
chemistry simulations to build understanding of the stability
of hydrogen clathrates with and without tetrahydrofuran
(THF). Yedlapalli et al. conduct detailed ab initio quantum
chemistry calculations using the PCGAMESS 7.0 computer
package to study single and double occupancy hydrogen
clathrates using a double cavity model. The authors conclude
from their study that single occupancy is slightly more
favorable (stable) than double occupancy for the pure
hydrogen clathrate and the H2 + THF binary clathrate.
In the fourth paper, Jatkar et al. use molecular dynamics
simulations to determine reference chemical potentials for
hydrates. A new model which includes lattice distortion
of the water cage by the guest molecule is considered.
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Molecular dynamics simulations were conducted using the
TIP4P water model to determine the diﬀerence between
the chemical potential of water and a theoretically empty
cage at the reference state for sII gas hydrates. In their
work, Jatkar et al. provide understanding of lattice distortion
and related temperature eﬀects, which are important in
enthalpy calculations and show that there are still diﬃculties
in calculating accurate reference chemical potentials for gas
hydrates.
The fifth paper is a contribution by Jones et al. on
the determination of the eﬀect that isotopes have on the
eutectic temperature and melting temperature of watertetrahydrofuran (THF) gas hydrates. In this work, the
authors study the eﬀect of isotopic substitution on the
eutectic and melting temperature of THF hydrates. In
particular, Jones et al. use diﬀerential scanning calorimetry
to study the eﬀects of replacing water with deuterated water.
The authors report a 3-to-4 degree Kelvins increase in the
melting temperature of THF-water hydrates and a similar
increase in the eutectic temperature. On the other hand,
enclathration of deuterated THF causes a smaller but reverse
eﬀect in melting temperature but a slight increase in eutectic
temperature. The authors attribute these changes to the
motion of the guest molecules and recommend further
studies to build better understanding of the eﬀects of the
motion of guest molecules on properties such as thermal
conductivity.
The next paper is a contribution from the University
of Rhode Island. Using the Gibbs-Helmholtz equation to
constrain the energy parameter in the van der Waals family
of cubic equations of state (EOS), Dr. Lucia derives new
expressions for the energy parameter in the Soave-RedlichKwong (SRK) equation for pure components and mixtures.
These expressions contain the internal energy of departure,
which functions as a natural bridge between the molecular
length scale and the bulk phase length scale. Using coarsegrained values of the internal energy of departure from
NTP Monte Carlo simulations, Lucia applies the multiscale
Gibbs-Helmholtz constrained (GHC) EOS to determine
densities of liquid CO2 , water and mixtures of CO2 , and
water. Modeling results are compared to experimental liquid
density data available in the open literature and show that
these new GHC EOS provide significant improvements,
matching experimental data to within 2%.
The next article by Sakamoto et al. is a collaborative
eﬀort between the National Institute of Advanced Industrial
for Science & Technology (AIST) and Toho University in
Japan and Los Alamos National Laboratory. The authors use
hot water injection and depressurization laboratory experiments to study the eﬀects of temperature, pressure, and
permeability on methane hydrate dissociation. Numerical
simulations and history matching using the Finite Element
Heat and Mass Transfer reservoir simulator, FEHM, were
conducted to help interpret the experimental results. The
numerical simulations included the eﬀects of a two-phase
representation of methane hydrate and pore space and
permeability as a function of porosity, hydrate saturation,
and sand grain diameter. Results show that the experiments
and numerical simulations are in good agreement.
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The final paper in this special issue is a collaborative
eﬀort between the Chinese Academy of Sciences, Georgia
Institute of Technology and the University of Maine led
by Dr. Zuan Chen. In this work, Chen et al. look at the
stability and deposition zones of natural gas hydrates on the
north slope of the South China Sea. Seismic methods are
used to study the gas hydrate stability zone (GHSZ) and gas
hydrate deposition zone (GHDZ). The authors attempt to
reconcile diﬀerences between prediction by GHSZ, GHDZ,
and bottom simulating reflector (BSR) experiments at two
separate sites in the north China Sea. The conclusions of the
paper indicate that the presence of a stability zone is needed
for deposition of hydrates and that numerical studies show
reasonably good agreement between GHDZ and BSR.
Angelo Lucia
Jae W. Lee
Costas Tsouris
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Methane gas hydrates in sediments have been studied by several investigators as a possible future energy resource. Recent hydrate
reserves have been estimated at approximately 1016 m3 of methane gas worldwide at standard temperature and pressure conditions.
In situ dissociation of natural gas hydrate is necessary in order to commercially exploit the resource from the natural-gashydrate-bearing sediment. The presence of gas hydrates in sediments dramatically alters some of the normal physical properties
of the sediment. These changes can be detected by field measurements and by down-hole logs. An understanding of the physical
properties of hydrate-bearing sediments is necessary for interpretation of geophysical data collected in field settings, borehole, and
slope stability analyses; reservoir simulation; and production models. This work reviews information available in literature related
to the physical properties of sediments containing gas hydrates. A brief review of the physical properties of bulk gas hydrates is
included. Detection methods, morphology, and relevant physical properties of gas-hydrate-bearing sediments are also discussed.

1. Introduction
Clathrate hydrates or gas hydrates are solid structures.
Water molecules are linked through hydrogen bonding
and create cavities (host lattice) that can enclose a large
variety of molecules (guests). No chemical bonding takes
place between the host water molecules and the enclosed
guest molecule. The clathrate hydrate crystal may exist at
temperatures below as well as above the normal freezing
point of water [1].
Clathrate hydrates of current interest are composed
of water and the following molecules: methane, ethane,
propane, isobutane, normal butane, nitrogen, carbon dioxide, and hydrogen sulfide. However, other nonpolar components between the sizes of argon (0.35 nm) and ethylcyclohexane (0.9 nm) can also form hydrates. Clathrate hydrates,
commonly called gas hydrates, form at temperatures close to
273 K and elevated pressures [2].
The discovery of gas hydrates is credited to Sir Humphrey
Davy [3] in 1810. Due to their crystalline, nonflowing nature,
hydrates first became of interest to the hydrocarbon industry
in 1934, when they were first observed [4] blocking pipelines.
Hydrates concentrate hydrocarbons: 1 m3 of hydrates may

contain as much as 180 SCM (standard cubic meters) of
gas. Makogon [5] indicated that large natural reserves of
hydrocarbons exist in hydrated form, both in deep oceans
and in the permafrost. Evaluation of these reserves is highly
uncertain, yet even the most conservative estimates concur
that there is twice as much energy in hydrated form as in all
other hydrocarbon sources combined [3].
Water (the host) molecules form the framework containing relatively large cavities as a result of hydrogen bonding;
these cavities are occupied by gas (the guest) molecules,
whose diameters are less than the size of the cavities. This
hydrate structure is thermodynamically stabilized through
nonbonded interactions between the encaged gas and the
water lattice. Gas hydrates crystallize in three predominant
structures: I (sI), II (sII), and H (sH), depending on the
nature and the size of the guest molecule. There is a strong
relationship between hydrate crystal structure and such
properties as phase equilibria and heat of dissociation [2].
The following properties of sI and sII are determined by
the molecular structure. (i) Mechanical properties approximate those of ice, perhaps because hydrates are 85 mol %
water, yet each volume of hydrate may contain large volumes
of the hydrate-forming species at standard temperature and
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pressure conditions (STP). (ii) Phase equilibrium is set by
the size ratio of guest molecules within host cages, and threephase (liquid water-hydrate-vapor; Lw-H-V) equilibrium
pressure depends exponentially upon temperature. (iii)
Heats of formation are set by the hydrogen-bonded crystals
and are reasonably constant within a range of guest sizes [2].
Gas hydrate samples have currently been recovered
from 19 or more areas worldwide and are believed to
occur at about 77 locations including Antartica and Siberia
(Kvenvolden and Lorenson [6]). In general, gas hydrates are
found in marine shelf sediments and on-shore polar regions
beneath the permafrost [7] because in these two types of
settings the pressure-temperature conditions are within the
hydrate stability field (Lerche and Bagirov [8]).
Oﬀshore hydrate-bearing sediments have generally been
found in waters deeper than 300 m; their zone of existence
is from the seafloor to a depth of a few hundred meters,
depending upon the local thermal gradient. Enormous
amounts of methane are believed to be trapped by hydrates,
both in the hydrate crystal structure itself and also in
sediments beneath hydrate deposits [9].
The physical properties of gas hydrates trapped in
sediments are very important in detecting the presence of
these compounds, estimating the amount of gas hydrates
trapped in the sediments, and developing processes to
exploit this resource. Unfortunately, little is known about
the physical properties of natural gas hydrate deposits in
nature, making their detection by remote geophysical surveys
diﬃcult. The presence of gas hydrates in marine sediments
dramatically alters some of the normal physical properties of
the sediment, which can be detected by field measurements
and by downhole logs [7].
The main goal of this work is to review some of the eﬀorts
made to determine physical property values for sediments
partially, or completely, filled with gas hydrates. In order to
achieve this goal, we will review the physical properties of
bulk gas hydrates, the morphology of marine sediments, and
models used to predict the properties of gas-hydrate-bearing
sediments.

2. Bulk Gas Hydrates
2.1. Structures of Pure Gas Hydrates. The crystal structures
of sI and sII hydrates were first determined in the late 1940s
and early 1950s by von Stackelberg and coworkers using
X-ray diﬀraction [3]. This discovery was followed by more
extensive X-ray diﬀraction studies of these hydrate structures
in 1965 by McMullan and Jeﬀrey [10] and by Mak and
McMullan [11].
These structures diﬀer in the number and sizes of the
cages and in their unit cells (Table 1). The type of crystal
structure that forms depends on the size of the guest
molecule; for example, CH4 and C2 H6 both form sI hydrate,
C3 H8 forms sII hydrate, while larger guest molecules such
as cyclopentane in the presence of methane form sH hydrate
[11]. Both sI and sII hydrates have cubic crystal structures,
while sH hydrate has a hexagonal crystal structure. All these
hydrate structures are composed of two or more types of
water cages packed within the crystal lattice. The water cages
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are described by the general notation X n , where X = the
number of sides of a cage face, and n = the number of cage
faces having these X sides. It is not necessary for all cages to
be occupied; for example, methane hydrate can be prepared
with just 90% of the small cages occupied by methane. The sI
and sII hydrate structures are of particular importance in the
gas industry because they encage small gas molecules that are
found in natural gas. The sI hydrate structure contains two
diﬀerent types of cavities: a pentagonal dodecahedral cavity
(12-hedra), denoted 512 (comprising 12 pentagons), and a
larger tetracaidecahedral cavity (14-hedra), denoted 512 62
(comprising 12 pentagons and 2 hexagons). The packing in sI
hydrate can be described as 512 cavities sharing vertices, with
no direct face sharing occurring between these 12-hedra. The
vertices of the 14-hedra are arranged in columns in which
12-hedra occupy the space between each pair of 14-hedra.
The unit cell of sII hydrate also contains two diﬀerent types
of cavities: a small 512 cavity and a hexacaidecahedral cavity
(16-hedra), denoted 512 64 (comprising 12 pentagons and 4
hexagons), which is slightly larger that the 512 62 cavity found
in sI hydrate. The packing in sII hydrate can be described as
512 cavities sharing faces in 3D, with the void spaces being
occupied by the 16-hedra (Koh [12]).
The hydrate structure sH, named for the hexagonal
framework, was discovered [13] and shown by Ripmeester
et al. [14] to have cavities large enough to contain molecules
the size of common components of naphtha and gasoline.
Physical properties, phase equilibrium data, and models have
been advanced [15–18], and one instance [19] of in situ sH
has been found in the Gulf of Mexico [12].
In 2001 a new hydrate structure, sT hydrate, has been
discovered [20] in which all three types of large cages (512 63 ,
512 62 , and 41 510 63 ) in the structure are occupied by dimethyl
ether guest molecules. The crystal structure in sT hydrate is
trigonal [12]. In addition to the hydrate structures discussed
above, two new structures have been discovered [21, 22] at
higher pressures. Recently, Yang et al. (2009) [23] observed
and characterized using X-ray diﬀraction and NMR a true
clathrate hydrate containing only Xe atoms as guests. This
form was produced from an initial pressurization of sI Xe
hydrate followed by a temperature quench recovery. It is
likely that more hydrate structure types will be discovered
in the future. Table 1 provides a hydrate structure summary
for the three most common hydrate unit crystals (sI, sII, and
sH).
2.2. Physical Properties of Bulk Gas Hydrates. Sloan [2]
provided a review of time-independent physical/chemical
properties as they relate to crystal structures. According to
Sloan, if all the cages of each structure are filled, all three
structures (sI, sII, and sH) of hydrates have the property
of being approximately 85% (mol) water and 15% gas. The
fact that the water content is so high suggests that the
mechanical properties of the three hydrate structures should
be similar to those of ice. This conclusion is true to a first
approximation, as shown in Table 2, with the exception of
thermal conductivity and thermal expansivity [24, 25]. Sloan
[2] proposed that the guest/cavity size ratio provides an
adequate basis to understand the physical properties of bulk
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Table 1: Geometrical parameters of the main hydrate crystal structures (data taken from [2, 3, 12]).

Cavity
Description
Cavities/unit cell
Average cavity radius, nm
Coordination number
Water moleculesper unit cell
Lattice type
Unit cell parameters, nm
Density, kg m−3

Structure I
small
large
512 62
512
2
6
0.395
0.433
20
24
46
Cubic
a = 1.2
912

Structure II
small
large
512
512 64
16
8
0.391
0.473
20
28
136
Face-centered cubic
a = 1.7
940

small
512
3
0.391
20

Structure H
medium
43 56 63
2
0.406
20
34
Hexagonal
a = 1.21, c = 1.01
1952

large
512 68
1
0.571
36

Table 2: Comparison of properties of ice, sI, and sII hydrate crystal structures (data taken from [2, 3]).
Property
Water molecules number
Lattice parameters at 273 K, nm
Dielectric constant at 273 K
Water diﬀusion correlation time, μs
Water diﬀusion activation energy, kJ/m
Isothermal Young’s modulus at 268 K, 109 Pa
Poisson’s ratio
Bulk modulus (272 K)
Shear modulus (272 K)
Compressional velocity (V p ), m/s
Shear velocity (Vs ), m/s
Velocity ratio (comp./shear)
Linear thermal expn., at 200 K, K−1
Adiab. bulk compress. (273 K), 10−11 Pa
Heat Capacity, J kg−1 K−1
Thermal conductivity (263 K), W m−1 K−1
Refractive index, 638 nm, −3◦ C
Density, kg m−3

Ice (Ih )
4
a = 0.452, c = 0.736
94
220
58.1
9.5
0.33
8.8
3.9
3870.1
1949
1.99
56 10−6
12
3800
2.23
1.3082
916

gas hydrates. The concept of “a ball fitting within a ball”
was proposed as a first approximation. Sloan enunciated the
following five points regarding the guest-cavity size ratio for
hydrates formed from a single guest component in sI or sII.
(1) The size of the stabilizing guest molecules ranges
between 0.35 and 0.75 nm. Molecules smaller than
0.35 nm will not stabilize the sI structure, and
molecules larger than 0.75 nm, will not stabilize the
sII structure.
(2) Some molecules are too large to fit the smaller cavities
of each structure.
(3) Other molecules such as CH4 and N2 are small
enough to enter both the small and large cavities
when hydrate is formed from these single components.
(4) The larger molecules of a gas mixture usually
determine the structure that is formed. The larger

Structure I
46
1.20
∼58
240
50
8.4 (est.)
∼0.33
5.6
2.4
3778.0
1963.6
1.92
77 10−6
14 (est.)
3300
0.49 ± 0.02
1.3460
912

Structure II
136
1.73
58
25
50
8.2 (est.)
∼0.33
NA
NA
3821.8
2001.1
1.91
52 10−6
14 (est.)
3600
0.51 ± 0.02
1.350
940

components enter into large cavities only, while
smaller components enter both cavities.
(5) Molecules which are very close to the lines separating
the cavity sizes change the stoichiometry, due to their
inability to fit comfortably within the cavity.
Sloan [2] noted that a size ratio (guest molecule size
divided by the cavity size) of approximately 0.9 is necessary
to achieve stability of a hydrate structure. When the size ratio
exceeds unity, the molecule will not fit within the cavity and
the structure will not form. When the ratio is less than 0.9,
the molecule cannot lend significant stability to the cavity
[2].
Phase equilibrium is set by the size ratio of guest
molecules within host cages, and the three-phase (LwH-V) equilibrium pressure depends exponentially upon
temperature. Heats of formation are set by the hydrogenbonded crystals and are reasonably constant within a range
of guest sizes [2].
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Thermal conductivities of a few gas hydrates have been
published by Cook and Leaist [26] (1981), Ross et al. [27]
(1978), Stoll and Bryan [28] (1979), and Ashworth et al. [29]
(1985). These values are much smaller than those of ice (Ih)
both at and well bellow the freezing point (Tse and White
[30], 1988).
In contrast with most well-defined crystalline structures,
in which the thermal conductivity falls with increasing
temperature following a T −1 dependence (for T > 100 K),
the thermal conductivity of clathrate hydrates increases
slightly with increasing temperature (Tse and White [30]).
The thermal conductivity of clathrate hydrates is five times
lower than that of ice near the melting point, and even lower
(by a factor > 20) at lower temperatures. The temperature
dependence of thermal conductivity in clathrate hydrates
is characteristic of an amorphous material (Tse and White
[30]).
Based on the low-temperature thermal conductivity of
tetrahydrofuran (THF) clathrate hydrates, Anderson and
Suga [31] suggested that, despite the well-defined crystalline structures, clathrate hydrates show glassy behavior
attributable to low-frequency guest vibrations, causing the
clathrate hydrates to be thermal glasses.
From measurements of thermal conductivity at relatively
high temperatures, it appears that the unusual thermal
conductivity is insensitive to the crystal structure and
dependent on the host. As a result of all the measurements
of thermal conductivity of clathrate hydrates, it can be
concluded that these compounds are very poor thermal
conductors. Furthermore, the large diﬀerence in the thermal
conductivity of pure ice and clathrate hydrates provides
a criterion for locating regions of shelf ice which contain
potential energy reserves in the form of methane or similar
gases. Thermal conductivity is also a vital parameter required
for modeling the recovery of natural gas from hydrates;
knowledge of the variation of the thermal conductivity with
pressure and temperature is required for successful methane
hydrates exploitation [32].
The heat of dissociation (ΔHd ) is defined as the enthalpy
change to dissociate the hydrate phase to a vapor and
aqueous liquid, with values given at temperatures just
above the ice point. For sI and sII, to a fair engineering
approximation of 10%, it has been shown [3] that ΔHd is a
function of the number of crystal hydrogen bonds (loosely
taken as hydration number). However, the value of ΔHd
is relatively constant for molecules which occupy the same
cavity, within a wide range of component sizes. Enthalpies
of dissociation may be determined via the univariant
slopes of phase equilibrium lines (ln P versus 1/T) in the
previous paragraphs, using the Clausius-Clapeyron relation
[(ΔHd ) = −zRd(ln P)/d(1/T)] (Sloan [2]).

3. Gas-Hydrate-Bearing Sediments
3.1. Seismic Detection Methods. The presence of gas hydrates
in oﬀshore continental margins has been inferred mainly
from seismic processing techniques. Seismic image processing visualizes the subsurface structure by means of
reflected acoustic signals. The seafloor signal is marked by
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a white/black reflection, which means that the subsurface
volume is harder than the volume above. In acoustic terms,
the acoustic impedance (the product of medium density
and speed of sound) below the seafloor in the sediment
is higher than the impedance of the water column. In
contrast, the bottom-simulating reflector (BSR) is marked
by a black/white reflection indicating possibly high hydrate
impedance above gas-filled sediments with low impedance.
As the resolution of the seismic image is limited by the
seismic source bandwidth and as the physical parameters
describing the seismic subsurface response are frequency
dependent, multiple surveys with diﬀerent acquisition
parameters are needed to obtain a more complete knowledge
of the sediment parameters [33].
Seismic measuring arrays are composed of a sound
source, such as air guns (usually a dozen or more of them),
and moving or stationary receivers; the reflected sound waves
provide a 2D image of a slice through the earth’s surface.
The sound waves travel through the water column and back
as compression or P waves, representing the vertical motion
through the diﬀerent materials [34]. There is also interest in
other seismic methods, such as the use of shear or S waves.
Shear waves have diﬀerent vector components of horizontal
movement and are converted from compression waves
passing through gas hydrate zones. Because compression and
shear waves deform materials diﬀerently, some researchers
are using these diﬀerences to learn more about the amount
and distribution of gas hydrate [35].
Locating likely areas of gas hydrates using remote seismic
sensing is relatively straightforward in many parts of the
world where the BSR is readily evident. Because the BSR
follows a thermobaric surface rather than a structural or
stratigraphic interface, it is normally observed to crosscut
other reflectors. The BSR usually marks the base of a
gas hydrate layer below which there is free gas. However,
hydrate samples have been taken in areas where no BSR
was found. One reason is that because the BSR represents
the base of stable hydrates and is the seismic image of
the interface between solid hydrate and free gas, where no
free gas is present, there is no BSR even though hydrates
may well be present [36]. Furthermore, it is diﬃcult to
quantify the volume fraction of hydrates in the shallow
section from seismic data alone. Gas hydrates are electrically
more resistive than the host sediments; therefore, they
will have an electromagnetic signature that increases with
hydrate volume fraction. Indeed, well logs indicate increased
resistivity in zones of gas hydrate, although this eﬀect is
sometimes modest. Marine electromagnetic (EM) methods
have long been proposed as an eﬀective way to map and
characterize gas hydrates, notably by Nigel Edwards at the
University of Toronto. The Hydrate Ridge work represented
the first attempt to apply the EM methods recently developed
for oil field characterization to the hydrate question. The
data are promising, but this survey was a pilot study
with less than 4 days of ship time available on station.
Furthermore, the physical characteristics of in situ hydrate
vary considerably, and Hydrate Ridge, while a good test of
the method because of the extensive seismic and drilling
data sets available, may not be characteristic of hydrates in
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more commercially relevant areas, such as the Gulf of Mexico
[37].
3.2. Hydrate Morphology in Sediments. Gas hydrate morphology describes the relationship between gas hydrates and
the surrounding marine sediments. The morphology of gas
hydrates determines the basic physical properties of the
sediment-hydrate matrix. Many remote techniques for gas
hydrate detection and quantification are highly dependent
on the hydrate morphology. Little attention has been paid
to the hydrate morphology until now because previous
methods of hydrate collection preserved only the grossest
morphologies (e.g., lumps and nodules of hydrate [38]).
However, recent advances in pressure coring and pressure
core analysis have allowed collection of samples with intact
gas-hydrate-sediment morphologies, which show that gas
hydrates often take on complex forms which will require
new approaches to both conceptualizing and modeling gas
hydrate dynamics. The recent use of borehole pressure coring
tools has allowed marine gas-hydrate-bearing sediments to
be recovered containing centimeter to sub-millimeter gas
hydrate structures preserved in their in situ condition [38].
Clear knowledge of detailed gas hydrate morphology will
provide critical data to help determine the mechanisms of
gas hydrate deposit formation and to model the kinetics of
deposit dissociation from both natural and artificial causes.
The morphology also has a significant eﬀect on sedimentary
physical properties, from seismic velocities on a large scale to
borehole electrical resistivity on a smaller scale, and will thus
impact the amount of gas hydrate saturation estimated from
geophysical data [38].
Malone (1985) [39] described four possible hydrate
morphologies using the terminology disseminated, nodular,
vein, and massive. Disseminated hydrate occurs within the
pore space of the sediment, while the other three forms
occur where the sediment is disturbed either by regional
tectonic stresses or through the stress resulting from hydrate
crystal growth. For instance, Cook and Goldberg (2007) [40]
found hydrate-bearing fractures to be oriented with respect
to regional tectonic stresses oﬀshore India. However, some
researchers have not found this classification useful to further
our understanding of sediment–hydrate interactions [41].
Theoretical work on hydrate formation (Clennell et al.
[42]; Henry et al. [43]) explored the influence of capillary
pressure and thermodynamics on hydrate growth and provided some real physical constraints to hydrate morphology.
It was concluded that hydrate growth in fine-grained mud
would be unlikely, and that coarser-grained sediments,
exhibiting larger pores, would act as more likely hosts. Theoretical considerations suggested that hydrate morphology
is controlled by the nature of the sediment host as much
as by the supply of the necessary chemical components
and environmental conditions (water, gas, nucleation sites,
temperature, and pressure). This theoretical work is also supported by experimental studies (Kleinberg et al. [44], 2003;
Camps [45], 2007) and by observations (e.g., Riedel et al.
[46], 2006) where disseminated hydrate is limited to coarsergrained sediments and the other forms tend to occur in finergrained sediments where the sediment fabric is disturbed.
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Similar observations were found through investigations of
hydrate dissociation conditions (Anderson et al. [47], 2003;
Llamedo et al. [48], 2004). These observations revealed that
dissociation is more readily achieved within small pores as
compared to large pores, suggesting the possibility of hydrate
breakdown in small pores rather than in adjacent large pores
[41].
Significant advances in characterizing the relationship
between sediments and hydrates have been recently achieved
[38]. For instance, Tinivella et al. [49] have quantified
the concentrations of gas hydrate in pore space by traveltime inversion modeling of the acoustic properties of these
sediments. Such analysis has allowed the identification of
free gas distribution in pore spaces, likely patterns of
fluid migration, the physical properties of sediments, and
the consequent origin of the BSR oﬀshore the Antarctic
Peninsula [41].
At other sites, hydrate volumes have often been estimated
using electrical or acoustic measurements and relating these
parameters (electrical resistivity and acoustic velocity) to the
hydrate concentration or saturation in the pore space. Such
studies usually assume the hydrate is disseminated in the
pore space and that the sediment remains wet, comparable
to oil-bearing reservoirs. Ecker et al. [50] and Dvorkin
et al. [51] demonstrate that knowledge of the interaction
between hydrate and sediment grains is crucial in achieving
well-constrained volume estimates of hydrate. It is also
recognized that the use of Archie’s equations [52] assumes
the hydrate does not completely block oﬀ the pore space at
low saturations, treating hydrate as a hydrocarbon fluid [41].
The estimation of the hydrate content using downhole electrical measurements based on Archie’s law requires
the knowledge of the saturation exponent. The saturation
exponent is an empirical parameter that includes influences
from the internal rock structure such as pore shape, size,
connectivity of the pore network, and the distribution of the
conducting phase. Spangenberg [53] used diﬀerent models,
which account for diﬀerent morphological forms of gas
hydrates, to study the influence of gas hydrate content on
the electrical properties of the hydrate-bearing sediment. The
author concluded that for all studied forms of hydrate occurrence, disseminated in the pore space, nodular, and layered,
the saturation exponent depends on the sediment properties
and on saturation itself. The growth of gas hydrate nodules,
lenses, and layers is a process that is assumed to result in the
displacement and compaction of the surrounding sediment.
Because of this change of sediment properties during hydrate
generation, the saturation exponent for these forms of
hydrate occurrence depends strongly on the relationship
between porosity and formation resistivity factor, expressed
in the form of Archie’s cementation exponent. For the case
that hydrate occurs disseminated in the pore space and the
assumption that capillary eﬀects are important for hydrate
generation, the saturation exponent depends on grain size
and grain size sorting. Spangenberg [53] reported that, for
the parameters used in his model calculations, the saturation
exponent varies between 0.5 and 4.
Holland et al. [38] proposed that gas hydrate morphologies are found in two basic types: pore filling and grain
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displacing. Pore-filling morphologies of gas hydrate replace
pore fluid between grains of sediment; this gas hydrate may
or may not cement grains together. Grain-displacing gas
hydrate does not occupy the pore volume between grains
but, instead, forces grains apart, forming veins, layers, and
lenses of pure gas hydrate. Grain-displacing hydrate may
cover a vast range of sizes, from thin veins of possibly only
a few microns thick to nodules of tens of centimeters or
even meters in diameter. Holland et al. suggested that “grain
displacing” and “pore filling” are not equivalent to the terms
“massive” and “disseminated” but that these terms apply to
cores which have already undergone gas hydrate dissociation,
where massive gas hydrate is still visible, and disseminated
gas hydrate is invisible to the naked eye, and may have already
been completely dissociated [38].
Tohidi et al. [54] conducted visualization experiments
using two-dimensional transparent glass micro-models and
reported that hydrates can form from either free or dissolved
gas. They also reported that hydrates usually form within the
center of pore spaces, with a thin film of water covering the
grains, rather than nucleating on grain surfaces.
Kingston et al. [55] used a specially constructed laboratory porous medium, gas hydrate resonant column
(GHRC), to explore diﬀerent methods of hydrate synthesis
and measure the properties of the resulting sediments. The
authors studied diﬀerent water saturation conditions of the
porous medium. In low water saturation tests, or conditions
where the environment is gas saturated, the hydrate will
grow on the water location; therefore, the water saturation
becomes the restricting factor on hydrate content. In partially
saturated sands, water tends to collect at grain contacts
and coat individual sand grains. Hydrate will therefore
preferentially grow at grain contacts, eﬀectively cementing
the rock grains. As hydrate content is increased, it begins
to fill the pores, but the increased stiﬀening is likely to be
produced by the increased quantity of “cement” at grain
contacts. In fully water saturated tests, the morphology of
the hydrate appears to be diﬀerent. Under these conditions,
the presence of gas bubbles suspended in water-filled pores
was reported before hydrate formation. In this case, hydrate
will form at the gas/water interface (i.e., around gas bubbles).
The hydrate has now become a pore-filling component,
and only large amounts of hydrate in the pore space
will have a significant eﬀect on the physical properties
[55].
The production of natural gas from oceanic and
permafrost sediments is currently being developed using
such methods as depressurization, thermal stimulation, and
injection of hydrate inhibitors (Moridis et al. [56], 2004).
It is important to understand the physical properties of
sediments in investigations of structural properties, such
as permeability, hydrate saturation, and sediment porosity,
since these properties are essential to the development of
natural gas production. The porosity is particularly important for material flow in sediment due to the relationship
between porosity and permeability (Koponen et al. [57];
Singh and Mohanty [58], Bernabè et al. [59]; Arns et al. [60],
among others). Hydrate saturation is required to estimate the
physical properties of sediments.
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Diﬀerent experimental techniques have been used to
determine these structural parameters. Jin et al. [61] used
microfocus X-ray computed tomography (CT) to study the
structure of natural gas sediments with and without gas
hydrates. The authors applied a newly developed highpressure vessel for the microfocus X-ray CT system to
observe the sediments at a temperature above 273 K and
under high-pressure conditions. Jin et al. [62] used twodimensional CT images to measure the spatial distribution
of the free-gas, sand particles, liquid water, and solid hydrate
phases.
Jin et al. [62] assessed the permeability of sediments via
the correlation between the absolute permeability and the
pore network in sediments. The continuous pore channel,
which allows gas and water flow, was analyzed from the
three-dimensional sediment images using a microfocus Xray computed-tomography system. Their results showed that
the proportion of the horizontal-continuous pore channel
in terms of direction is a dominant factor in determining
the absolute permeability. The absolute permeability of
the sediment correlated well with the distribution of the
continuous pore channel.
Minagawa et al. [63] used proton nuclear magnetic
resonance (NMR) measurements combined with a permeability measurement system to characterize methanehydrate-bearing sediment based on pore-size distribution
and permeability. They compared the eﬀective permeability
of sediments with diﬀerent eﬀective porosities, which had
been measured by water flow based on Darcy’s law, with
the permeability calculated by NMR spectra based on the
SDR (Schlumberger-Doll Research) model. The permeability
calculated by both methods was similar, with a diﬀerence
between them of less than a factor of 2. Minagawa et al. [63]
used their results to describe the relation between pore-size
distribution, porosity, and eﬀective permeability.
The presence of pore-scale phenomena, however, could
introduce additional complexities. In particular, the eﬀect
of pore space geometry; pore-network topology and heterogeneity; and pore space accessibility on gas-phase mobility
can influence, among other issues, the ability to economically
produce methane gas. To further emphasize the importance
of porous sediments, consider that typical pore values found
in oceanic sediments are very low. For example, Yang
and Alpin [64] reported for mudstones obtained from the
Norwegian margin mean pore-throat sizes in the range 8–
452 nm and pore-throat size standard deviation in the range
9–1425 nm. However, hydrate occurrence, in addition to
fine-grained sediments, has also been reported in coarser
oceanic sediments. A more detailed discussion of this issue
is given by Tsimpanogiannis and Lichtner [65], who also
considered larger pore values corresponding to onshore
sediments under the permafrost as well.
3.3. Physical Properties of Gas-Hydrate-Bearing Sediments.
The presence of gas hydrates in marine sediments dramatically alters some of the normal physical properties of the
sediment, which can be detected by field measurements and
by down-hole logs [3]. An understanding of the physical
properties of hydrate-bearing sediments is necessary for
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interpretation of geophysical data collected in field settings,
borehole, and slope stability analyses; reservoir simulation;
and production models.
The physical properties of bulk hydrates are remarkably
close to those of pure ice: the compression and shear (P
and S) wave velocities in methane hydrate may reach 3600
and 1900 m/s, respectively, while its density is 0.912 g/cc.
The corresponding values for ice are 3890 and 1970 m/s
and 0.916 g/cc, respectively. As a result, the properties of
sediments containing hydrate in the pore space are similar to
sediments containing normal ice. However, these sediments
are much more rigid than sediments filled solely by water,
and unlike ice, methane hydrate can be ignited. A unit
volume of hydrate releases about 160 unit volumes of
methane (under normal conditions). Also, unlike ice, hydrate
can exist at temperatures above 32◦ F (0◦ C), but it requires
high pore pressure to form and remain stable [66].
Hydrates normally exclude the salt in the pore fluid from
which it forms, and thus they have high electric resistivity just
as ice and sediments containing hydrates have a higher resistivity compared to sediments without gas hydrates (Judge
[67]). The unconsolidated sediments in the upper several
hundred meters of the marine sediment section (50% porosity) normally have a very low resistivity of about 1 ohm-m.
For 15–20% hydrate saturation in the pore space (7–10%
of sediment), the resistivity increases by about a factor of
2. The most readily observable change in sediment physical
properties resulting from the formation of gas hydrates
is an increase in seismic velocity. Laboratory-measured
seismic velocities for porous media at the maximum hydrate
saturation vary from 2700 to 6000 m/s, depending on the
type of sediment and the method of preparation (Stoll et
al. [68]; Stoll [69]; Pearson et al. [70]), compared to about
3600 m/s in pure methane hydrate [71]. These laboratory
determinations are for sediments of much lower porosity
and higher velocity than most continental margin sediments
near the seafloor. Sediments containing substantial hydrates
have enhanced velocities. For example, a hydrate saturation
of 10–20% of pore space in unconsolidated sediment (50%
porosity at depths of a few hundred meters) has a velocity of
1900–2100 m/s, compared to no-hydrate velocities of 1600–
1700 m/s. In general, if hydrates occupy 15% of pore space,
a 15–20% increase in sediment seismic velocity is expected.
This increase can be detected in interval velocities from highquality multichannel seismic data and in well-calibrated
down-hole sonic logs. A small quantity, 1-2%, of free gas in
the sediment pore space beneath the BSR will significantly
reduce the sediment velocity, while a further increase in gas
concentration makes little change (Murphy [72]). The eﬀect
of free gas on sediment velocity is highly dependent on water
depth primarily because gas density and compressibility are
very sensitive to pressure and temperature [36].
Numerous publications report on laboratory measurements of the geophysical and geotechnical properties of
hydrate-bearing sediments, but many fundamental challenges remain in using this information to interpret borehole
logs or other field data obtained in hydrate zones. The
diﬃculty of maintaining hydrate-bearing sediments within
the hydrate stability field has led some researchers to
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construct specialized devices for their experiments that can
be used to reproduce results in other laboratories under
exactly the same set of experimental conditions. Santamarina
et al. [73] undertook an exhaustive series of laboratory
measurements to determine the mechanical, thermal, electrical, and electromagnetic properties of hydrate-bearing soils
using standardized geotechnical devices and test protocols.
They conducted experiments on soils with a range of grain
sizes subject to an eﬀective stress of up to 2 MPa and with
well-controlled saturations of synthetic hydrate [74].
Stoll and Bryan [28] carried out an experimental study
to determine the thermal conductivity and acoustic wave
velocity in hydrates and sediments containing hydrate. The
most significant result of their studies was that the formation
of hydrate decreased the thermal conductivity in sediments.
This behavior is contrary to what might be expected when
compared with the behavior of frozen sediments. Also, based
on measurements of acoustic wave velocity, this research
confirmed that both pure water and water-bearing sediment
are converted to a stiﬀ elastic mass by the formation of a
suﬃcient amount of hydrate. Stoll and Bryan concluded that
this finding served as the basis for using the sharp acoustic
impedance contrast at the boundary of a hydrate-containing
sediment to locate hydrate deposits [28].
Pearson et al. [71] predicted the physical properties
of hydrate-containing sediments in order to include their
eﬀects on production models and to develop geophysical
exploration and reservoir characterization techniques. The
authors used empirical relationships between ice composition and seismic velocity, electrical resistivity, density, and
heat capacity developed for frozen soils to estimate the
physical properties of hydrate deposits. They proposed that
the resistivity of laboratory permafrost samples follows a
variation of Archie’s equation [52]:
ρf
1−n
= C −T Sw
,
ρt

(1)

where ρ f and ρt are the thawed and frozen resistivities of the
sample, T is temperature, Sw is the unfrozen water content,
and n and C are empirical constants. The parameters C and
n were calculated for a variety of lithologic types.
Pearson et al. [71] also reported that the compressional
wave velocities of partially frozen sediments (V p ) are related
to the velocities of the matrix (Vm ), the liquid (VL ), and solid
(Vs ) phases present in the pores by the well-known threephase rule:








(1 − Sw ) (1 − ε)
1
Sw
= ε
+ ε
+
,
Vp
VL
Vs
Vm

(2)

where ε is the porosity.
Pearson et al. proposed that the resistivities and seismic
velocities are both functions of the unfrozen water content;
however, it was found that resistivities are more sensitive
to changes in Sw and can vary by as much as three
orders of magnitude, which allows the use of electrical
resistivity measurements to estimate the amount of hydrate
in place. Pearson et al. [71] estimated the unfrozen water
content, assuming that the dissolved salt in the pore water
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concentrates as a brine phase as the hydrate forms. Using
this technique, they estimated the brine content as a function
of depth, assuming a wide range of temperature gradient
and pore water salinity values. They also reported that
the presence of hydrates tends to lower the heat capacities
and densities of sediments, even though these eﬀects are
comparatively small.
Pearson et al. [70] reported laboratory acoustic velocity
and electrical resistivity measurements on Berea Sandstone
and Austin Chalk samples saturated with a stoichiometric
mixture of tetrahydrofuran (THF) and water. THF solutions
were selected because they form hydrates similar to natural
gas hydrates at atmospheric pressures. The authors reported
that hydrate formation in both the chalk and sandstone
samples increased the acoustic P-wave velocities by more
than 80% when hydrates formed in the pore space; however,
the velocities soon became constant, and further lowering
the temperature did not appreciably increase the velocity.
In contrast, the electrical resistivity increased nearly two
orders of magnitude upon hydrate formation and continued
to increase slowly as the temperature was decreased. The
dielectric loss showed a linear decrease with frequency
suggesting that ionic conduction through a brine phase
dominates at all frequencies, even when the pores are nearly
filled with hydrate. The authors also reported that resistivity
values were a strong function of the dissolved salt content of
the pore water. Pore water salinity also influenced the sonic
velocity, but this eﬀect was much smaller.
Winters et al. [75] measured a wide range of acoustic Pwave velocities (V p ) in coarse-grained sediments for diﬀerent
pore space occupants. The measured V p values ranged
from less than 1000 m/s for gas-charged sediments to 1770–
1940 m/s for water-saturated sediments, 2910–4000 m/s for
sediments with varying degrees of hydrate saturation, and
3880–4330 m/s for frozen sediment. V p values measured
in fine-grained sediments containing gas hydrate were
substantially lower (1970 m/s). The presence of gas hydrate
and other solid pore-filling material, such as ice, increased
the sediment shear strength. The magnitude of that increase
is related to the amount of hydrate in the pore space
and cementation characteristics between the hydrate and
sediment grains. Winters et al. found that, for consolidation
stresses associated with the upper several hundred meters
of sub-bottom depth, pore pressures decreased during
shear in coarse-grained sediment containing gas hydrate,
whereas pore pressure in fine-grained sediment typically
increased during shear. The presence of free gas in pore
spaces damped pore pressure response during shear and
reduced the strengthening eﬀect of gas hydrate in sands
[75].
The research group led by Santamarina collected experimental data to conduct a comprehensive analysis of the
values of geophysical and geotechnical properties as a
function of hydrate saturation, soil characteristics, and other
parameters. Measurements of seismic velocities, electrical
conductivity and permittivity, large strain deformation and
strength, and thermal conductivity were emphasized in these
experiments (Fernandez and Santamarina [76]; Santamarina
et al. [74]; Yun et al. [77]; Santamarina et al. [73]).
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Santamarina et al. [73] used their data set to identify
the systematic eﬀects of sediment characteristics, hydrate
concentration, and state of stress, developing mathematical
relations for the most relevant material parameters. They
reported that, under low strain conditions, the shear wave
velocity in hydrate-bearing sediments is stress dependent at
low hydrate concentrations but becomes hydrate controlled
at high hydrate concentrations. The P-wave velocity (V p ) in
hydrate-bearing sediments can be computed from the shear
wave velocity of the hydrate-bearing sediment (Vhbs ) and the
volume fraction and bulk stiﬀness (Bi ) of the component
phases. Following a Biot-Gassmann-type formulation for
low skeletal stiﬀness (Bsk /Bw  1), the following relationship
can be used (Santamarina et al. [78]):

2
V p2 = Vhbs

+

1 − νsk
4
+
1 − 2νsk 3

1
ρmix







1−ε
S
1 − Sh
+ε h +
Bmix
Bh
Bw

(3)

−1

.

The researchers noted that the small strain Poisson’s
ratio for the skeleton νsk is typically 0.1 ± 0.05. The
shear wave velocity in hydrate-bearing sediments (Vhbs ) is
stress dependent at low hydrate concentrations but becomes
hydrate controlled at high hydrate concentrations. Following
these data-based observations, and adopting the form of
theoretical expressions for cemented soils (Fernandez and
Santamarina [76]), Santamarina et al. [78] fit the data using
the following relationship:
Vhbs




 Vh Sh 2
=

ε

2

⎡

θ + ⎣α

σ  + σ⊥
2 kPa

⎤
β 2

⎦ .

(4)

Here, σ⊥ and σ  are the eﬀective stresses acting in the
direction of wave propagation ( ) and particle motion (⊥),
respectively; the factor θ represents the hydrate influence in
the pore space; and α and β are factors calculated from tests
conducted on sediment without hydrates (Sh = 0).
Under high strain conditions, it was found that (1) the
undrained shear strength (Su ) at low hydrate concentration
is determined by the eﬀective stress-dependent frictional
strength, (2) the contribution of the hydrate strength
increases nonlinearly with higher strength, gaining relevance
at high Sh , and (3) in the case of fine-grained soils, the eﬀect
of hydrate tends to be more pronounced at low porosity. The
following expression for Su captures these observations:
Su = a σo + bqh



Sh
ε

2

.

(5)

Here a nominal value for the hydrate strength, qh = 8 MPa,
was assumed. This value is within the range reported in the
literature [79]. The coeﬃcient a represents friction and pore
pressure generation in the sediment, while b is an indication
of the hydrate’s ability to contribute to the strength of the
hydrate-bearing sediment.
The electrical conductivity of hydrate-bearing sediments,
σhbs , at radiofrequencies is determined by the volume
fraction of the unfrozen pore fluid and the pore fluid
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conductivity (σw ). The resulting expression fitted their
experimental data:
σhbs = σw [ε (1 − Sw )]1.6 .

(6)

The electrical permittivity (κhbs ) in the microwave frequency
range is determined by the polarization of the free, unfrozen
water. Most of their experimental data at Sw = 0.5 were fitted
by
κhbs = 5 + 70 ε (1 − Sh ).

(7)

The thermal conductivity (Khbs ) was determined using the
needle probe technique in sediments subjected to isotropic
confinement [32]. The experimental data showed that the
thermal conductivity increases with decreasing porosity in
soils without hydrates. Santamarina et al. [73] demonstrated
that the general Pythagorean mixing formula is applicable,
leading to
 



Khbs = ε Sh Khs + Sw Kws + (1 − ε)Kms

1/s

.

(8)

Note that this expression can be readily extended to include
ice and gas phases in cases where these phases may be present.
The parallel model corresponds to s = 1, and the series
model corresponds to s = −1. Adequate predictions for a
given soil are obtained with exponents in the s ≈ ±0.2 range.
The authors found that, while the thermal conductivity of
hydrate is very similar to that of water, marked changes in
thermal conductivity occur when high Sh is present in soils.
Santamarina et al. [73] stated that they have emphasized
the determination of data trends using physically based
mathematical relationships that combine material parameters, instead of merely fitting generic mathematical functions
to the data.
It was also noted that the correlation of the measured
physical parameters always requires that the hydrate saturation in pore space, which ranges from 0 to 1, be raised to
a power greater than 1. This fact significantly reduces the
impact of low-hydrate saturations on the measured physical
parameters, an eﬀect that is particularly pronounced at the
hydrate saturations characteristic of many natural systems
(<0.2 of pore space). Mechanical properties are strongly
influenced by both soil properties and the hydrate loci.
Thermal conductivity depends on the complex interplay of
a variety of factors, including formation history, and cannot
be easily predicted by volume average formulations [73].

4. Conclusions
All three main hydrate structures (sI, sII, and sH) are
approximately 85% (mol) water and 15% gas when all
the cages are filled. This fact suggests that the mechanical
properties of the three hydrate structures are similar to those
of ice. This conclusion is true to a first approximation,
with the exception of thermal conductivity and thermal
expansivity. Thermal conductivity of bulk hydrates slightly
increases with temperature, contrary to the ice thermal
conductivity that decreases with temperature raised to the
power of −1.

The physical properties of bulk hydrates are remarkably
close to those of pure ice. As a result, the properties of
sediments containing hydrate in the pore space are similar
to sediments containing normal ice. The morphology of gas
hydrates has large eﬀects on sedimentary physical properties,
from seismic velocities on a large scale to borehole electrical
resistivity on a smaller scale, and, therefore, the gas hydrate
morphology impacts the amount of gas hydrate saturation
estimated from geophysical data. Hydrate morphology is
controlled by the nature of the sediment host as much as
by the supply of the necessary chemical components and
environmental conditions.
The most readily observable change in sediment physical
properties resulting from the formation of gas hydrates
is an increase in seismic velocity. Locating likely areas
of gas hydrates using remote seismic sensing is relatively
straightforward where bottom-simulating reflectors (BSR)
are evident. A BSR is a high-amplitude reflector that
approximately parallels the seafloor and results from the
strong acoustic impedance contrast between the gas-hydratebearing sediments above the reflector and the underlying
sediments containing free gas. Gas hydrates may be present
even where there is no BSR identified from reflection seismic
records.
The understanding of the thermal properties of hydratebearing sediments is crucial for the future exploitation of
methane gas trapped in sediments. In sediment-bearing
hydrates, the thermal conductivity reflects the competing
eﬀects of the thermal conductivity of the phases involved,
their volume fraction, and their spatial distribution. The
electrical conductivity is controlled by the availability and
mobility of ions. A gradual reduction in conductivity is measured during hydrate formation even though ion exclusion
keeps available ions within the unfrozen water. Mechanical
properties are strongly influenced by both soil properties and
the hydrate loci.
All the physical parameters depend strongly on the
hydrate saturation in pore space. This fact significantly
reduces the impact of low-hydrate saturations on the
measured physical parameters, an eﬀect that is particularly
pronounced at the hydrate saturations characteristic of many
natural systems (<0.2 of pore space).
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Thermodynamic stability and hydrogen occupancy on the hydrogen + tetra-n-butyl ammonium bromide semi-clathrate hydrate
were investigated by means of Raman spectroscopic and phase equilibrium measurements under the three-phase equilibrium
condition. The structure of mixed gas hydrates changes from tetragonal to another structure around 95 MPa and 292 K depending
on surrounding hydrogen fugacity. The occupied amount of hydrogen in the semi-clathrate hydrate increases significantly
associated with the structural transition. Tetra-n-butyl ammonium bromide semi-clathrate hydrates can absorb hydrogen
molecules by a pressure-swing without destroying the hydrogen bonds of hydrate cages at 15 MPa or over.

1. Introduction
Recently, gas hydrates and other clathrate materials [1] have
become one of attractive media that have a huge potential
for eﬀective applications of H2 storage and transportation.
The H2 -mixed gas hydrates with the assistance of suitable
additives enable us to perform the H2 storage under much
lower-pressure conditions than the simple H2 hydrate [2].
Tetrahydrofuran (hereafter, THF) and tetra-n-butyl ammonium salts are well known as the additives [3–9]. In addition,
the reversible technique of storage and/or release of H2 by
pressurizing or depressurizing without the destruction of
hydrate cages are more suitable for the H2 storage than
H2 absorbing alloys. For example, in the case of metal
hydride, H2 storage amount of Mg2 Ni (A2 B type, relatively
light material) is 3.6 mass%. However, the H2 storage and
release of these metal hydrides are often accompanied by
a relatively large enthalpy-change of 30–60 kJ/mol. On the
other hand, although H2 storage amount of clathrate hydrate
is smaller than that of metal hydride, the heating to release
H2 is unnecessary for the reversible technique of storage and
release of H2 by pressurizing and depressurizing. There are

some reports about above storage and release method on the
THF hydrate [10–12].
The hydrate formed from tetra-n-butyl ammonium salt
solution has been known as a semi-clathrate hydrate where
the quaternary ammonium cation and anion are incorporated with the water molecules to construct the hydrate cage
[13]. It is reported that tetra-n-butyl ammonium salts can
form various unit-cell structures. For example, tetra-n-butyl
ammonium bromide (hereafter, TBAB) forms two unit-cell
structures (tetragonal and orthorhombic) depending on the
concentration of aqueous solution [14, 15]. In our previous
study, the cage occupancy of H2 has been investigated
by use of phase equilibrium measurements and Raman
spectroscopic analyses for two structures of H2 + TBAB semiclathrate hydrates up to 15 MPa [8]. Most recently, we have
reported that hydrogen-induced structural transition from
cubic to another structure (probably tetragonal) occurs on
H2 + tetra-n-butyl ammonium fluoride (hereafter, TBAF)
semi-clathrate hydrate [16]. The storage amount of H2 in
H2 + TBAF semi-clathrate hydrate drastically increases with
the structural transition. These results imply that hydrogen
bonds of semi-clathrate hydrate have flexibility.
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In the present study on H2 + TBAB semi-clathrate
hydrates, we have two research objectives: (1) thermodynamic property including hydrate structures and H2
occupancy, and (2) capability of reversible storage and release
and storage capacity of H2 . Firstly, the cage occupancy of H2
and structural transition for the H2 + TBAB semi-clathrate
hydrate under the three-phase equilibrium conditions were
investigated by use of in situ Raman spectroscopy. Secondly,
phase equilibrium (pressure-temperature) relations for the
ternary mixtures of H2 + TBAB + water at two TBAB
concentrations were measured in the pressure region of 15–
190 MPa. Finally, the capability of reversible storage and
release of H2 was evaluated by in situ Raman spectroscopic
analysis using isothermal pressure-swing.

and the three-phase equilibrium condition was determined.
Since then the system temperature was dropped little by
little (about 0.05 K/hour) to prepare the single crystal of gas
hydrate under the three-phase (hydrate + aqueous solution
+ gas) coexisting state. We also paid enough attention to
preparing as few single crystals as possible. This single crystal
was analyzed through a sapphire window (Ti free) by in
situ Raman spectroscopy using a laser Raman microprobe
spectrophotometer with multichannel CCD detector. The
argon ion laser beam (wavelength: 514.5 nm) condensed to
2 μm in spot diameter from the object lens was irradiated
to the sample through the upper sapphire window. The
backscatter of the opposite direction was taken in with the
same lens. The spectral resolution was ∼0.7 cm−1 .

2. Experimental Section

2.3.2. Storage Capacity of H2 . In the isothermal Raman spectroscopic measurement, an aqueous TBAB solution prepared
at x = 0.037 was introduced into the evacuated high-pressure
optical cell. To prepare the TBAB hydrate, the contents were
supercooled and agitated with an enclosed ruby ball. After
the formation of gas hydrates, the system temperature was
kept constant, and the contents were annealed for more than
one day at 283.15 K to complete the hydrate crystallization,
which was slightly lower than the equilibrium temperature
of TBAB hydrate at atmospheric pressure. Then, the contents
were pressurized up to a desired pressure by supplying H2 ,
and the cell was kept static to establish the two-phase (H2
gas and hydrate phases) equilibrium state. After one day, the
hydrate phase was analyzed under the isothermal condition
(283.15 K) through a sapphire window by in situ Raman
spectroscopy.
In addition, the H2 + TBAB hydrate was prepared from
compressed H2 and aqueous solution in advance, and H2 was
once released from the H2 + TBAB hydrate at 283.15 K by
depressurization. Then, the TBAB hydrate was pressurized
again up to a desired pressure by H2 , and after one day or
more, the hydrate was analyzed under isothermal two-phase
equilibrium condition by in situ Raman spectroscopy. For
convenience, the description of “repressurizing method” is
adopted hereafter in this paper.

2.1. Materials. Research-grade H2 (six nine purity), having
the maximum impurity of 0.2 ppm nitrogen, was obtained
from the Neriki Gas Co., Ltd. Research grade TBAB of
98 mol% up and the distilled water were obtained from the
Wako Pure Chemical Industries, Ltd. All of them were used
without further purifications.
2.2. Apparatus. A high-pressure optical cell for both the
phase equilibrium and the Raman spectroscopic measurements had a pair of sapphire (Ti free) windows on both
the upper and lower sides. The high-pressure optical cell
was the same as previous one [16] except for the window
material. The maximum working pressure of high-pressure
optical cell was 400 MPa. The temperature-controlled water
was circulated constantly in the exterior jacket of the highpressure optical cell. A ruby ball was enclosed into the highpressure optical cell. The contents were agitated by the ruby
ball, which was rolled around by the vibration from outside.
The system temperature was measured within an uncertainty of 0.02 K using a thermistor probe (Takara D-632),
which was inserted into a hole in the cell wall. The probe
was calibrated with a Pt resistance thermometer defined by
ITS-90. The system pressure was measured by a pressure
gage (Valcom VPRT) calibrated by RUSKA quartz Bourdon
tube gage (Direct Reading Pressure Gage, series 6000)
with an estimated maximum uncertainty of 0.01 MPa (low
pressure)–0.1 MPa (high pressure).
2.3. Procedures
2.3.1. Thermodynamic Property. The aqueous TBAB solution
prepared at a desired concentration (x = 0.037 which is the
stoichiometric concentration of tetragonal TBAB hydrate, or
0.020 which is lower than the stoichiometric concentration
of orthorhombic TBAB hydrate [14]) was introduced into
the evacuated high-pressure optical cell. The contents were
pressurized up to a desired pressure by supplying H2
and then cooled and agitated with an enclosed ruby ball
to prepare the gas hydrate. After the formation of gas
hydrates, the system temperature was risen gradually (about
0.1 K/hour) to leave a few seed crystals. In this state, the
system temperature was kept constant for more than one day,

3. Results and Discussion
3.1. Thermodynamic Property. The Raman spectra for the
H2 + TBAB semi-clathrate hydrate system under the threephase equilibrium condition are shown in Figures 1 (x =
0.037) and 2 (x = 0.020). The characteristic Raman peaks
derived from TBAB molecule are detected around 700–
1500 cm−1 and 2800–3000 cm−1 in the hydrate phase. The
figures also include the single peak (4132 cm−1 ) of H2
stretching vibration and the broad peak (around 3100 cm−1 )
corresponding to the O–H vibration of host water lattice for
the H2 + TBAB semi-clathrate hydrate. The H2 vibration
peak is normalized by use of one of TBAB peaks. The
position and shape of the peak derived from H2 obtained
in the present study agree well with those of previous
reports [6, 8]. The Raman spectra reveal that the H2
selectively occupies the empty S-cages of semi-clathrate
hydrate, while the butyl-group of TBAB molecule occupies
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Figure 1: Raman spectra originated in TBAB, H2 , and host lattice of
water for the H2 + TBAB semi-clathrate hydrate at x = 0.037. Closed
inverted-triangle represents the peak used for the normalization of
H2 vibration peak.

Figure 2: Raman spectra originated in TBAB, H2 , and host lattice
of water for the H2 + TBAB semi-clathrate hydrate at x =
0.020. Closed inverted-triangle represents the peak used for the
normalization of H2 vibration peak.

the other cages completely under the present experimental
conditions.
Normalized peak of H2 vibration becomes larger and
larger with the pressure increasing, which means the increase
of entrapped H2 molecules. As shown in Figure 1, in the
case of x = 0.037, Raman peak ratio of H2 to TBAB
increases gradually as pressure increasing until ca. 100 MPa,
while the increment of H2 peak with pressure increasing
seems to become small in the higher-pressure region. On the
other hand, in the case of x = 0.020, Raman peak ratio of
H2 changes discontinuously around 100 MPa as shown in
Figure 2 (shaded region). The normalized peak area of H2
in the case of x = 0.020 increases dramatically compared
with that of x = 0.037 at similar pressure more than 99 MPa.
In addition, the Raman peaks of TBAB and water change
significantly on reaching ca. 100 MPa in x = 0.020, which
diﬀers in results from the case of x = 0.037. The peaks of
TBAB at high pressures in x = 0.020 are closely similar
to those of the other structure (probably orthorhombic)
obtained in our previous study [8]. The orthorhombic
structure (TBAB•38H2 O) [15] has more empty S-cages
and can entrap much more H2 than the tetragonal one
(TBAB•26H2 O).
The phase equilibrium (pressure-temperature) relations
for the H2 + TBAB semi-clathrate hydrate systems are
summarized in Table 1 and shown in Figure 3. The threephase equilibrium curves obtained in the present study
join smoothly with those of our previous data [6, 8].
The characteristic slope change (dp/dT) derived from the
structural transition on the three-phase equilibrium curve
exists at ∼95 MPa and 292 K only in the case of x = 0.020.
The phase behavior and structural transition of H2 + TBAB
semi-clathrate hydrate system are closely similar to those
of H2 + TBAF semi-clathrate hydrate system [16], except
that the transition condition of H2 + TBAB semi-clathrate

hydrate is much severer (the transition pressure is ∼90 MPa
higher) than that of H2 + TBAF semi-clathrate hydrate [16].
3.2. Storage Capacity of H2 . Raman spectroscopy exhibits
that H2 can be absorbed in TBAB hydrates without destroying the hydrogen bonds of hydrate cages at 15 MPa or
over by use of isothermal pressure-swing. The results from
“repressurizing method” (please refer to the experimental
section for details) are shown in Figure 4 accompanied
with those of Raman spectroscopic measurement under the
stability boundary conditions. The y-axis represents the peak
area of H2 normalized by one of peaks corresponding to
TBAB molecule. As shown in Figure 4, normalized Raman
peak area of H2 resulted from isothermal pressure-swing
increases gradually as pressure rises and is coincident with
the H2 peak area measured under the stability boundary
conditions. In the case of H2 absorption to fresh TBAB
hydrate, Raman peak area of H2 reaches only about 70%
of the value obtained from “repressurizing method” at the
same pressure. These results disagree with those of s-II THF
hydrate system [11]. The discrepancy in hydrate structures
results in that H2 cannot diﬀuse freely in fresh TBAB hydrate
because the empty S-cages do not connect successively. In
the case of “repressurizing method,” the release of H2 from
H2 + TBAB hydrate induces the secondary structural change
of TBAB hydrate; for example, the position of nitrogen or
bromine atom connected with host water may be changed.
In fact, the crystal appearance of TBAB hydrate changes from
clear to cloudy at the moment H2 released from H2 + TBAB
hydrate. The secondary TBAB hydrate prepared by H2 release
from H2 + TBAB hydrate may enable us to perform the
reversible H2 storage and release. Figure 4 also shows that
the normalized peak area of H2 is not saturated even if the
pressure reaches about 200 MPa; that is, the empty S-cages
cannot be occupied completely by H2 at least 200 MPa.
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Table 1: Three-phase equilibrium conditions of H2 + TBAB semi-clathrate hydrate at the TBAB mole fraction of 0.020 and 0.037 in highpressure region. The conditions in low-pressure region are shown in our previous papers [6, 8]. x represents the mole fraction of TBAB
aqueous solution.
T (K)
286.45
288.23
290.07
290.97
291.53
292.87
294.75

x = 0.020

↑

tetragonal
new structure
↓

p (MPa)
19.5
35.6
58.0
78.8
91.6
101.3
140.6

x = 0.037
tetragonal

100

p (MPa)
23.1
58.7
99.2
143.9
185.0

Normalised peak area of H2

0.8

10
p (MPa)

T (K)
288.35
291.56
293.95
295.86
297.85

1

0.1

0.6

0.4

0.2

0.01
280

285

290
T (K)

295

300

TBAB hydrate (x = 0.020)
TBAB hydrate (x = 0.037)
H2 + TBAB hydrate (x = 0.020)
H2 + TBAB hydrate (x = 0.037)

Figure 3: Three-phase equilibrium curves of the H2 + TBAB
semi-clathrate hydrates; closed keys represent the three-phase
equilibrium points of simple TBAB semi-clathrate hydrates under
the atmospheric conditions. The solid lines are fitting lines for
experimental data.

4. Conclusion
The thermodynamic stability and H2 occupancy for the H2
+ TBAB semi-clathrate hydrate system were investigated
by phase equilibrium (pressure-temperature) relation and
Raman spectra measured at two mole fractions (x = 0.020 or
0.037) of TBAB aqueous solution. In the case of x = 0.020,
the structural transition from tetragonal to another structure
is occurred around 95 MPa and 292 K. The structure after
the structural transition can store much more H2 molecules
than the tetragonal one. Raman spectroscopic analysis with
isothermal pressure-swing absorption reveals that H2 can
be absorbed in the TBAB hydrates without destroying the

0

0

50

100
p (MPa)

150

200

x = 0.020, along the stability boundary
x = 0.037, along the stability boundary
x = 0.037, isothermal pressure-swing (repressurization)

Figure 4: Pressure dependence of normalized Raman peak area
corresponding to H2 for the H2 + TBAB semi-clathrate hydrate
system.

hydrogen bonds of hydrate cages. The storage amount of H2
for the repressurization to the used TBAB hydrate after H2
release increases compared with that of fresh TBAB hydrate.
It remains possible to perform the reversible storage and
release of H2 in TBAB hydrate without destroying hydrate
cages.

Notations
p: Pressure, Pa
T: Temperature, K
x: Mole fraction of TBAB in the aqueous solution.

Acknowledgments
This work was financially supported by Grant-in-Aid for
Scientific Research to TS (Young Research, B, 19760491) and

Journal of Thermodynamics
partially supported by a research Grant from The Mazda
Foundation and Grant-in-Aid for Scientific Research to SH
(Young Start-Up, 20810016). T. Tsuda shows his gratitude
for the center of excellence (COE) program of Osaka
University. The authors gratefully acknowledge the Division
of Chemical Engineering, Graduate School of Engineering
Science, Osaka University for the scientific support by “GasHydrate Analyzing System (GHAS).”

References
[1] T. A. Strobel, Y. Kim, G. S. Andrews, et al., “Chemical-clathrate
hybrid hydrogen storage: storage in both guest and host,”
Journal of the American Chemical Society, vol. 130, no. 45, pp.
14975–14977, 2008.
[2] J. S. Zhang and J. W. Lee, “Equilibrium of hydrogen +
cyclopentane and carbon dioxide + cyclopentane binary
hydrates,” Journal of Chemical & Engineering Data, vol. 54, no.
2, pp. 659–661, 2009.
[3] L. J. Florusse, C. J. Peters, J. Schoonman, et al., “Stable
low-pressure hydrogen clusters stored in a binary clathrate
hydrate,” Science, vol. 306, no. 5695, pp. 469–471, 2004.
[4] H. Lee, J.-W. Lee, D. Y. Kim, et al., “Tuning clathrate hydrates
for hydrogen storage,” Nature, vol. 434, no. 7034, pp. 743–746,
2005.
[5] T. A. Strobel, C. A. Koh, and E. D. Sloan, “Hydrogen
storage properties of clathrate hydrate materials,” Fluid Phase
Equilibria, vol. 261, no. 1-2, pp. 382–389, 2007.
[6] S. Hashimoto, S. Murayama, T. Sugahara, H. Sato, and K.
Ohgaki, “Thermodynamic and Raman spectroscopic studies on H2 + tetrahydrofuran + water and H2 + tetra-nbutyl ammonium bromide + water mixtures containing gas
hydrates,” Chemical Engineering Science, vol. 61, no. 24, pp.
7884–7888, 2006.
[7] S. Hashimoto, T. Sugahara, H. Sato, and K. Ohgaki, “Thermodynamic stability of H2 + tetrahydrofuran mixed gas hydrate in
nonstoichiometric aqueous solutions,” Journal of Chemical &
Engineering Data, vol. 52, no. 2, pp. 517–520, 2007.
[8] S. Hashimoto, T. Sugahara, M. Moritoki, H. Sato, and K.
Ohgaki, “Thermodynamic stability of hydrogen + tetra-nbutyl ammonium bromide mixed gas hydrate in nonstoichiometric aqueous solutions,” Chemical Engineering Science, vol.
63, no. 4, pp. 1092–1097, 2008.
[9] A. Chapoy, R. Anderson, and B. Tohidi, “Low-pressure
molecular hydrogen storage in semi-clathrate hydrates of
quaternary ammonium compounds,” Journal of the American
Chemical Society, vol. 129, no. 4, pp. 746–747, 2007.
[10] T. A. Strobel, C. J. Taylor, K. C. Hester, et al., “Molecular
hydrogen storage in binary THF-H2 clathrate hydrates,”
Journal of Physical Chemistry B, vol. 110, no. 34, pp. 17121–
17125, 2006.
[11] K. Ogata, S. Hashimoto, T. Sugahara, M. Moritoki, H. Sato,
and K. Ohgaki, “Storage capacity of hydrogen in tetrahydrofuran hydrate,” Chemical Engineering Science, vol. 63, no. 23, pp.
5714–5718, 2008.
[12] Y. Nagai, H. Yoshioka, M. Ota, et al., “Binary hydrogentetrahydrofuran clathrate hydrate formation kinetics and
models,” AIChE Journal, vol. 54, no. 11, pp. 3007–3016, 2008.
[13] L. S. Aladko, Yu. A. Dyadin, T. V. Rodionova, and I.
S. Terekhova, “Clathrate hydrates of tetrabutylammonium
and tetraisoamylammonium halides,” Journal of Structural
Chemistry, vol. 43, no. 6, pp. 990–994, 2002.

5
[14] W. Shimada, T. Ebinuma, H. Oyama, et al., “Separation of
gas molecule using tetra-n-butyl ammonium bromide semiclathrate hydrate crystals,” Japanese Journal of Applied Physics,
vol. 42, pp. L129–L131, 2003.
[15] W. Shimada, M. Shiro, H. Kondo, et al., “Tetra-n-butylammonium bromide-water (1/38),” Acta Crystallographica Section C,
vol. 61, part 2, pp. o65–o66, 2005.
[16] J. Sakamoto, S. Hashimoto, T. Tsuda, T. Sugahara, Y. Inoue,
and K. Ohgaki, “Thermodynamic and Raman spectroscopic
studies on hydrogen + tetra-n-butyl ammonium fluoride
semi-clathrate hydrates,” Chemical Engineering Science, vol. 63,
no. 24, pp. 5789–5794, 2008.

Hindawi Publishing Corporation
Journal of Thermodynamics
Volume 2010, Article ID 651819, 6 pages
doi:10.1155/2010/651819

Research Article
Stable Occupancy of Hydrogen Molecules in H2 Clathrate
Hydrates and H2 + THF Clathrate Hydrates Determined by
Ab Initio Calculations
Prasad Yedlapalli,1 Sangyong Lee,2 and Jae W. Lee1
1 Department
2 Department

of Chemical Engineering, The City College of the New York, New York, NY 10031, USA
of Chemical and Natural Gas Engineering, Texas A&M University, Kingsville, TX 78363, USA

Correspondence should be addressed to Jae W. Lee, lee@che.ccny.cuny.edu
Received 30 June 2009; Accepted 15 September 2009
Academic Editor: Angelo Lucia
Copyright © 2010 Prasad Yedlapalli et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
Structure II clathrate hydrates of pure hydrogen and binary hydrates of THF + H2 are studied using ab initio calculations to
determine the stable occupancies of small cavities. Ab initio calculations are carried out for a double cavity consisting of one
dodecahedron (small cavity) and one hexakaidecahedron (large cavity). These two cavities are attached to each other as in sII
hydrates to form a double cavity. One or two H2 molecules are placed in the small cavity and one THF (or 4H2 molecules) molecule
is placed in the large cavity. We have determined the binding energies of the double cavities at the MP2 level using various basis sets
(3-21G, 3-21G(2p), 3-21++G(2p), 6-31G, 6-31G(2p), and 6-31++G(2p)). Diﬀerent basis sets yield diﬀerent stable occupancies of
the small cavity. The results from the highest basis set (6-31++G(2p) with zero point energy corrections) indicate that the single
occupancy is slightly more favorable than the double occupancy in both the cases of pure H2 hydrates and THF + H2 double
hydrates.

1. Introduction
Gas hydrates are crystalline molecular complexes of water
and low molecular weight gases such as methane, ethane,
propane, iso-butane, nitrogen, hydrogen, carbon dioxide,
hydrogen sulfide, and [1]. The water molecules form cavities
through hydrogen bonding [2]. The gas molecules are
enclathrated in the interstitial cavities. Guest molecules
and host water molecules interact through van der Waals
dispersion forces. The clathrate hydrates are existing in 3
diﬀerent structures: Structures I, II, and H [2]. Structures
I and II are more common than structure H. One general
observation is that guests with diameters of 0.4–0.55 nm
form structure I and guests with diameters of 0.6–0.7 nm or
less than 0.4 nm form structure II, whereas structure H is
formed from mixtures of small guest molecules and larger
guest molecules (0.8–0.9 nm). The occupancy of the cavities,
in general, is one. But recently H2 clathrate hydrates have
been synthesized with multiple occupancies in the cavities

[3]. Noble gases are also known to form hydrates with
multiple occupancies [4].
Tanaka et al. [3] synthesized pure hydrogen hydrates at
2000 bar and 250 K. Its gravimetric storage density is 5.0 wt%
with two and four hydrogen molecules in the small and large
cavities of sII hydrates. It can be preserved at 140 K under
ambient pressure. To reduce the hydrate formation pressure,
Florusse et al. [5] used tetrahydrofuran (THF) as a promoter
guest molecule. They made hydrogen hydrates at much
lower pressures (around 50 bar and 280 K). The hydrates
formed are of sII type. H2 molecules enter the small cavities,
whereas THF molecules enter the large cavities. H2 molecules
also enter the large cavities. But the storage capacity is less
compared to that of pure hydrogen hydrates: 2 wt% versus
5.0 wt%. Subsequently, Lee et al. [6] reported 4 wt% of the
H2 storage density by tuning the THF composition in the
liquid phase from which hydrates form. The H2 + THF
hydrates were formed at 120 bar and 270 K.
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However, in recent years, there developed a controversy
regarding the occupancy of H2 in the small cavities of pure
H2 hydrates and in the small cavities of the double hydrates of
THF and H2 . Diﬀerent theoretical and experimental studies
yielded diﬀerent occupancy numbers for the small cavity.
Mao et al. [3] obtained the mole ratio H2 : H2 O to be 0.45
from volumetric measurements, which is consistent with
double occupancy in small cavity and quadruple occupancy
in large cavity. They also compared the integrated H2 Raman
vibron intensities in the sII clathrates with the same amount
of H2 in the gas phase to obtain the ratio H2 : H2 O as
0.48 ± 0.04. Both of the H2 Raman vibron intensities were
obtained under identical conditions. Both of these results
compare well with the theoretical value of 0.47 for 4H2 (L)
+ 2H2 (S) case. Lee et al. [6] synthesized double hydrates
of THF and H2 at 277.3 K and 120 bar. They gradually
changed the initial THF concentration from 5.56 moL% THF
to 0.15 moL% THF to obtain H2 composition of 4 wt%
in hydrate phase at 270 K and 100 bar. From direct gas
release measurements and Raman measurements, it was
concluded that H2 molecules doubly occupy small cavities
[6].
Florusse et al. [5] synthesized H2 + THF double hydrates
at 50 bar and 279.6 K. Based on NMR measurements,
they suggested that some small cavities could be doubly
occupied whereas other small cavities are singly occupied.
Lokshin et al. [7] determined the D2 clathrate structure using
neutron diﬀraction. From their neutron diﬀraction study,
they determined the small cage occupancy to be one, and the
large cage occupancy to vary between 2 and 4. Hester et al.
[8] and Strobel et al. [9] reported the single occupancy of H2
molecule in the small cavity using high-resolution neutron
diﬀraction and NMR. Anderson et al. [10] obtained the same
result using volumetric measurements of released H2 vapor
from the hydrates.
Alavi et al. [11, 12] performed molecular dynamics
simulations of pure H2 hydrates and H2 + THF double
hydrates. They were able to confirm the single occupancy of
H2 in pure H2 hydrate small cavities, but not in the small
cavities of THF-H2 double hydrates. They observed that
the double hydrates’ small cavities can be singly or doubly
occupied. From ab initio calculations of the small cavity and
the large cavity, Patchkovskii et al. [13] determined the stable
occupancy in the small cavity to be 2 and in the large cavity to
be 4. Sluiter et al. [14] did a density functional theory study
of pure H2 hydrates. They found that H2 molecules doubly
occupy the small cages.
In view of the above controversy surrounding the stable
H2 occupancy in the small cavity, we will perform ab
initio calculations firstly with a double cavity. We will
investigate the stability of one double cavity consisting of one
dodecahedron (small cavity) and one hexakaidecahedron
(large cavity) as in sII hydrates at a higher level of electron
basis set or correlation than the previous works [13, 14]. One
or two H2 molecules will be placed in the small cavity and
four H2 molecules or one THF molecule is placed in the large
cavity. We will determine the binding energies of the singly
occupied and the doubly occupied small cavity of the double
cavity using various basis sets at the MP2 level.
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(a) Small cavity.

(b) Large cavity.

Figure 1: Visualization of small and large cavities in MOLEKEL [18,
19].

2. Computational Details
To determine the stable small cavity occupancy, we have
combined one small cavity (512 ) and one large cavity (512 64 )
to form a double cavity. The cavities share a pentagon as
their common face because only 12 pentagons are available
sides in the small cavity and the large cavity also has 12
pentagons with 4 hexagons. The double cavity is chosen in
our ab initio calculations because we want to understand the
stability of the H2 occupancy of the small cavity while having
the two diﬀerent guest molecules (4H2 or THF) in the large
cavity. We speculate that the stability of the occupancy will
be diﬀerent from the previous single cavity simulation case
[13].
PCGAMESS 7.0 [15] is used to carry out the ab initio
calculations. The coordinates of O atoms of the small cavity
and the large cavity are obtained from an available website
[16]. The H atoms are placed in such a way that the Hbonding is maximized. The O–H bond length is 1.0 Å as used
in the previous work [13] and its length then is optimized
in the structure optimization of the combined double cavity.
The H–O–H bond angle varies between 104.520 and 109.50 .
We have placed 1 or 2 hydrogen molecules in the small
cavity and 4 hydrogen molecules in the large cavity. H–
H bond length is initially 0.74 Å and relaxed for the
structure optimization of the combined double cavity. The
4 H2 molecules in the large cavity are assumed to form a
tetrahedral cluster as in the previous study [13] and the
H2 –H2 distances vary between 2.90 Å and 3.13 Å. For the
two H2 molecules in the small cavity, the distance between
H2 molecules is initially 2.58 Å [13] and is optimized for
the structural optimization. These initial distance parameters
of the tetrahedral cluster and the bihydrogen cluster were
obtained by Patchkovskii et al. [13] from DFT (Density
Functional Theory) calculations.
When considering THF + H2 binary hydrates, one THF
molecule replaces the 4H2 cluster in the large cavity. The THF
coordinates are obtained from NIST’s Chemistry Webbook
[17]. DFT calculations are used to optimize the complex
geometries using B3LYP functional and 3-21G basis set 1.
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1H2 (s) + 4H2 (L)
2H2 (s) + 4H2 (L)

Figure 3: Binding energies for pure H2 hydrates.

1H2 (S) + 4H2 (L)

is treated at the MP2 level. The calculations are done using
a 32-bit computer node with a clock speed of 2.0 GHz and
2 GB RAM. It takes 6–8 days for each complex’s total energy
calculation. Empty double cavity takes around 5 days for
computing its total energy. The total energy calculations for
guest molecules take few (0.5–6.0) hours on this machine.

(b)

Figure 2: Double cavities from the combination of sII small cavity
and large cavity in MOLEKEL [18, 19].

The geometric optimizations are carried out while all atoms
are allowed to move with cavity oxygen atoms’ coordinates
fixed. We have then calculated the binding energies for the
following four optimized configurations: 1H2 (S) + 4H2 (L),
2H2 (S) + 4H2 (L), 1H2 (S) + THF(L), and 2H2 (S) + THF(L).
Here L indicates large cavity and S, small cavity. The binding
energy is obtained using the following equation:
Binding energy, ΔE = Ecomplex − EEDC − Eguest(L) − Eguest(S) ,
(1)
where E is the total energy and the subscripts of complex,
EDC, guest (L), and guest (S) represent the complex of guest
molecules and cavities, empty double cavity, guest molecules
in a large cavity, and guest molecules in a small cavity,
respectively.
The small cavity and large cavity are shown in Figure 1
and are generated by MOLEKEL software [18, 19]. The
combined double cavity formed from the small cavity and
the large cavity is shown in Figure 2, which is also generated
by MOLEKEL software [18, 19]. As mentioned before, the
two cavities share a pentagon as a common face. We have
performed the calculations in PCGAMESS 7.0 [15] using
six diﬀerent basis sets: 3-21G, 3-21G(2p), 3-21++G(2p), 631G, 6-31G(2p), and 6-31++G(2p). The electron correlation

3. MP2 Results
The binding energy values without including the structure
optimization are given in Table 1. The units are J/moL based
on the complex double cavity. Using the initial coordinates
described in the previous section, we carried out the binding
energy calculations. The double occupancy in the small
cavity (2H2 (S) + 4H2 (L)) is more favorable than the single
occupancy (1H2 (S) + 4H2 (L)) for pure hydrogen hydrates.
However, the opposite result occurs for the THF-H2 binary
hydrates; that is, the single occupancy is slightly more stable
than the double occupancy.
Performing MP2-level calculations based on the structure optimization with complex double cavities presents the
results of binding energies in Table 2. These binding energies
are plotted in Figures 3 and 4 for pure H2 and double
H2 + THF hydrates. In Figure 3, the binding energies of
the pure H2 hydrate are plotted for diﬀerent small cage
occupancies using various basis sets. It is seen that the
configuration 1H2 (S) + 4H2 (L) is slightly more favorable
than 2H2 (S) + 4H2 (L). The binding energies of THF + H2
double hydrates are shown in Figure 4. There is no definite
trend in binding energy values with the level of the basis
sets used and the single occupancy is as stable as the double
occupancy. From the result of the highest level of basis set
used (6-31++G(2p)), the configuration of single occupancy
for both cases is more stable than the configuration of
double occupancy, which may be consistent with the recent
experimental works [7–10].
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Table 1: Binding energies (J/moL) without structure optimization and ZPE corrections.
Systems

Basis set

1H2 (s) + 4H2 (L)
−30278.9
−61795.4
−1223303
−24542.8
−49141.4
−35041

3-21G
3-21G(2p)
3-21++G(2p)
6-31G
6-31G(2p)
6-31++G(2p)

2H2 (s) + 4H2 (L)
−47145.3
−98815.5
−1241974
−17171.3
−57388.1
−40207.6

1H2 (s) + THF(L)
−127747
−174660
−175117
−96947.0
−132430
−124248

2H2 (s) + THF(L)
−144474
−211524
−170429
−89364.0
−140480
−113331

Table 2: Binding energies (J/moL) without ZPE corrections.
Systems

Basis set

1H2 (s) + 4H2 (L)
−109127
−177224
−68053.5
−33163.7
−86029.8
−43176.3

3-21G
3-21G(2p)
3-21++G(2p)
6-31G
6-31G(2p)
6-31++G(2p)

×104

2H2 (s) + 4H2 (L)
−94444.7
−173833
−67814.3
−15373.6
−78640.6
−38384.7

Basis set
3-21G

3-21G(2p) 3-21++G(2p)

6-31G

6-31G(2p) 6-31++G(2p)

Binding energy (J/moL)

0
−10
−20
−30
−40
−50
−60

1H2 (s) + THF(L)
2H2 (s) + THF(L)

Figure 4: Binding energies for THF + H2 binary hydrates.

4. Zero Point Energy Calculations
Molecules are not stationary at 0 K. Molecules vibrate even
at 0 K. Because of this, molecules possess a vibrational
energy. This energy is called the zero point vibrational energy
(ZPVE) or zero point energy (ZPE). The calculations in
the previous section treated the nuclei as a frozen core. By
adding the ZPE to the frozen nuclei energy, we will obtain the
total energy of the molecule at 0 K. ZPE calculations involve
geometry optimization and frequency calculations [20].
We have obtained optimized geometries of the complexes
from DFT calculations using B3LYP exchange-correlational
functional and 3-21G basis set as we mentioned before.
The geometric optimization is very expensive in terms of

1H2 (s) + THF(L)
−401789
−462004
−364911
−239359
−298451
−270762

2H2 (s) + THF(L)
−413397
−492146
−364378
−229933
−303645
−264164

calculation time and it takes more than 3 weeks using the
same PC (2.0 GHz clock speed and 2 GB RAM) used in the
previous section of MP2 calculations. Thus, we carry out the
geometric optimization at the high performance computing
cluster available at the Texas A&M University, Kingsville, and
it takes around 3 days.
The ZPEs determined by the optimized geometries are
then added to the frozen nuclei energies 2. All vibrational
motions of all molecules are considered in the zero-point
energy calculations. From these energies, binding energies
of various configurations are calculated and compared. It
is valid to add the ZPE obtained from the lower level
calculations to the frozen nuclei energies obtained from
the higher-level calculations (MP2) [20]. These energies are
called Etotal
0K :
total
+ ZPE.
Etotal
0K = E

(2)

In finding out the stable occupancies of gas hydrates,
binding energies of various configurations are compared.
The results are given in Table 3. The binding energies with
ZPE corrections are plotted in Figures 5 and 6. With ZPE
corrections, the stable occupancy of small cavity is one for
both pure H2 hydrates and THF + H2 double hydrates. This
is a concurrent observation with the experimental analyses
[7–10] and MD simulations [11, 12]. However, the diﬀerence
of binding energies between single occupancy and double
occupancy is not much significant.
Two cases in pure hydrogen hydrates in Table 3 showed
positive values of binding energies. To eliminate the positive
binding energies, we tried one of these two calculations with
counterpoise corrections with 6-31++G(2p) basis set but the
positive values are more pronounced (e.g., 55839.9 J/moL
versus 8866.79 J/moL) even if the trend is still valid (single
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Table 3: Binding energies (J/moL) with ZPE corrections.
Systems

Basis set

1H2 (s) + 4H2 (L)
−63530.1
−131628
−22456.7
12433.05
−40433
2420.452

3-21G
3-21G(2p)
3-21++G(2p)
6-31G
6-31G(2p)
6-31++G(2p)

Binding energy (J/moL)

×104

6
4
2
0
−2
−4
−6
−8
−10
−12
−14

2H2 (s) + 4H2 (L)
−47193.2
−126582
−20562.9
31877.86
−31389.2
8866.79

3-21G(2p) 3-21++G(2p)

6-31G

6-31G(2p) 6-31++G(2p)

1H2 (s) + 4H2 (L)
2H2 (s) + 4H2 (L)

Figure 5: Binding energies of pure H2
corrections.

Binding energy (J/moL)

×104

hydrates with ZPE

Basis set
3-21G

3-21G(2p) 3-21++G(2p)

6-31G

2H2 (s) + THF(L)
−366061
−444810
−317042
−182597
−256309
−216828

5. Conclusions

Basis set

3-21G

1H2 (s) + THF(L)
−370272
−430487
−333394
−207843
−266935
−239245

6-31G(2p) 6-31++G(2p)

0
−5
−10
−15
−20
−25
−30
−35
−40
−45
−50

We have tried to determine the stable small cavity occupancies of binary THF + H2 sII hydrate and pure H2 hydrates
using ab initio calculations. The systems were studied using
a double cavity. The double cavity was made up of one
small cavity and one large cavity. Binding energies of pure
H2 hydrates and binary THF + H2 hydrates were compared
to determine the stable occupancies of the small cavity.
Without ZPE corrections, the single occupancy was more
preferable than the double occupancy for the small cavities
of pure H2 hydrates. However, this was opposite without
any structural optimization of the double cavity. The single
occupancy was as stable as the double occupancy for THF +
H2 binary hydrates with respect to all of basis sets regardless
the structural optimization. With ZPE corrections based on
the structural optimization, the single occupancy was more
favorable than double occupancy. In these two cases, the
single occupancy was slightly preferable in both pure H2
hydrates and THF + H2 binary hydrates with the highest level
of basis set, which may be in line with recent experimental
results.
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A new method implementing molecular dynamics (MD) simulations for calculating the reference properties of simple gas hydrates
has been proposed. The guest molecules aﬀect interaction between adjacent water molecules distorting the hydrate lattice, which
requires diverse values of reference properties for diﬀerent gas hydrates. We performed simulations to validate the experimental
data for determining Δμ0w , the chemical potential diﬀerence between water and theoretical empty cavity at the reference state,
for structure II type gas hydrates. Simulations have also been used to observe the variation of the hydrate unit cell volume with
temperature. All simulations were performed using TIP4P water molecules at the reference temperature and pressure conditions.
The values were close to the experimental values obtained by the Lee-Holder model, considering lattice distortion.

1. Introduction
Gas hydrates are crystalline solids formed when water
forms a complex lattice with gases which occupy the
interstices of the hydrogen bonded water molecules [1–4].
These interstices are referred as cages and when empty,
they are highly unstable, collapsing into ice structure [4].
Most thermodynamic models consider the theoretical empty
cavity as the reference state that is highly unstable and
is less likely to be determined experimentally. Computer
simulations on the other hand are performed at a molecular
level and for very short time intervals close to equilibrium.
Simulations play a vital role in relating microscopic details
of a system to macroscopic properties. Besides, simulation
methods like molecular dynamics (MD) provide averages of
the properties at stable states which can be used to determine
thermodynamic properties. Theoretically, determining the
size, structure, and stability of gas hydrate formation is of
importance and computer simulations play a valuable role
in building an environment for performing accurate experiments. Simulations can even be applied for the selection of
new guest candidates for which limited experimental data

are available [2], for example, methane (which normally has
structure I) forming structure II in the mixture gas hydrate.
The first equilibrium model for gas hydrate was developed by van der Waals and Platteeuw [5] based on statistical thermodynamics and was generalized by Parrish and
Prausnitz [3] to form the basis of all the thermodynamic
models even today. These models were further extended by
Holder et al. [4] by considering the energy changes due to
the restriction of guest molecule movement in the hydrate
lattice. These models are the basis of all the gas hydrate
equilibrium calculations. Later, Lee and Holder [6] proposed
that diﬀerent guests require diﬀerent values of reference
chemical potential based on the assumption that the lattice
can be distorted according to the size of gas molecules in it.
They found that a cavity containing a diﬀerent gas molecule
would have a diﬀerent size to minimize the total energy of
the system [7]. This new model was modified to mixture gas
hydrates by Lee and Holder [8] and Martin and Peters [1].
We are carrying out molecular-dynamics (MD) simulations
using diﬀerent guest molecules and the NVT ensemble. The
purpose is to validate the data on the reference chemical
potential diﬀerence and the eﬀect of temperature on the
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size of the unit lattice structure. To apply this ensemble to
a lattice distortion assumption, the lattice size was changed
simultaneously at a constant temperature, and the total
energy with the pressure was calculated at each condition.
The MD calculations will be used to determine the reference
chemical potential diﬀerence and the hydrate unit cell size.

2. Theoretical Background
The resemblance of Langmuir’s theory of gas adsorption
with the formation of gas hydrates was first proposed by
van der Waals and Platteeuw [4, 5]. The Langmuir constant
for both is a function of temperature and the participating
components [4, 9]. For the gas hydrate, it is given by Ci j
where i is a cavity in the hydrate lattice occupied by j type of
guest molecule. Assuming single guest occupancy for every
cavity, the fraction of the occupied cavities is given by [9]
θi j =

Ci j f i

.
1 + Ci j f i

(1)

The unknown quantity of interest is the Langmuir
adsorption coeﬃcient which, assuming spherical symmetry,
is given by [4, 10]






−W(r) 2
4π R
exp
r dr,
(2)
kT 0
kT
where W(r) is the cell potential of the spherical cavity and
is calculated using the Kihara potential model (refer to [3, 4]
for the equation form). The classical method was adjusting
the Kihara radius (a), size (σ), and energy () parameters
for the gas hydrate equilibrium so that the experimental
three-phase pressure was in unison with the calculated value
[4, 9]. The whole process of determining the Kihara potential
parameters depends on the ability to determine the diﬀerence
of chemical potential, enthalpy, and the volume of water
cavity in the empty and occupied hydrate lattice. As a result,
the Kihara parameters obtained from experiments are totally
diﬀerent from the Kihara parameters for other systems [7].
At equilibrium, the chemical potential of water in hydrate
phase, μH
w , is the same as the chemical potential of water in
β
liquid state, μW
w [4]. Thus, if μw , the chemical potential of
empty hydrate lattice, is considered as a reference state, the
diﬀerence of chemical potentials is given by [4–6, 8]

Ci j =

β

H
ΔμH
w = μw − μw ,
β

(3)

W
ΔμW
w = μw − μw .

The original model did not account for lattice distortion
or the misalignment of the hydrate lattice due to guest
molecules [3–5]. Lee and Holder [6–8] were the first to
propose this change of geometry of hydrate unit cell. The
model accounted for the eﬀect of temperature, pressure, and
composition for calculating the chemical potential diﬀerence
of water


Δμ0w
ΔμW
w
=
−
RT
RT0

T

T0

Δhw
dT +
RT 2

P

P0



ΔVw
dP − ln γw χw .
RT
(4)

The above equation (4) suggests that at ice point (T =
273.15 K) and 0 pressure, the reference chemical potential
Δμ0w = ΔμW
w . The Langmuir constant in (2) was calculated
using the Kihara parameters without any adjustment. In
the present study, the value of ΔμH
w was obtained from
the simulation that is the same as ΔμW
w at equilibrium. To
calculate these values for diﬀerent gas hydrates, we calculated
the chemical potential for the theoretical empty cavity using
MD simulations and also calculated the chemical potential
of each gas hydrate using MD simulations. Since Δμ0w has
been defined as the diﬀerence between these two values at
273.15 K and 0 pressure, we calculated the diﬀerence between
two values using MD simulation.
Since the primary eﬀect of interaction between adjacent
guest molecules is stretching the hydrogen bonds between
water molecules [7], hydrate equilibria become more the
subject of the interaction between hydrate lattice and
the guest molecules. The present study follows the Lee
and Holder model [6] which considers diﬀerent values of
the reference chemical potential diﬀerence for each gas
hydrate.

3. Molecular Dynamics (MD) Simulation
Molecular dynamics describe the application of the Newton’s
equations of motion for a set of molecules and consist
of integration of forces for short time intervals close to
equilibrium. Particle trajectories are generated after several
hundred steps from which time-averaged macroscopic properties such as viscosity, thermal conductivity, and diﬀusivity
can be calculated [11]. This technique is a powerful tool
to investigate microscopic phenomena and is widely used
for simulating water structures. For the MD simulation
to generate accurate equations of motion, forces and
velocities of the particles have to be within an acceptable
range.
To perform the simulations, we used the software
MOLDY [12]. It uses the “link cell” to calculate short range
forces and Ewald sum technique to calculate long range
electrostatic forces [13]. The Gaussian thermostat was used
to maintain a constant temperature of 273.15 K and other
temperatures. An initial configuration of the gas hydrate was
generated from the Jorgensen’s TIP4P model using a method
called “skew start” incorporated in the software [14]. The
molecules were randomly ordered but guaranteed minimum
separation avoiding molecular overlap and provided a rough
estimation of the unit cell. It also provided information on
the Euler angles in the form of quaternions which were
used to develop the empty hydrate lattice. Quaternions
lead to equations of motion which are free of singularities
resulting in a better numerical stability of the simulation.
The highly unsteady empty hydrate lattice was stable for
only an instance of almost 0.005 ps. Simulations with various
boundary conditions were carried out to obtain the near
stable configuration of the empty hydrate associated with
quaternions. The instantaneous pressure and total energy
were used to observe equilibrium conditions between 0.06
to 0.065 ps or 0.065 to 0.07 ps before the structure collapsed.
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Table 1: Comparison of the reference chemical potential values (J/mol).

MD Simulation
1730
1900
1275

The Lee-Holder model [6]
1479.72
1972
1264.5

The gas hydrate was then simulated to a stable condition
with the guest molecules in the empty cavities using the data
from the initial stable configuration. Unit cell dimensions
were determined at the ice point (273.15 K) for diﬀerent
compounds like propane, isobutene, and cyclopropane. For
all the compounds, interactions between pairs of sites within
a cutoﬀ radius of 8.5125 Å were included. The LennardJones 12-6 potential was used for representing the interaction
between the gas and water molecules as a function of
distance between their centers. Interactions between these
unlike molecules were approximated using the LorentzBerthelot mixing rules [15]. Variation in cell sizes with
diﬀerent guest molecules suggested that each compound
distorted the empty hydrate cavity to a diﬀerent degree,
the very foundation of lattice distortion. Using the same
unit cell, all the guest molecules were removed and the
distorted empty hydrate lattice (empty hydrate unit cell)
was simulated at 273.15 K and zero pressure to obtain the
reference dissociation energy. This value is used to calculate
the reference chemical potential diﬀerence. The reference
chemical potential diﬀerence is obtained as a diﬀerence of
chemical potential between the occupied and the distorted
empty gas hydrate at the ice point.

Pradhan et al. [4]
921.5
926.7
932.2

% Error (from the Lee-Holder model)
16.92
3.65
1.674

Figure 1: Structure II empty hydrate unit cell in which oxygen
atoms are marked red and hydrogen atoms are marked white. Each
simulating system consists of 136 water molecules forming 8 large
and 16 small cavities.
×103

3000

2

4. Results and Discussion
Emergy (kJ/mol)

Various calculations have been performed over the years to
establish the reference properties of gas hydrates through
MD simulation techniques. As is shown in Figure 1, we kept
the empty hydrate stabilized instantly and got the minimum
energy.
A plot of total energy according to time in Figure 2
shows that the curve for empty hydrate crosses the curve for
occupied gas hydrate and the pressure became stabilized at
the stable structure after the point of intersection. For the
calculation of reference chemical potential, the average value
of the diﬀerence of the total energy of empty hydrate and
that of occupied gas hydrate for the proceeding time steps
is considered.
Using MD simulations, values for the chemical potential
for diﬀerent gas hydrates at the reference temperature
(273.15 K) and pressure (0 kPa) were calculated for near
equilibrium conditions. The results obtained from simulation are summarized in Table 1. Results are in close proximity
with the experimental values obtained from Lee-Holder
equation suggesting a variation in Δμ0w values for diﬀerent
guests, thus supporting the lattice distortion theory. The
comparison between Lee-Holder model and our calculation
for structure II gas hydrates is in Figure 3.
The unit cell sizes of propane gas hydrate, isobutane
gas hydrate, and cyclopropane gas hydrates were observed
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Figure 2: Energy and pressure changes with time for the simulation
of propane, isobutene, and cyclopropane hydrate at 273.15 K.
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Figure 4: A plot showing variations in the unit cell volume with
temperature for structure II simple hydrates.
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for a temperature range of 240–278 K as shown in Figure 4.
For a given temperature, the unit cell dimension varied till
the equilibrium pressure was the same as the experimental
pressure. From the equilibrium data obtained from MD
simulations, the volume of the unit cell is plotted for diﬀerent
temperatures. It can be seen that the volume of the unit
cell increases with temperature. The equilibrium calculations
using the optimized unit cell sizes given by MD simulations
are in Figure 5, which shows a good agreement between
experimental and simulation results.
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Figure 3: Calculated chemical potential of propane, isobutane, and
cyclopropane with that of experimental values [16].
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Variations in reference values still exist and the accurate
values—the key for better potential parameters [7]—remain
ambiguous. A sensitivity analysis [16] has demonstrated the
importance of accurate reference values and MD simulation
could be one of the techniques to obtain those values. As an
attempt to apply MD simulation to calculate the reference
state of gas hydrate, we demonstrate lattice distortion of
structure II gas hydrates. The reference chemical potential
was generally found to increase with the size of the guest
molecule. Temperature eﬀect on the unit cell size, which will
be used to calculate the enthalpy change due to temperature,
has been observed.

Notations
a:
Ci j :
f:
k:
P:
R:
T:
XW :
W(r):

Kihara core radius parameter, pm
Langmuir constant, kPa−1
fugacity coeﬃcient
Boltzmann constant, erg.K−1
pressure, kPa
gas constant
temperature, K
mol fraction of water
cell potential.

Propane experimental
Propane simulation
Isobutane experimental
Isobutane simulation
Cyclopropane experimental
Cyclopropane simulation

Figure 5: Equilibrium pressures of propane, isobutene, and
cyclopropane hydrates from experiments [17, 18] and simulations.

Greek Letters
Δh0w : molar enthalpy diﬀerence between the
empty hydrate lattice and pure water at
273.15 K and 0 atm, J/mol
Δμ0w : diﬀerence of chemical potential of water
and theoretical empty hydrate at
273.15 K and 0 atm, J/mol
ΔμH
w : diﬀerence of chemical potential of water
in the unoccupied hydrate lattice and in
the water, J/mol
:
diﬀerence
of chemical potential of water
ΔμW
w
in the unoccupied hydrate lattice and
the occupied hydrate, J/mol

Journal of Thermodynamics
:
β

μw :
γW :
νi :
θi j :
σ:

Kihara intermolecular well-depth
parameter, J−1
chemical potential of water in the
unoccupied hydrate lattice, J/mol
activity coeﬃcient of water
ratio of small or large cavities to water
molecules in a unit cell
fraction of i-type cavities occupied by
j-type gas molecule
Kihara core-to-core distance parameter,
pm.
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Diﬀerential scanning calorimetry was used to study the eﬀect of isotopic substitution on the eutectic and melting temperatures in
the water-tetrahydrofuran (THF) system with THF molar fractions near the stoichiometry of the hydrate phase. Deuteration of the
host causes an opposite eﬀect from that of the guest with respect to the hydrate liquidus curve and eutectic melting temperature.
The eutectic temperature in D2 O-containing systems is approximately 3.7 K higher than that in H2 O-containing systems. The
melting temperatures of THF and deuterated THF hydrates increase by roughly 3.5 K with heavy water. The inclusion of deuterated
THF causes a depression of the hydrate liquidus temperatures and a small but measurable eﬀect on the eutectic temperature.

1. Introduction
Tetrahydrofuran (THF, C4 H8 O) hydrate plays a prominent
role in the study of numerous hydrate properties, for example, their formation [1], structure [2], and dynamics [3].
The reasons for this prominent role are practical ones: THF
is water-soluble, is readily available as both hydrogenated
and fully deuterated compounds of high purity, and its
aqueous solutions form hydrates under mild conditions
at atmospheric pressure. Maximum melting points for
THF hydrate have been reported in the range of (277.15–
278.15) K [4–8]. Because of the ease with which THF hydrate
forms, and the fact that at room temperature water and
THF are completely miscible, the rather complex phase
behavior taking place in this system is not apparent. In fact,
the tetrahydrofuran-water system displays complex liquidphase behavior, with regions of high-temperature and lowtemperature immiscibility; several features of the P-T-x space
of the THF-water system are shown in Figure 1. Matouš et al.
[4] identified a broad, closed loop with lower and upper consolute temperatures of approximately 344 K (53.5 wt%) and
410 K (48 wt%), respectively. Their study, and a more recent
one by Balevicius et al. [5], were undertaken to characterize
the critical behavior in the system and clarify and describe

substantial isotope eﬀects on liquid miscibility. Rosso and
Carbonnel [6] and Carbonnel and Rosso [7] determined the
phase diagram at low temperatures and found a miscibility
gap with a critical temperature of approximately 286 K and a
peritectic reaction at 278 K forming the structure II clathrate
hydrate at a composition of 17 : 1 H2 O : THF. This makes
the structure II hydrate an incongruently melting phase. A
transformation of the structure II hydrate to the structure
I form has been observed at 255 K and 34 MPa [8] and 77 K
and 131 MPa [9]. Manakov et al. [10] characterized the THFwater system at high pressure and found a high-temperature
hydrate phase with room temperature stability in the range
of 4.9–30 MPa.
Studies have been conducted on both the hydrogenated
and deuterated forms of THF hydrate, depending on the
nature of the property being investigated. However, the
dramatic nature of the H/D isotope eﬀect causes changes in
both the physical and chemical properties of binary mixtures
or water and water-miscible organic solvents. Oleinikova
and Weingärtner [11] studied the eﬀect of the H/D isotopic
composition on the shape of the immiscibility loop in the
THF-water binary system. In these studies, they observed a
shrinking of the miscibility gap in the presence of THF-d8
and a widening of the gap in the presence of D2 O. Isotope
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2. Experimental
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Figure 1: Schematic of the T-x phase diagram of the water-THF
system (solid lines), taken from the published phase diagrams of
Rosso and Carbonnel (T < 50◦ C), Carbonnel and Rosso (T < 50◦ C)
and Balevicius et al. (T < 50◦ C). The gray solvus curves represent
the widening (dotted) and narrowing (dashed) of the miscibility
gap with deuteration of water and THF, respectively.

eﬀects are also evident in the crystal structure determinations
of clathrate hydrates, due to the covalent distances being
longer and the hydrogen bonds being stronger in D2 O than
those in H2 O.
Understanding how the behavior in the THF-water and
other hydrate systems is aﬀected by isotope substitution
is critical to developing a complete understanding of their
stability. Hanley et al. [12] previously measured the isotope eﬀect on cooling curves in the THF-water system,
where substitution with D2 O shifts the curve to higher
temperatures. Based on the results of Balevicius et al. [5]
a guest isotope eﬀect on the phase equilibria of the solid
phases might be predicted as well. In this work, we use
diﬀerential scanning calorimetry (DSC) to study the eﬀect of
isotopic substitution in both THF and water on the eutectic
and hydrate melting temperatures in water-tetrahydrofuran
systems. The quantum eﬀects responsible for the H/D isotope eﬀect on the tetrahedral, hydrogen-bonded structures
formed by H2 O and D2 O are well known; however, the
H/D eﬀects on hydrate crystal structure parameters and the
eﬀect of guest H/D substitution on hydrate properties have
not been studied systematically, even though results from
studies of both hydrogenated and deuterated hydrates are
used routinely as models for natural hydrate systems.

2.1. Materials. Tetrahydrofuran with a purity of +99% was
purchased from Sigma-Aldrich. Tetrahydrofuran-d8 with
99.9 atom% D and deuterium oxide with 99.5% D were
obtained from Sigma-Aldrich. All chemicals were used as
received without further purification. Deionized water was
produced in our lab with a resistivity of 18 MΩ cm.
2.2. Apparatus and Procedures. The eutectic and melting
points were determined with a MicroDSC purchased from
Setaram. A detailed description of the MicroDSC was given
in a previous paper [13]. The solutions were prepared
gravimetrically. The sample cells was charged with approximately 20 mg of solution, and the reference cell was empty.
The sample and reference cell were cooled down to a low
temperature at a rate of 3 K min−1 , which was usually below
248 K, and then heated to a temperature below the eutectic
point at a rate of 1.2 K min−1 , followed by heating the cells
at a rate of 0.1 K min−1 up to 280 K or 285 K, to allow both
the ice and hydrate phases to melt. The cycle of coolingheating was repeated at least three times for each sample,
and the average values are reported in this work. The onset
temperature of the eutectic melting peak is taken as the
eutectic temperature, and the maximum temperature of
hydrate melting peak is taken as the melting temperature.

3. Results and Discussion
3.1. Cooling Behavior. Figures 2–4 present typical cooling
and heating thermograms for water-rich and THF-rich
solutions. In the water-rich region, as shown in Figure 2,
only a single exothermic peak is detected in the first cooling
step, which is due to the freezing of hydrates and ice
simultaneously. However, two exothermic peaks are observed
in the subsequent cooling steps. The first and second peaks
correspond to the freezing of hydrates and ice, respectively.
The freezing temperature of hydrates in the subsequent
cooling steps is much higher than that in the first one,
which comes from the “memory eﬀect” [14]. It should be
noted here that freshly prepared THF or d-THF solutions are
cloudy, but they become clear after one cooling-heating cycle.
Whether the memory eﬀect is due to the state of solutions
is unclear at this point. In the THF-rich region, only one
peak is observed in all cooling steps, which corresponds to
the freezing of hydrates.
3.2. Heating Behavior. Figures 3 and 4 show heating behaviors in the H2 O-rich and THF-rich regions, respectively. In
the H2 O-rich region, a sharp endothermic peak corresponds
to the melting of the ice and some hydrate simultaneously,
followed by a broad exothermic peak that is due to the
dissociation of the rest of the hydrate sample. The small
peak before the bulk melting event occurs where the heating
rate was changed from 1.2 to 0.1 K min−1 . The heating rate
of 0.1 K min−1 was selected based on measurements of the
eutectic and liquidus (also called “melting”) temperatures
as a function of the heating rate, as shown in Table 1.
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Figure 3: Heating thermogram for the THF (13.71%)-H2 O system.
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Figure 2: Cooling thermograms in H2 O- and D2 O-rich regions.
The thin line trace is the first cooling step; the heavy line is the
subsequent cooling step.

Table 1: Eutectic and hydrate melting temperatures as a function of
the heating rate for THF (15.89 wt%)+H2 O.
Heat rate (K min−1 ) Eutectic melting (K)
0.1
272.03
0.2
272.02
0.5
271.96
1.0
271.58

Hydrate melting (K)
278.09
278.10
278.23
278.29

At a heating rate below 0.2 K s−1 , the eutectic temperature
determined by the DSC used in this work is very close to
the one (272.01 K) reported by Delahaye et al. [15], and
the melting temperature does not change significantly under
the same conditions. In the THF-rich regions, only one
endothermic peak is observed that comes from the melting
of hydrates.

3.3. Isotope Eﬀects. The eutectic and melting temperatures
are listed in Table 2, and the melting temperatures are also
plotted in Figure 5. For both the host and the guest, the substitution of deuterium for hydrogen gives rise to statistically
significant diﬀerences in the location of the liquidus. Several
trends are observed. First, an increase of approximately 34 K in the hydrate melting temperature with heavy water
is observed. Second, the eutectic temperatures increase by
roughly 3.8 K with heavy water. These increases are close
to diﬀerence (3.8 K) in the melting temperatures of ice and
deuterated ice. Third, inclusion of deuterated THF causes an
unexpected depression of the hydrate melting temperatures.
The decrease ranges from (0.4–1.2) K for hydrogenated host
and (0.6–1.0) K for deuterated host. Fourth, the eutectic
temperature of THF-containing systems is (0.03–0.18) K
higher than that in THF-d8-containing systems for both
H2 O and D2 O. The eutectic temperatures of C4 H8 O–H2 O,
C4 D8 O–H2 O, C4 H8 O–D2 O, and C4 D8 O–D2 O systems are
272.06, 271.95, 275.78, and 275.68 K, respectively.
The melting points in the THF-H2 O and THF-D2 O
systems are close to those reported by Hanley et al. [12].
Figure 6 shows their results along with the melting temperatures obtained in this study. These results show clearly
the stabilizing eﬀect of deuteration of the host, due to an
increase in the strength of the hydrogen bonds, and the
results presented here also indicate a small but statistically
significant depression of the melting temperature when
deuterated guests are enclathrated. Thus, the deuteration
of the host causes an opposite eﬀect on the melting temperatures from that of the guest. One possible explanation
for this is that, for a given isotopic makeup of the host,
the hydrogenated guest provides a greater entropic stabilization [16] of the hydrate structure relative to the liquid
components. The mode of entropic stabilization involves
guest vibrational motions, which for THF-d8 encompass
a lower range of frequencies than those of hydrogenated
THF. In terms of hydrate properties, guest vibrations have
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Figure 4: Cooling (a) and heating (b) thermograms for the THF
(40.47 wt%)-D2 O system.
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an enormous impact: low-frequency guest vibrations have
been shown unambiguously to contribute to the low-thermal
conductivity of clathrate hydrates by means of resonant
scattering of lattice acoustic vibrations [17]. Beyond their
impact on the thermal conductivity, guest vibrations must
also play a role in the stability of the hydrate through guesthost interactions. More specifically, the rotational dynamics
of large guests in general, and of large, polar guests such as
THF in particular, might change suﬃciently with deuteration
to aﬀect their ability to rotate within the cage potential.
For polar guests, dipolar interactions and hydrogen bonding
with the host could increase and lead to a decrease in the
stability of the hydrate. Studies of deuterated guest molecules

Figure 5: Eﬀect of the isotopic composition of the THF guests
on the melting points of hydrates (—) and eutectic melting of
hydrate/ice mixtures (- - -) in H2 O (a) and D2 O (b).

could therefore provide a means of examining the eﬀect of a
change in guest vibrations on thermal conductivity and other
properties, while keeping the size of the guest constant.

4. Conclusion
In this study, we have used microcalorimetry to determine
the eﬀect of isotopic substitution on the eutectic and hydrate
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melting temperatures in water-THF system. We observed
an increase of approximately 3-4 K in the hydrate melting
temperature with heavy water and similar increases in the
eutectic temperatures with heavy water. Enclathration of
deuterated THF causes a depression of the hydrate melting
temperatures by (0.4–1.2) K for hydrogenated host and
(0.6–1.0) K for deuterated host. In addition, the eutectic
temperature of THF-containing systems is (0.03–0.18) K
higher than that in THF-d8-containing systems for both H2 O
and D2 O. These results suggest that guest motions aﬀect
the thermodynamic stability of hydrates and call for more
extensive calorimetric studies of phase equilibria and guest
motions of deuterated molecules in a variety of clathrate
hydrates as a test of the generality of the eﬀects of guest
vibrations on thermal conductivity and other properties,
while the size of the guest is kept constant.
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This paper presents a radically new approach to cubic equations of state (EOS) in which the Gibbs-Helmholtz equation is used
to constrain the attraction or energy parameter, a. The resulting expressions for a(T, p) for pure components and a(T, p, x) for
mixtures contain internal energy departure functions and completely avoid the need to use empirical expressions like the Soave
alpha function. Our approach also provides a novel and thermodynamically rigorous mixing rule for a(T, p, x). When the internal
energy departure function is computed using Monte Carlo or molecular dynamics simulations as a function of current bulk
phase conditions, the resulting EOS is a multiscale equation of state. The proposed new Gibbs-Helmholtz constrained (GHC)
cubic equation of state is used to predict liquid densities at high pressure and validated using experimental data from literature.
Numerical results clearly show that the GHC EOS provides fast and accurate computation of liquid densities at high pressure,
which are needed in the determination of gas hydrate equilibria.

1. Introduction and Motivation
Carbon storage in deep ocean sediments is one of the
many technologies being explored to mitigate carbon dioxide
(CO2 ) emissions from the consumption of carbon-based
fuels (e.g., oil, coal, and even biofuels) and the associated
greenhouse gas (GHG) eﬀects that have impacted global
climate change. Carbon storage has been identified by the
National Academy of Engineering as one of fourteen grand
challenge problems of the 21st century [1]. The feasibility of
permanent deep ocean storage rests on two factors—neutral
buoyancy (Brewer et al. [2], Dornan et al. [3]) and hydrate
formation—and recent impact estimates indicate that the
associated displacement of seawater in porous sediments
by CO2 emissions from 1000 coal-fired power plants over
100 years would cause only a 1-millimeter rise in sea levels
(Combs [4]).
Pumping carbon dioxide in deep ocean sediments is
challenging. Ocean depth gives rise to a point of neutral
buoyancy and geothermal heating in the sediments produces
a second, deeper point of neutral buoyancy because the
density of CO2 decreases more rapidly than pore seawater
with depth due to heating. Thus there is a neutral buoyancy

zone (NBZ). Additionally, pumping liquid CO2 into the sediments at temperatures near 275.15 K and pressures around
30 MPa produces locally supersaturated conditions of CO2 in
seawater, creating an environment that favors the formation
and sustainability of a liquid carbon dioxide and CO2
hydrates thermodynamically. Thus various combinations of
a liquid CO2 phase, liquid seawater and one or more hydrate
phases will coexist. There are also chemical reactions in
seawater that produce carbonate and bicarbonate ions as
well as the presence of sodium (Na) and chloride (Cl)
ions in seawater; thus strong electrolyte solution behavior
must be considered. To assess and predict the short and
long-term impact of storing carbon dioxide in deep ocean
sediments, accurate quantitative descriptions of the growth
and possible dissolution of liquid CO2 and CO2 hydrate
reservoirs as well as the interactions between these reservoirs
and the ocean over multiple time and length scales are
needed. This, in turn, requires a concerted eﬀort of computer
modeling, experimental work, and observational data to
build understanding and to validate computer models.
The focus of this paper is on one aspect of these
complex simulations—the rapid and accurate computation
of liquid properties using equations of state (EOS) for
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(1) the development of a new thermodynamically rigorous framework for pure component parameters in
cubic equations of state (EOS) based on using the
Gibbs-Helmholtz equation as a constraint;
(2) both closed-form and integral multiscale expressions
for the energy parameters in cubic EOS that directly
incorporate molecular level information (specifically
internal energy departure functions) obtained from
Monte Carlo or molecular dynamics simulations;
(3) the development of a new mixing rule based on
the Gibbs-Helmholtz equation for the prediction of
phase properties and phase equilibria for mixtures;
(4) numerical testing and validation with experimental
data from the open literature.
The significance of the modeling eﬀort contained in this
article is the development and validation of a radically new,
fast, reliable, and truly predictive cubic EOS framework using
a novel multiscale modeling approach that makes combined
use of molecular simulations and classical thermodynamics. Specifically, the Gibbs-Helmholtz equation is used to
constrain the energy parameter, a(T, p) in the van der
Waals family of cubic EOS through the internal energy
departure function. The proposed framework is very general,
uses Monte Carlo simulations to evaluate the internal
energy departure function, and can readily accommodate
the usual molecular interactions for nonelectrolyte species
(e.g., van der Waals forces) as well as electrostatic interactions
(i.e., charge-charge, charge-dipole, dipole-dipole, chargequadrupole, etc.). Electrostatic interactions for weak and
strong electrolyte systems (or other interactions) can be
directly taken into account by using an appropriate potential
energy function at the molecular level. Moreover, the proposed modeling framework, when coupled with excess Gibbs
free energy (GE ) models for solid and hydrate phases, has the
potential to (1) rapidly, reliably, and accurately determine
all types of phase equilibrium involving vapor (V ), liquid
(L), solid ice (I), and gas hydrate (H) phases and (2) be
readily incorporated into a variety of (reservoir) simulation
programs.
1.1. Preview. Figure 1 is reproduction of Figure 4 in Brewer
et al. [2] who report experimental mass densities for liquid
CO2 at seven distinct pressures and two temperatures
(273.15 K and 283.15 K). The o’s and +’s in Figure 1 represent
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modeling the growth and dissolution of CO2 liquid and
gas hydrate reservoirs. This class of reservoir simulations
can require hundreds of thousands of property, phase split,
and phase equilibrium computations, and it has long been
recognized that cubic equations of state generally do a poor
job predicting accurate liquid densities at high pressure.
Moreover, more complicated equations of state like the
statistical associating fluid theory (SAFT) equation and
its many variants require nested iteration for hydrogen
bonding compounds and thus will not provide rapid enough
computations for reservoir simulations.
The novel contributions of this paper are the following:
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Figure 1: Comparison of experimental and calculated liquid CO2
densities.

experimental data points while the curves shown by . . . .
and - - - in Figure 1 are extrapolated from least squares
fits of the experimental data. Also shown in Figure 1 is
an estimate of the upper point of neutral buoyancy (i.e.,
where the mass density of CO2 and seawater are equal).
Note that this occurs at 2600 m where T = 275.15 K
and p = 26.5 MPa and the mass density of seawater is
1.045 g/cm3 . For comparison, mass densities of liquid CO2
at experimental conditions were calculated in two diﬀerent
ways for a temperature of 275.15 K : (1) using the classical
Soave-Redlich-Kwong (SRK) equation and (2) by the novel
multiscale Gibbs-Helmholtz constrained (GHC) equation
of state for pure components proposed in this work. The
classical SRK equation (shown in green) does extremely
poorly, predicting densities that are way too low (e.g., at
a depth of 2600 m, the density of liquid CO2 predicted by
SRK is 0.9627 g/cm3 (just outside the figure). On the other
hand, the novel Gibbs-Helmholtz constrained equation for
pure components that will be described in this paper predicts
liquid CO2 densities (shown as the red curve) much closer
to extrapolated experimental values (shown by - - -). More
specifically, at 275.15 K and 26.5 MPa, the proposed GibbsHelmholtz constrained equation of state predicts a liquid
CO2 density of 1.0378 g/cm3 , which compares favorably with
the extrapolated experimental value of 1.045 g/cm3 . Not
surprisingly, the proposed approach also predicts an upper
point of neutral buoyancy at approximately 2845 m (29.0
MPa), which is in good agreement with the experimental
value of 2600 m reported by Brewer et al. [2]. Details of these
computations are given in Section 4.
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The key conclusions that can be drawn from the numerical comparisons shown in Figure 1 are the following.
(1) The classical SRK equation does a very poor job
of matching liquid carbon dioxide densities at high
pressure.
(2) The novel multiscale Gibbs-Helmholtz constrained
(GHC) cubic equation of state for pure components
proposed in this paper predicts a good approximate
upper point of neutral buoyancy between pure liquid
CO2 and seawater.
1.2. Current Needs. To be successful in modeling deep ocean
sedimentary storage of CO2 , any equation of state must:
(1) accurately model multiple liquid phases involving
both nonelectrolyte (liquid CO2 ) and strong electrolyte (seawater with dissolved CO2 ) phase behavior,
(2) accurately predict the mass density inversions that
occur between seawater and liquid CO2 in the neutral
buoyancy zone (i.e., both the upper and lower points
of neutral buoyancy),
(3) be computationally tractable and provide a high level
of computational reliability since phase equilibrium
computations need to be performed over many finite
elements of any reservoir simulation.
(4) be able to be coupled to models for ice and/or gas
hydrate phases in order to successfully model liquidliquid-hydrate (LLH) or other equilibrium.

2. Literature Survey
A brief survey of literature relevant to phase equilibrium in
electrolyte and gas hydrate systems is presented.
2.1. Existing Models. Current models for multiphase equilibrium capable of modeling strong electrolyte systems include
the segment-based NRTL activity coeﬃcient (SAC) methods
developed by Chen and Song [5, 6], the predictive SoaveRedlich-Kwong (PSRK) equation of Kiepe et al. [7], the
electrolyte SAFT equation (Galindo et al. [8], Bezhadi et al.
[9]), and a variety of very specific models (e.g., Chen and
Millero [10]). Each of these approaches has advantages and
disadvantages.
2.2. EOS-Based Models. The PSRK equation of Kiepe et al.
[7] is a cubic equation of state that uses GE -based mixing rule
for the attraction parameter in the SRK equation coupled
to the Liquid Functional Activity Coeﬃcient (LIFAC) group
contribution method of Yan et al. [11]. LIFAC accounts
for the influence of short (van der Waals), middle (chargedipole), and long (charge-charge) eﬀects of strong electrolytes on the activity coeﬃcients of the nonelectrolyte
species. That is, phase behavior for nonelectrolyte components is directly modeled using the SRK equation with a
Huron-Vidal type or GE -based mixing rule (Huron and Vidal
[12]), where activity coeﬃcients are first predicted by LIFAC

3
and then modified by iso-activity constraints to obtain saltfree estimates of activity coeﬃcients for use in GE mixing
rules. Also because of the presence of ions, a large number of
parameters are needed to capture the interactions between
gases and ionic groups in the PSRK electrolyte approach.
Many results for gas solubility, Henry’s law constants, and
pressure-composition diagrams are presented and compared
to experimental data, and while the work of Kiepe et al. [7].
does address strong electrolyte systems, no studies of liquidliquid equilibrium at conditions relevant to CO2 storage are
reported. Additionally, recent work by Yoon et al. [13] shows
that the PSRK model (not the PSRK electrolyte model) can
be used in conjunction with van der Waals-Platteeuw theory
to predict various equilibria between vapor, liquid, ice, and
hydrates. However, while Yoon and Yamamoto report liquidliquid-hydrate equilibrium for cyclopropane hydrates, they
only consider nonelectrolyte systems with water.
The Statistical Associating Fluid Theory (SAFT) equation
has also been extended to electrolyte systems. All approaches
thus far use a mean spherical approximation (MSA) for
long-range Coulombic interactions and calculate solvent-ion
interactions using a potential functions (e.g., square-well,
Yukawa potentials). See , for example, Galindo et al. [8]. and
Bezhadi et al. [9]. who use the SAFT-Variable Range (SAFTVR) equation to study vapor-liquid equilibrium in strong
electrolyte mixtures. While SAFT has proven to be a very
popular approach, the iterative computation of densities has
embedded in it another level of iteration for finding mole
fractions of unbonded sites in mixtures that exhibit hydrogen
bonding (i.e., strong electrolytes). This coupled with the fact
that SAFT tends to yield high-order transcendental density
functionality makes it diﬃcult to guarantee that all density
roots can be calculated reliably.
2.3. Activity Coeﬃcient Models. The recently developed
segment-based NRTL activity coeﬃcient (SAC) models of
Chen and Song [5, 6] have been tested on a wide array of
organic electrolyte mixtures common to the pharmaceutical
industry and very good results have been obtained. However,
no hydrate forming gases are included in the SAC solute data,
and because this approach is an activity coeﬃcient approach,
it is more suitable for low-pressure applications. Thus, in our
opinion, the SAC approach is not applicable to deep ocean
sedimentary CO2 storage.
2.4. Perspective. The complex functionality and nested iteration structure for hydrogen bonding systems makes SAFT
unsuitable for use in reservoir simulation where fast and
reliable phase equilibrium computations are required. On
the other hand, the high-pressure environment of carbon
storage and the lack of model parameters for light gases
eliminate the use of the segment-based activity coeﬃcient
(SAC) approach. This leaves cubic equations of state from the
van der Waals family, which we believe represent a reasonable
starting point for the development of an EOS for use in
reservoir simulation. Cubic EOS are a reasonable approach
because it is straightforward to guarantee that all density
roots at specified conditions of temperature, pressure, and
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composition can be found using a reliable equation solver
coupled with polynomial deflation. However, while this
makes them computationally tractable and provides a high
level of computational reliability, the main diﬃculty in using
cubic EOS has always been their inability to accurately predict liquid density and their limited development for strong
electrolyte solutions. Inaccurate density calculations have a
domino eﬀect since liquid densities are used to compute
fugacity coeﬃcients, which in turn are used to compute
E
other
 thermodynamic properties (e.g., G = RT ln φM −
RT xi lnφi ). Additionally, the PSRK approach requires a very
large number of parameters and has not been tested on
high-pressure liquid-liquid equilibrium. Therefore one of the
main focuses of the computer modeling aspects of this paper
is to improve the ability of cubic EOS to predict accurate
liquid densities for nonelectrolyte and electrolyte solutions.
In this paper, we focus specifically on nonelectrolyte systems
but do consider systems with electrostatic eﬀects.

Therefore [∂(GD /RT)/∂T] p = −H D /RT 2 = [∂ ln φ/∂T] p .
Using the Soave form of the Redlich-Kwong (RK) equation
for a pure component given by p = RT/(V − b) −
a(T)/[V (V + b)] and setting b = V s = 1/ρs , where V s is
the molar volume of the solid phase, we have that


b
ln φ = ln z 1 −
V

To improve the ability of cubic EOS to predict accurate
liquid densities for nonelectrolyte, we have developed a
new multiscale methodology for cubic equations of state by
using the Gibbs-Helmholtz equations to constrain the attraction parameter, a(T, p). The resulting multiscale modeling
framework

∂ ln φ
∂T


=−

(3) has been developed for pure components and mixtures,
3.1. Pure Components. Any thermodynamic departure function is defined as the diﬀerence between a real property and
an ideal gas property at the same temperature and pressure.
In the material that follows, we denote departure functions
using the superscript D. From the diﬀerential form of the
Gibbs free energy and the definition of fugacity, f = φp, it
follows that G/RT = Gig /RT + GD /RT → lnf = ln p + ln φ
and that
GD
= ln φ,
RT

(1)

where GD and Gig denote the Gibbs free energy of departure
and ideal gas Gibbs free energy respectively, evaluated at
the same temperature (T) and pressure (p), φ is a fugacity
coeﬃcient, and R is the gas constant. From the GibbsHelmholtz equation, we have that
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Use of the expressions: (1) pV/RT 2 = pV ig /RT 2 + pV D /RT 2 ,
(2) pV ig /RT 2 = 1/T, and (3) H D /RT 2 = U D /RT 2 +
pV D /RT 2 in the expression for [∂ ln φ/∂T] p and some
algebraic rearrangement gives

(1) is thermodynamically rigorous,
(2) easily allows molecular level information to be
included,

 

At high pressure, (∂V/∂T) p ≈ 0 is a reasonable assumption.
To see this consider any pair of isotherms in the compressed
liquid region of a generic pV diagram like the one shown in
Figure 2. Note that the isotherms are packed closely together
and therefore (∂V/∂T) p is small. Thus we let (∂V/∂T) p =
0, which gives ∂ ln[z(1 − b/V )]/∂T = −1/T and ∂z/∂T =
− pV/RT 2 . Subsequent diﬀerentiation of ln φ with respect to
temperature at constant pressure yields


3. A New Multiscale Modeling Approach to
PVT Behavior of Fluids



Ta − a =

bU D − 2bRT
= f (T).
ln[(V + b)/V ]

(5)

Equation (5) is a first-order, inhomogeneous diﬀerential
equation that defines a(T) at fixed pressure and is easily
solved. The general solution to the homogeneous form of (5)
is given by ah (T) = cT. The particular solution to (5) can
be calculated using variation of parameters or simple onesided Green’s functions. To do this, we assume that there is
a solution of the form a p (T) = w(T)T, where w(T) is a
weighting parameter that must be determined. Straightforward application of variation of parameters applied to (5)
gives the condition w (T) = f (T)/T 2 , which yields
w(T) =

T





f (T)
dT.
T2

(6)



Thus a p (T) = { [ f (T)/T 2 ]dT }T. Diﬀerentiation of a p (T)
and substitution of a p (T) and ap (T) easily show that this
form of the particular solution satisfies (5). Substituting the
expression for f (T) from (5) gives


a p (T) =



T

bU D − 2bRT
dT T.
2
(T ln[(V + b)/V ])

(7)

Therefore the complete solution to (5) is
(2)



a(T) = c +

T



bU D − 2bRT
dT T,
2
(T ln[(V + b)/V ])

(8)
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expressions for a(T) such as the alpha function given by
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Figure 2: pV Diagram for a typical light gas fluid.

where the constant c can be evaluated by applying the
boundary condition a(Tc ) = 0.42748RTc2 / pc at T = Tc . That
is,
a(Tc )
−
c=
Tc



T

bU D − 2bRT
dT
2
(T ln[(V + b)/V ])

0.42748RTc
−
=
pc



T



bU D − 2bRT
dT
(T 2 ln[V + b/V ])







Other similar empirical expressions (e.g., Mathias [15],
Mathias and Copeman [16], Melham [17], Twu et al. [18])
are not required either. Also, the boundary condition used to
evaluate the constant c in (8) is the critical point and often
represents an experimentally validated condition for most
pure compounds.
(4) U D (T, p) can be readily determined using
isothermal-isobaric (NTP) Monte Carlo (MC) or molecular
dynamics (MD) simulations. While this requires an
empirical potential energy model for the component(s)
of interest, it has the flexibility to readily accommodate a
variety of interactions that take place between particles (van
der Waals forces, Coulombic forces, etc.). Moreover, any
temperature and pressure dependence of U D (T, p) can be
automatically included in the molecular simulations. We use
NTP Monte Carlo simulations to measure U D (T, p).
(5) Note that the expression for a(T, p) involves V
and therefore (10) is coupled to the EOS. To decouple the
equation of state from (10) we invoke the high-pressure limit
that V = b. Under this assumption, ln[(V + b)/V ] = ln 2, in
which case (10) becomes

(9)
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The foregoing analysis yields the following thermodynamically constrained integral expression for a(T) :
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T =Tc



0.42748R2 Tc
pc

T.

Observations. (1) Approximating b, the excluded volume,
by b = V s = 1/ρs , where V s is the solid molar volume is
reasonable since the solid phase represents a “close packed”
phase. The standard expression b = 0.08664RTc / pc often
overestimates the excluded volume. Moreover, solid density
data, ρs , for many pure components are readily available.
(2) Equation (10) involves U D (T, p). The eﬀect of
pressure on a(T) is incorporated implicitly through the
evaluation of the internal energy departure function and thus
(10) is really an expression for a(T, p).
(3) Because a(T, p) was developed using the GibbsHelmholtz equation as a constraint, it is thermodynamically
rigorous. We do not require the acentric factor or empirical

T

T
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dT

(T 2 ln 2)
T =Tc

bU D − 2bRT
dT
(T 2 ln 2)

(12)



T.

The assumption ln[(V + b)/V ] = ln 2 is only approximate at
finite pressure but, as we show, only introduces a small error
in calculated liquid density.
(6) If one further assumes that temperature functionality of U D (T, p) is a weak enough to not aﬀect the integrals
in (12), then the following closed-form solution for a(T, p)
results




a T, p =





bU D
2bR ln T c
0.42748R2 Tc
+
T
+
(Tc ln 2)
pc
ln 2

(13)

bU D
2bR
−
−
T ln T.
ln 2
ln 2
Note that the functionality of a(T, p) involves a linear term in
temperature and a T ln T term. Also note that (13) still allows
U D (T, p) to be determined from molecular simulations
and thus still includes implicit pressure eﬀects on a(T, p).
Equation (13) represents a radically new expression for
a(T, p) that relates energies measured at the molecular scale,
U D , to the energy parameter in cubic equations of state.
There is nothing even close to (13) in the open literature!.
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3.2. Mixtures. Modeling and computations involving mixtures are always handled using mixing rules. Our analysis
for mixtures begins with the fundamental thermodynamic
relationship:

Equation (16) can be solved in exactly the same way that
(5) was solved. This yields the following solution or mixing
rule for aM


aM T, p, x



GDM
= ln φM −
xi ln φi ,
RT

(14)

where GDM is the Gibbs free energy departure function of
the mixture, φM is the fugacity coeﬃcient for the mixture,
xi denotes the mole fraction of the ith component in
the mixture, and φi is the fugacity coeﬃcient for pure
component i. Diﬀerentiation and application of the GibbsHelmholtz equation for mixtures give
HD
− M2
RT

⎡ 
=⎣

∂ GDM /RT

⎤



⎦ = ∂ ln φM

∂T

∂T

p

−
p,x





xi

∂ ln φi
∂T



,
p

(15)
D
where HM
is the enthalpy departure function of the mixture.
To develop a closed form mixing rule for aM (T, p, x) we
do the following.

(1) Diﬀerentiate ln φi = ln [zi (1 − bi /Vi )] + zi − 1 −
[ai (T)/bi RT] ln [(Vi + bi )/Vi ] with respect to T at
constant p.


xi bi , where each pure component
(2) Let bM =
excluded volume bi = 1/ρis , where ρis is the density
of pure solid component i.
(3) Diﬀerentiate ln φM = ln [zM (1 − bM /VM )] + zM − 1 −
[aM (T)/bM RT] ln [(VM + bM )/VM ] with respect to T
at constant p and x.

=

T

+
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xi pViD + 2R ln T
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Tc



D
bM U M
/ ln 2 −



Note that there are three terms on the right-hand side of
(17). The last two terms in the mixing rule are quadratic

in composition (since they involve the product of bM ( xi )),
the last term explicitly involves the pressure, and the second
D
(T, p, x), which accounts for
term involves the quantity UM
temperature, pressure and composition dependence in an
implicit manner. Note also that there is no need to use
empirical relationships such as the geometric combining rule
to define the coeﬃcients of the cross composition terms
(i.e., the xi x j terms). Rather all terms including the cross
composition terms in the proposed mixing rule are defined
in terms of physically meaning quantities (i.e., bi ’s, Ui ’s,
pViD ’s, etc.). Moreover, the cross composition terms are not
assumed to be symmetric.
All that remains is to establish a boundary condition
for aM (T, p, x) to evaluate the constant in (17). To do
this we use Kay’s rules [19] to calculate mixture critical
properties TcM and pcM and assume that aM (TcM , pcM ) =
2
0.42748R2 TcM
/ pcM for any mixture of composition x. This
gives

aM T, p, x



= f T, p, x


bM



f (T, x)
dT T
T2

and the following expression for a(T, p, x)

These assumptions lead to the diﬀerential equation





c+

= cT −

(4) Use the approximations Vi = bi and VM = bM ,
which imply ln [(Vi + bi )/Vi ] = ln 2 and ln [(VM +
bM )/VM ] = ln 2, respectively.

TaM − aM
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+
TcM
TcM ln 2

×



D
UM
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(16)
+

D
(T, p, x) is the internal energy departure function
where UM
of the mixture, and where the functions ai (T, p) and their
first derivatives are known and given by (13) applied to pure
component i. Moreover, assumptions (4) and (5) show that
Tai − ai = [bi UiD − 2bi RT]/ ln 2, and since ViD must be
D
and UiD , the entire
computed to calculate ln φi , given UM
right hand side of (16) is well defined.




−



 

xi UiD





xi pcM ViD + 2RTcM ln TcM





T


  

bM  D 
UM − xi UiD + xi pViD + 2RT ln T .
ln 2
(19)

Observations. (1) The proposed mixing rule for aM (T, p, x)
is thermodynamically rigorous since it has been derived
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Table 1: Calculated liquid CO2 densities at 275.15 K.
ρSRK (g/cm3 )
0.9323
0.9456
0.9574
0.9691
0.9792
0.9975
1.0142

ρGHC (g/cm3 )
1.0181
1.0265
1.0343
1.0421
1.0490
1.0618
1.0737

0.026
0.025
ρcalc (mol/cm3 )

p (MPa)
20.2
22.8
25.3
28.0
30.5
35.5
40.6

0.024
0.023
0.022
0.021

using the Gibbs-Helmholtz equation as a constraint for both
the mixture and for each pure component.
(2) aM (T, p, x) has the same temperature dependence
for mixtures as for pure components. It involves a linear term
in T as well as T ln T dependence.
(3) There is explicit pressure dependence in the mixing
rule through the term pVi .
(4) This new mixing rule contains a number of terms
that are quadratic in composition as well as internal energy
departure functions for the mixture and pure components.
The departure functions account for temperature, pressure,
and composition dependence of aM in an implicit manner.
(5) The proposed mixing rule is a multiscale mixing rule
D
and UiD from molecular
since it can easily incorporate UM
simulations.

4. Numerical Results and Comparisons of
Modeling and Experiments
In this section, numerical results for liquid densities using
the new proposed framework are presented and compared
with experimental data. Specifically, liquid densities for
pure carbon dioxide, pure water, and CO2 -water mixtures
are calculated using (13) and (19) and compared to high
pressure experimental density data. All bulk phase property
computations and molecular simulations were performed in
double precision arithmetic on a Dell High Precision 670
workstation using the Lahey-Fijitsu (LF95) compiler.
4.1. Numerical Results in Figure 1. The results for the classical
SRK equation shown in Figure 1 were computed using
Tc = 304.20 K, pc = 73.80 bar, and ω = 0.224, which
yield b = 0.08664RTc /pc = 29.693 cm3 /mol and a(T) =
a(Tc )α(T) = 0.42748R2 Tc2 / pc , where α(T) is the Soave alpha
function. The numerical results for the Gibbs-Helmholtz
constrained cubic EOS shown in Figure 1 were determined
using b = V s = 28.169 cm3 /mol and (13) with U D = −1.2 ×
10−5 cm3 bar/mol, which was determined by performing a set
of 25 NTP Monte Carlo simulations at low pressure (N =
500, T = 275.15 K, p = 10 bar). The potential energy model
for CO2 consisted of Lennard-Jones forces and electrostatic
forces. Table 1 shows the calculated densities for both SRK
and the G-H constrained (GHC) EOS.
The numerical values shown in Table 1 are those that
have been plotted in Figure 1.

Experimental data from
Magee and Ely [20]

0.02
0.019

0.02

0.021 0.022 0.023 0.024 0.025 0.026 0.027
ρexp (mol/cm3 )

SRK
Gibbs-Helmholtz constrained (GHC)

Figure 3: Comparison of calculated and experimental liquid molar
densities for CO2 .

4.2. Other Validated Liquid CO2 Density Predictions. Table 2
shows the liquid CO2 experimental data of Magee and Ely
[20].
It is important to note that runs 900 through 1100 are
the only runs that measure sample mass using a gravimetric
method for fixed experimental apparatus volume; all other
runs determine molar density using a 32-term extended
Benedict-Rubin-Webb equation. See Magee and Ely [20, page
1167].
Figure 3 shows a comparison of the liquid molar densities
calculated using the SRK equation and the proposed multiscale Gibbs-Helmholtz constrained equation of state with
the experimental data of Magee and Ely [20] . Note that the
proposed multiscale method using the expression for a(T, p)
given by (13) does an exceptionally good job of matching
experimental liquid CO2 density data over a wide range of
temperatures and pressures while the Soave expression of
a(T) = a(Tc )α(T) consistently underestimates the liquid
molar density.
4.3. Validated Numerical Results for Densities of Compressed
Water. We have calculated liquid densities for water at
pressures between 5.30 and 1026.39 bars at various temperatures using the SRK and the proposed GHC equation and
compared those numerical results to the experimental data
of Kell and Whalley [21]. Since water is a polar compound,
we have included the Peneloux [22] volume translation given
by the expression


V SRK = V SRK − 0.40768

RTc
pc



0.29441 −

pc Vc
RTc



(20)

in the computations using the SRK equation, where V SRK is
the volume predicted by the traditional SRK equation and
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Table 2: Experimental molar density data for pure carbon dioxide∗ .

T(K)
233.383
235.585
237.777
239.962
242.142
244.308
246.474
248.634

p(bar)
112.926
142.855
172.462
201.811
230.928
259.711
288.347
316.618

ρ(mol/cm3 )
0.025953
0.025959
0.025924
0.025910
0.025896
0.025882
0.025868
0.025854

271.349
275.311
277.704
280.089
281.032
283.421

83.899
116.936
136.856
156.683
164.512
184.323

0.022139
0.022123
0.022113
0.022103
0.022100
0.022090

p(bar)
91.333
115.725
140.319
164.517
188.529
212.384
236.040
159.650
283.132
204.078
243.235
262.702
282.094
301.473

ρ(mol/cm3 )
0.023936
0.023924
0.023912
0.023900
0.023889
0.023877
0.023866
0.023854
0.023843
0.022081
0.022062
0.022052
0.022043
0.022033

from Magee and Ely [20, runs 900 through 1100 in Table V, page 1178–1179].

V SRK is the SRK predicted volume modified by the Peneloux
volume translation. The critical properties for water used
in these calculations were Tc = 647.37 K, pc = 221.20 bar,
Vc = 56 cm3 /mol, and ω = 0.345. Note that the value of
b calculated from critical properties is 21.082 cm3 /mol and
represents a very poor estimate of the excluded volume.
For the GHC equation, the solid volume, V s , of very high
density amorphous ice was used to estimate the excluded
volume. This value, V s = 14.286 cm3 /mol, gives a much
better estimate of the excluded volume. The calculated
values of U D ranged from −0.03 to −0.035 cm3 bar/mol.
Comparisons of specific volumes at 273.15 K are shown in
Table 3 and Figure 4 in cm3 /g, which is the form in which
Kell and Whalley [21] reported their experimental results.
From Table 3, it is easily seen that the SRK equation
with the Peneloux [22] volume translation does poorly
at matching the experimental data. However, this is not
surprising since the Peneloux volume translation term,
0.40768(RTc / pc )[0.29441 − pc Vc /RTc ], is an empirical correction. For water, the volume translation has a value
of 0.354111 cm3 /g or 6.374 cm3 /mol, overcompensates for
polarity, and produces specific volumes that are roughly
1 cm3 /g smaller than they should be. On the other hand,
without the Peneloux volume translation the specific volumes calculated by the SRK equation are extremely poor
(V =∼ 1.29 cm3 /g). In contrast, the GHC equation does
an excellent job of matching experimental specific volumes.
Moreover, we believe that the excellent match provided by
the GHC equation is due to the fact that it makes combined
use of molecular scale information and a rigorous classical
relationship to determine a(T, p).
4.4. Validated Density Calculations for CO2 -H2 O Mixtures.
To validate the mixing rule given by (19) we compared
numerical density calculations for CO2 -H2 O mixtures with
the high-pressure experimental data of Teng et al. [23] at

1.01
1

Gibbs-Helmholtz constrained

0.99
Calculated voulme (cm3 /g)

∗ Reproduced

T(K)
254.811
257.119
259.454
261.761
264.058
266.348
268.627
270.910
273.188
285.807
290.551
292.916
295.278
297.644

0.98
0.97
0.96
0.95
0.94
0.93
SRK with Peneloux volume translation
0.92
0.92

0.93

0.94 0.95 0.96 0.97 0.98 0.99
Experimental volume (cm3 /g)

1

1.01

Figure 4: Comparison of specific volumes for water at 273.15 K.
experimental data are reproduced from Kell and Whalley [21].

278 K. For the SRK calculations we included the Peneloux
volume translation for water. For the GHC equation, we
used one fixed set of values of pure component internal
D
= −0.085 × 106 cm3 bar/mol,
energy departure functions: UM
D
6
3 bar/mol, and U D
=
−
0.24
×
10
cm
UCO
H2O = −0.035 ×
2
6
3
10 cm bar/mol in order to illustrate that repeated and
costly molecular simulations are not required for good phase
property predictions. The comparison is shown in Table 4.
Again, the GHC equation clearly outperforms the SRK
equation with the Peneloux translation.
4.5. Reliability and Computational Speed. At the equation
of state level, the liquid density calculations presented
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Table 3: Experimental and calculated specific volumes of water at 273.15 K∗ .
V exp (cm3 /g)

V SRK (cm3 /g)

V GHC (cm3 /g)

p(bar)

V exp (cm3 /g)

V SRK (cm3 /g)

V GHC (cm3 /g)

5.30

0.999882

0.945422

1.001958

268.57

0.987033

0.941555

0.989658

12.60

0.999512

0.945372

1.001615

326.95

0.984329

0.940739

0.986322

20.00

0.999138

0.945250

1.001236

385.22

0.981681

0.939922

0.983946

27.40

0.998462

0.945127

1.000875

443.49

0.979074

0.939111

0.981651

42.11

0.998025

0.944889

1.000136

501.85

0.976526

0.938382

0.980258

56.81

0.997282

0.944671

0.999416

560.11

0.974014

0.937550

0.976492

71.51

0.996550

0.944461

0.998698

618.47

0.971560

0.936766

0.974402

86.31

0.995813

0.944217

0.998967

676.71

0.969142

0.936016

0.972390

101.01

0.995088

0.944005

0.998267

735.06

0.966770

0.935271

0969725

115.71

0.994362

0.943794

0.997550

793.29

0.964442

0.934522

0.967833

130.52

0.993637

0.943583

0.996852

851.63

0.962150

0.933804

0.965999

151.89

0.992594

0.943250

0.994888

909.85

0.959904

0.933088

0.963553

210.28

0.9899782

0.942400

0.992223

968.08

0.957699

0.932372

0.961818

1026.39

0.955529

0.931688

p(bar)

∗ Experimental

data reproduced from Kell and Whalley [21, Table 4, page 586].
0.40768((RTc )/ pc )[0.29441 − (pc Vc )/RTc ]).

V SRK

includes Peneloux volume translation

0.959509
(V SRK

= V SRK −

Table 4: Comparison of densities of water-rich liquid for various CO2 -H2 O mixtures at 278 K∗ .
xCO2

ρexp (kg/m3 )

ρSRK (kg/m3 )

ρGHC (kg/m3 )

64.4

0.0293

1018.10

1075.05

1016.98

98.7

0.0308

1019.77

1076.97

1018.61

147.7

0.0320

1020.63

1078.58

1020.92

196.8

0.0311

1022.01

1080.29

1023.22

245.8

0.0341

1023.33

1081.92

1025.49

0.0349

1025.33

1083.39

1027.71

p(bar)

294.9
∗ Experimental

data reproduced from Teng et al. [23, Table 2, page 1306].ρSRK includes the Peneloux correction for water.

in Section 4 are 100% reliable when the global terrain
methodology of Lucia and Feng [24] and polynomial
deflation are used. Moreover, phase density computations
using the terrain approach for either pure components or
mixtures require roughly 0.01 s to find all three roots. At
the molecular scale, NTP Monte Carlo calculations require
substantial computational resources. If MC simulations
are to be performed each time the temperature, pressure,
and/or composition change, then significant computational
costs may result. On the other hand, if these molecular
scale calculations are performed at nominal conditions of
temperature, pressure and composition and interpolated or
extrapolated, then considerable reductions in computational
overhead will result with little error at the bulk phase length
scale.

5. Conclusions
A radically new cubic equation of state approach was
presented in which the excluded volume parameter, b, was
approximated using solid molar volumes and new expressions for the energy parameter, a, were derived by using the

Gibbs-Helmholtz equation to constrain the value of a. The
resulting expressions for a(T, p) and a(T, p, x) necessarily
(1) are thermodynamically rigorous,
(2) avoid the need for empirical correlations like the
alpha function of Soave,
(3) have temperature functionality with a linear term,
and a T ln T term.
(4) Involve internal energy departure functions, and thus
make the new approach a multiscale cubic equation
of state approach.
Moreover, the mixing rule or expression for a(T, p, x) has
a pressure explicit term clearly showing that the energy
parameter is pressure dependent, albeit weak. The resulting
new cubic equation approach is called the Gibbs-Helmholtz
constrained (GHC) equation and is truly predictive.
The GHC equation was compared to the classical SRK
equation and validated using experimental high-pressure
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liquid density data for CO2 , water, and CO2 -H2 O mixtures. Numerical testing clearly shows that the GHC equation clearly uniformly outperforms the SRK equation and
matches experimental liquid density data exceptionally well.
Future work with the GHC equation will involve further
numerical testing and experimental validation of liquid
densities for a wide variety of mixtures as well as predictions
of phase equilibrium for systems involving multiple liquid
phases and gas hydrates.
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An experimental study of the dissociation of methane hydrate (MH) by hot-water injection and depressurization was carried
out at the National Institute of Advanced Industrial Science and Technology (AIST). These experiments helped us understand
some important aspects of MH behavior such as how temperature, pressure, and permeability change during dissociation and
gas production. In order to understand the experimental results, a model of MH dissociation in a porous media was designed
and implemented in a numerical simulator. In the model, we treated the MH phase as a two-component system by representing
the pore space occupied by MH as a separate component. Absolute permeability and relative permeability were formulated as a
function of MH saturation, porosity, and sand grain diameter and introduced into the numerical model. Using the developed
numerical simulator, we attempted history matching of laboratory-scale experiments of the MH dissociation process. It was found
that numerical simulator was able to reproduce temperature change, permeability characteristics, and gas production behavior
associated with both MH formation and dissociation.

1. Introduction
Methane hydrate (MH) is an ice-like solid substance in which
a water molecule structure contains embedded methane
molecules under low-temperature and high-pressure conditions. When 1 m3 of MH is decomposed, approximately
150 m3 of methane gas is produced at standard conditions.
In the near future, MH will be a potential resource of
natural gas, because vast amounts of MH reservoirs exist
in marine sediments and in permafrost regions worldwide
[1–5] .
Some extraction methods of MH from reservoirs in
marine sediments have been proposed, such as depressurization, thermal stimulation, and inhibitor injection (Makogon,
1981). All are based on the in-situ dissociation of MH that is
transformed into methane gas and water. It is likely that this
process consists of the following physical phenomena .

(1) The porosity and permeability of porous media are
changed as a result of MH dissociation.
(2) Dissociated gas and water migrate through pore
space, which is enlarged by the dissociation of MH
crystals that has functioned as a binder between sand
grains.
(3) The temperature and enthalpy are changed by the
generation of heat and mass flows due to MH
dissociation.
All the proposed extraction methods have drawbacks. In
the thermal stimulation process, the thermal eﬃciency for
injected fluid is low. Temperature losses in the drill pipe and
heat conduction in the host rock and sediments severely limit
the heat available for dissociation. In the inhibitor injection
process, chemical materials used as inhibitors are costly and
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are of unproven value in marine environments. In addition,
environmental risk due to utilization of such materials has
not been evaluated. Therefore, depressurization process is
regarded as the most eﬀective process for gas recovery from
the viewpoints of gas productivity, safety, and economical
eﬃciency, compared with the other in-situ dissociation
processes [6]. However, an increase in eﬀective stress during
depressurization can cause consolidation of MH sediments
and permeability reduction [7]. As a result, reduction of
gas productivity is likely over time with depressurization.
Even though heat is not added during the depressurization
process, the latent heat requirement for dissociation causes
cooling and a reduction in dissociation rate. Therefore, it
is very important to understand the behavior of an MH
reservoir, especially during the extraction phase and when
considering the environmental impacts due to reservoir
operation .
In order to safely and eﬃciently design and operate
an MH reservoir, it is necessary to develop a numerical
simulator for prediction of gas productivity from an MH
reservoir and carry out a parametric study for the optimization of gas production. Some numerical studies of MH
dissociation in porous media have been reported. These
studies are classified into (1) the analysis of the physical
phenomena observed in laboratory-scale experiments, such
as the movement of the MH dissociation front and the flow
behavior of gas and water, and (2) field-scale simulations
of a potential MH resource. Yousif et al. [8] developed
a one-dimensional simulator for depressurization in Berea
sandstone core and conducted an analysis of the MH
saturation distribution and production behavior of gas and
water and the movement of the dissociation front. Selim
and Sloan [9] suggested a one-dimensional MH dissociation
model for heat stimulation methods. They distinguished
between the dissociated zone saturated with gas and water
and the nondissociated zone and developed some analytical
solutions. Jeannin et al. [10] investigated the dissolution of
methane gas into the water phase and treated methane mole
fraction in water as the driving force for dissociation in
their simulation model. Holder and Angert [11] developed
a three-dimensional simulator for depressurization intended
for an MH reservoir located over a free-gas layer. Masuda et
al. [12] developed a multidisciplinary field-scale simulator,
including dissociation rate, endothermic reaction due to
dissociation, mass flows and heat transfer and carried out
a parameter study for the various gas extraction methods
for an MH reservoir. Although the permeability of the
MH reservoir is one of the most important parameters
aﬀecting the flow of gas and water during dissociation, and
in predicting gas productivity, there is little research on
the change in eﬀective permeability with MH formation
and dissociation. Therefore, it is necessary to develop a
conceptual model for the change in permeability with MH
formation and dissociation and implement this conceptual
model into the numerical simulator.
We have performed laboratory-scale experiments on
MH dissociation processes in porous media by hot-water
injection and depressurization in order to understand
several phenomena that occur during MH formation and
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dissociation. These include temperature and permeability
changes, dissociation kinetics, and gas production behavior.
On the basis of the experimental results, we constructed
a numerical representation of MH dissociation in porous
media. We also measured the absolute permeability and
relative permeability with MH formation and formulated
permeability as a function of MH saturation, porosity,
and sand grain diameter. Using the developed numerical
simulator, we attempted history matching of laboratoryscale experiments for MH dissociation process, validated the
numerical model, and improved our understanding of the
evolution of permeability during MH extraction.

2. Experimental Evaluation of
Permeability Characteristics during
MH Dissociation Process in Porous Media
Firstly, in order to understand permeability change and gaswater multiphase flow during MH dissociation process in
porous media, we carried out an experimental study on hotwater injection as a way to enhance MH dissociation. In
this study, we used several types of sand columns in which
sand grains and water were packed into a high-pressure
stainless steel vessel as model MH reservoirs. The internal
diameter of the vessel is 65 mm, and the length is 539 mm.
The experiment’s pressure and temperature were limited to
15 MPa and 50◦ C, respectively. The vessel was set vertically,
and the fluid was injected at the top edge and produced at
the bottom edge of the vessel. On the basis of measured
diﬀerential pressure between upper and lower edges of sand
column, water eﬀective permeability with MH formation was
expressed as a multiplier of absolute permeability and relative
gas, and liquid permeabilities were also calculated during
MH dissociation. The details of the apparatus and experimental procedure have been published previously [13].
As an example of permeability change and gas production
behavior during MH dissociation by hot-water injection, the
results for injected water and dissociation pressure of 41◦ C
and 10 MPa, respectively, are shown in Figure 1. The figure
shows the changes in temperature distribution, diﬀerential
pressure, water permeability, and production behavior of gas
and water with time. From this figure, it was found that MH
dissociation by hot-water injection consisted of four stages:
(1) displacement of free methane gas due to water injection,
(2) permeability reduction due to additional MH formation
in the downstream zone, (3) MH dissociation due to hotwater injection, and (4) completion of the dissociation. In
particular, the MH reformation and growth observed at the
initial stage had large eﬀect on the dissociation behavior
and permeability characteristics. We also carried out an
experimental study of the simultaneous injection process of
nitrogen and hotwater [14] (Sakamoto et al., 2005). Nitrogen
acts as an inhibitor; methanol and salts are other wellknown inhibitors. The same apparatus used for the hot water
injection was also used to simultaneously inject nitrogen and
hot-water. This was done to evaluate the mixtures ability
to prevent permeability reduction due to MH reformation
and growth and to promote additional MH dissociation. The
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Figure 2: Change of water permeability with time in the cases
of nitrogen-water simultaneous injection and normal hot-water
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Figure 1: Temperature and water permeability in sand column and
gas production behavior in MH dissociation by hot-water injection:
(a) temperature, (b) diﬀerential pressure and water permeability,
and (c) cumulative production of gas and water.

nitrogen mixture is eﬀective because the mole fraction of
methane in the gas phase is reduced by injecting nitrogen
and the equilibrium condition of MH is shifted to a
lower temperature and higher pressure. Figure 2 shows the
changes of water permeability with time during nitrogenhot-water simultaneous injection process. For comparison,
the result of normal hot-water injection process as shown
in Figure 1 was also plotted in Figure 2. As previously
mentioned, permeability was significantly decreased due to
MH reformation and growth in downstream zone of sand

column at the early times with (only) hot-water injection.
On the other hand, only a small permeability decrease with
a gradual recovery was observed during the simultaneous
injection process. In this experiment, MH is formed in
the pore space by injecting high-pressure methane gas into
the sand column under the condition of irreducible water
saturation. Silica sand shows the tendency to water wet, so
MH that existed before injection is treated as that formed
on the surface of the sand grains. This MH derived from
irreducible water decreases the eﬀective flow path in the
pore space depending on the irreducible water saturation. In
this case, the permeability in a reservoir decreases gradually
as MH saturation becomes higher, but plugging of pore
space does not occur [15]. Therefore, it is probable that this
significant permeability decrease observed in the case of only
hot-water injection was due to the movement of dissociated
gas and movable (injected) water reacting to reform MH in
the pore space . This movable water is defined as “free water”
as opposed to “irreducible water.”
We also conducted laboratory-scale depressurization
experiments to study permeability change due to reservoir
consolidation. This is important because we expect some
porosity change (and related permeability change) from
mechanical compaction as result of MH dissociation and
gas production. In order to develop models of porosity and
permeability changes as a result of MH dissociation, pore
changes from compaction must also be evaluated. A special
type of apparatus was used to evaluate the horizontal permeability characteristics associated with vertical consolidation.
The details of the apparatus and experimental procedure
have been published in a previous paper [16]. The testing
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3. Development of Numerical Model for
MH Dissociation Process in a Porous Media
and Experimental Estimation of Permeability
with MH Formation
3.1. Modeling Pore Space Occupied by MH. To develop a
numerical model for MH dissociation process in porous
media, it is necessary to model the pore space occupied
by of MH. On the basis of observations of permeability
characteristics in the laboratory studies, we defined two
components of MH in pore space. Figure 4 shows the
conceptual model of MH phase that exists in the pore
space. One MH component (Sh1 ) is derived from irreducible
water. This is formed as a cover on the surface of a sand
grain, and it is assumed that the eﬀect on the permeability
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cell consisted of a stainless steel ring (internal diameter:
150 mm, wall thickness: 100 mm, and maximum pressure:
15 MPa) and upper and bottom plates for pressurization. In
order to simulate MH sediments, we used several types of
sands. An axial load that simulated rock stress conditions
in marine sediments was applied on the upper edge of the
sand pack using a loading piston. In order to initiate MH
dissociation, the pore pressure was decreased at the center
of the sand pack with a back-pressure regulator. Dissociation
pressure and initial total stress by axial loading were set
to 3 MPa and 11 MPa, respectively. We used the following
two conditions to evaluate consolidation behavior due to
the change in eﬀective stress. In Run No.1, pore pressure
decreased from 10 to 3 MPa while maintaining an axial
load of 11 MPa. In this case, eﬀective stress increased from
1 to 8 MPa with depressurization. On the other hand, the
eﬀective stress during MH dissociation in Run No.2 was
maintained at 1 MPa in spite of the pore pressure change.
Figure 3 shows the dependence of eﬀective stress on the
consolidation behavior during depressurization. When the
eﬀective stress reached 8 MPa with depressurization, marked
consolidation occurred in Run No.1. Then, consolidation
gradually proceeded. The compressive strain, which is the
amount of consolidation divided by the initial height of
the sand pack, ultimately reached 1.47 × 10−2 . However,
the strain after 2 minutes was 0.97 × 10−2 . Therefore, at
the initial stage in which the eﬀective stress was increased,
the amount of consolidation was approximately 65.7% of
the final value. On the other hand, the compressive strain
in Run No.2 was maintained at a small value as the MH
dissociation proceeded. From these results, we concluded
that the volumetric change in the solid material due to MH
dissociation was small. Therefore, the increase in the eﬀective
stress is a dominant factor for the consolidation behavior,
and most of the consolidation occurs at the initial stage
of depressurization. It is particularly important to predict
permeability change at this stage, because of dissociated
gas and water flow into the region where MH dissociation
has already occurred. Therefore we estimated the eﬀect of
porosity reduction due to consolidation on permeability
independently from changes of MH dissociation and formation.
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Figure 3: Consolidation behavior during MH dissociation in
diﬀerent eﬀective stress case.

characteristics is small. This MH component exists under the
initial experimental conditions. The other MH component
(Sh2 ) is derived from moveable free water. The MH derived
from free water is formed inside the pore space and generally
plugs the flow path. It has a marked eﬀect on permeability as
observed in the experiments. In our conceptual model, the
MH growth or formation rate is associated only with MH
saturation Sh2 derived from free water. The MH saturation
Sh1 derived from irreducible water does not change with time
when temperature and pressure conditions are such that MH
should form. In addition, we assume that the dissociation of
MH derived from free water is preferentially started, because
this MH exists in the neighborhood of a flow path and the
heat available from injected water is preferentially supplied
to this component.
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3.2.2. Energy Conservation Equation. Energy is transferred
by convection and conduction. MH formation latent heat
was assumed to be the same value as that in the dissociation
process and of opposite sign:

Gas and water


∇·
Sand grain





Kkrg hg ρg
Kkrw hw ρw
· ∇Φg + ∇ ·
· ∇Φw
μg
μw


Sand grain

+ ∇ · (λc · ∇T) + (−Hd Rd ) + Hd R f


=
MH derived from
free water

MH derived from
irreducible water

Figure 4: Schematic of MH two-component system.

The numerical model consists of a three-phase fourcomponent system: gas, water, MH derived from irreducible
water, and MH derived from free water.



∂ φρg Sg Ug + φρh Sh Uh + φρw Sw Uw + Ur



(6)


∂t

.

3.2.3. Equation of State. Simple equations of state (linear
functions) were used to relate the density, enthalpy, and
viscosities of the methane and water. The volume fractions
(saturations) of all liquid and gas phases and hydrate fraction
add to unity:
Sg + Sh + Sw = 1.

(7)

The total MH saturation Sh is expressed as follows:
3.2. Governing Equation in Porous Media with MH Formation
3.2.1. Mass Conservation Equation. We assumed that MH
does not have mobility, because it is a solid material.
Therefore, we defined gas-water two-phase flow in the pore
space along with MH formation and dissociation. The flow
of gas and water is governed by Darcy’s law. The mass
conservation equations of gas, water, and MH are expressed
by the following equations.
Is phaseis expressed as









 ∂ φρg Sg
Kkrg ρg
∇·
· ∇Φg + (Rd ) + −R f =
.
μg
∂t

(1)

Water phase is expressed as

∇·








 ∂ φρ S
Kkrw ρw
w w
· ∇Φw + (Nh Rd ) + −Nh R f =
.
μw
∂t
(2)

MH derived from irreducible water is expressed as




∂ φρh Sh1
(−Rd1 ) =
.
∂t

(3)

MH derived from free water is expressed as


(−Rd2 ) + +R f







∂ φρh Sh2
=
.
∂t

(4)

Here, we have Rd : total dissociation rate of MH, Rd1 :
dissociation rate of MH derived from irreducible water, and
Rd2 : dissociation rate of MH derived from free water. Other
symbols are defined in the SYMBOL table. The dissociation
rates are related by the following equation:
Rd = Rd1 + Rd2 .

(5)

Sh = Sh1 + Sh2 .

(8)

The basic variables in this model are flow potential: Φg , Φw ,
saturation of each phase: Sg , Sw , Sh1 , Sh2 , and temperature T.
3.3. Formulation for Permeability with MH Formation. It
is impossible to experimentally estimate the eﬀect of MH
derived from free water on permeability changes. Therefore, we obtained a series of parameters for MH derived
from irreducible water experimentally and extended the
permeability equations as a function of MH (fraction) to
a two-component system. The procedures of formulation
permeability have already been described in our previous
papers [17, 18].
3.3.1. Absolute Permeability K. We firstly measured water
eﬀective permeability Kw under pressure and temperature
conditions in which MH has formed from residual water
and gas saturations. Three types of sand columns (Toyoura
sand, No.7 silica sand, and No.8 silica sand) were used for
measurement of Kw . In this study, we assumed that relative
permeability to water krw under the residual gas saturation
condition was constant and independent of MH saturation.
Therefore, it is possible to estimate K with MH formation by
dividing the measured Kw by krw as follows:
K=

Kw
.
krw

(9)

We obtained the result that the relative permeability in
the case of an MH saturation of 0.4 was 0.03 compared
with the original values without any MH present. This
tendency was common and independent of kinds of used
sand. Based on the experimental results, we formulated the
absolute permeability K as a function of MH fraction, Sh1 .
We selected the equation proposed by Masuda et al. [12]. In
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(10), the parameters N1 (called the reduction factor) and K
(permeability) are functions of Sh1 , the irreducible hydrate
fraction. K0 is the original permeability value of sand column
without any MH formation:
K = K0 · (1 − Sh1 )N1 ,

(10)

N1 = 10.384 · Sh1 2 − 27.773 · Sh1 + 13.639.

(11)

The absolute permeability K in the MH two-component
system is expressed as follows. In this model, setting the
reduction factor N2 for Sh2 to be smaller value than N1
for Sh1 , it is possible to reproduce the extreme permeability
reduction observed in the experiments:
K = K0 · (1 − Sh )N1

(Sh ≤ Sh1 max ),

K = K0 · (1 − Sh1 max )N1 ·



φ
K0 = K 0 ·
φ0


φ
K = K0 ·
φ0

1 − Sh
1 − Sh1 max

(Sh > Sh1 max ).

Nφ

,

(13)

Nφ
N1

· (1 − Sh1 max )

K = K0 · (1 − Sh )N1

K = K0 · (1 − Sh1max )N1

N2
1 − Sh
·
1 − Sh1max

K0 · (1 − Sh1max )N1

Sh1max
MH saturation Sh (−)

0

Figure 5 shows the dependence of MH saturation on absolute
permeability. The value of K at maximamal value Sh1 max of
Sh1 decreases significantly as Sh2 becomes higher as shown in
this figure. Furthermore, when whole pore space is occupied
by MH (Sh1 + Sh2 = Sh = 1), K takes on the limiting value of
0.
The change in absolute permeability K from porosity
change due to consolidation was considered. As previously mentioned, we found that eﬀective stress was more
important that than MH of dissociation when investigating
consolidation. Therefore the eﬀect of porosity reduction
due to consolidation on permeability change could be
independently estimated. The eﬀect of porosity changes on
permeability was expressed as a function of the ratio to initial
porosity (φ/φ0 ), (13). By combining this equation with (12),
we obtained (14) as


K0

N2

(12)



Absolute permeability K (μm2 )

6


·

1 − Sh
1 − Sh1 max

N2

.
(14)

We used the same apparatus that was used for depressurization experiments and obtained the change in permeability
as a function of the porosity ratio (φ/φ0 ) experimentally
by conducting consolidation-permeability tests with water
that was injected into water-saturated samples. Figure 6
showed the dependence of eﬀective stress on change in axial
displacement and change of diﬀerential pressure with time
during consolidation-permeability test in the case of No.8
silica sand. In this experiment, the rate of axial loading
was set to a constant value of 0.141 MPa/min. Diﬀerential
pressure was gradually increased from 0.500 kPa to 1.90 kPa
with time depending on reduction of porosity. Increase in
diﬀerential pressure indicated a reduction of permeability in
the pore space. By changing the initial porosity and sand

1

Figure 5: Formulation of absolute permeability as function of MH
saturation in MH two-component system.

types, we obtained data which included diﬀerential pressure
and deformation behavior due to consolidation with time.
The reduction factor Nφ in (14) was estimated numerical
model calibration. The numerical simulator COTHMA
(Coupled thermo-hydro-mechanical analysis with dissociation and formation of methane hydrate in deformation of
multiphase porous media), developed by the West Japan
Engineering Consultants, Inc., under MH21 Research Consortium, was used. We estimated the increment of displacement and pore pressure for each node in the numerical
grid by using the stress-strain relationship obtained in
consolidation-permeability tests. In addition, history matching using diﬀerential pressure data due to consolidation
was carried out by varying the reduction factor Nφ . The
solid line and dashed one in Figure 6 show the results
for the calculation. From this figure, calculation results
could reproduce the changes of axial displacement and
diﬀerential pressure . We only varied the reduction factor Nφ
in numerical analysis, so this value represents permeability
change due to consolidation. For all the simulations, the
values of Nφ changed from 4.80 to 10.0. We observed the
following trends for Nφ : (1) Nφ became small in the case
of large sand grain diameters. (2) Nφ became larger in the
case of large initial porosity. Therefore, in this study, Nφ was
formulated as a function of sand grain diameter DA and
initial porosity φ0 . The derived equation for Nφ is expressed
as follows. As basic condition for formulation, we treated
sand grain diameter DAT : 200 μm, initial porosity φT0 : 0.412,
and reduction factor NφT : 5.50 in the case of Toyoura sand as




φ0
DA
Nφ = aφ ·
− 1 + cφ ·
DAT
φT0



+ dφ .

(15)

Here, aφ = −3.96, cφ = 8.55, and dφ = −2.86. By
introducing (15) into (14), it is possible to consider absolute
permeability changes not only from MH dissociation but also
from porosity changes due to consolidation.
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Therefore, the diﬀerence between the amount of irreducible
water under the initial condition and the consumption of
water for MH formation corresponds to the amount of
irreducible water with MH formation. Figure 7(a) shows the
changes in Swi0 as functions of MH saturation Sh1 derived
from irreducible water. As Sh1 increased, Swi0 decreased
markedly. Swi0 changed from 0.324 to 0.116 with MH
saturation. Swi0 is expressed as a function of only Sh1 , using
Swi00 previously formulated as (17) and the volume ratio
RV hw of MH to water:
Swi0 = Swi00 − Rvhw Sh1 .

2
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On the other hand, Sgr ranged from 0.350 to 0.119 and
showed a tendency to decrease with increasing MH saturation as shown in Figure 7(b). Sgr0 is a function of Sh1 , Sh2 ,
and RV hw . When all of the pore space was filled with MH,
Sgr0 should become zero. These behaviors are represented by
(18):

0
120

Displacement: experimental
Displacement: calculation
Diﬀerential pressure: experimental
Diﬀerential pressure: calculation
Absolute permeability

Sgr0 = Sgr00 · (1 − Sh1 )Nsgr1

Figure 6: Dependence of eﬀective stress on change of axial
displacement and change of diﬀerential pressure with time during
consolidation-permeability test.

3.4. Irreducible Water Saturation Swi and Residual Gas
Saturation Sgr . Irreducible water saturation Swi and residual
gas saturation Sgr are very important parameters in order to
define the active saturation interval in gas-water multiphase
flow for the relative permeability curves used in predicting
the amount of dissociated gas. We assumed that the distribution of sand grain constituting real MH sediments is
wide ranging and reservoir temperature changes with time
due to MH dissociation and hot-water injection. Therefore
it is important to estimate the eﬀect of these parameters on
flow behavior quantitatively in addition to MH saturation.
In this study, we formulated Swi and Sgr on the basis of the
experimental results of the displacement of free methane gas
by cold-water injection.
First of all, we used three types of sand, Toyoura sand,
No.7 silica sand, and No.8 silica sand, and considered the
eﬀect of average sand grain diameter on changes of Swi00 ,
the average residual water saturation, and Sgr 00 , the average
residual gas saturation, without any MH formation. Swi00
and Sgr 00 are formulated as functions of DA /DAT , on the
basis of SwiT and SgrT of Toyoura measured without any MH
formation at 4◦ C as follows:


Swi00 = SwiT + (1. − SwiT ) · 1. −


Sgr00 = SgrT

DA
·
DAT

Ng

DA
DAT

(17)

Nw

,
(16)

.

Then, Swi0 and Sgr0 were formulated as a function of MH
saturations Sh1 and Sh2 , in order to extend (16) to account
for the presence of MH. It was experimentally observed
that if the injection of methane gas was continued after
MH formation, then additional water was not observed.

·

1 − Swi00 − (1 − RV hw ) · Sh1 − Sh2
1 − Swi00 − (1 − RV hw ) · Sh1

(18)

Nsgr2

.

Finally, we obtained the following final form of equations
for Swi and Sgr by extending (17) and (18) as a function of
temperature T:
Swi = Swi0 · aswi · (T − T0 )2 + bswi · (T − T0 ) + cswi

DA /DAT

Sgr = Sgr0 · asgr · (T − T0 )2 + bsgr · (T − T0 ) + csgr

DA /DAT

,

.
(19)

3.5. Relative Permeabilities krg , krw . Using parameters for
gas-water multiphase flow, such as Swi and Sgr , we formulated
the gas and water relative permeabilities krg and krw , respectively, when MH is present. In our numerical model, we
extended the interval of water saturation Sw in the gas-water
multiphase flow with the normalized water saturation S∗w .
Using S∗w , we were able to use one set of relative permeability
curves for any MH saturation condition:
S∗w =

Sw − Swi
Sw − Swi
=
.
1 − Sgr − Swi − (Sh1 + Sh2 ) 1 − Sgr − Swi − Sh
(20)

The Corey model that is used as a general relative permeability curve is expressed as follows. Here, a and b are the
values of krg and krw at endpoints on the relative permeability
curves. The endpoints are defined as the saturation conditions of Swi and Sgr . In addition, the limitations that (1) krg
was set to 1 in the case of Sw = 0 and (2) krw was set to 1 in
the case of Sg = 0 were adapted in this relative permeability
model. The gas and liquid relative permeabilities are shown
in (21):


krg = a · 1 − S∗w


4

krw = b · S∗w .

2 



1 − S∗w

2 

,
(21)
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Figure 7: Formulation of irreducible-water saturation and residual gas saturation as functions of MH saturation in MH two-component
system.
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Figure 8: Relative permeability curves for diﬀerent MH saturation
conditions.

Figure 8 shows relative permeability curves for diﬀerent MH
saturation conditions. Both krg and krw changed with water
saturation Sw and MH saturation Sh as shown in the figure.
As MH saturation became higher, the curves were shifted to
lower-water-saturation conditions.

4. Numerical Simulation of Laboratory-Scale
Experiments for MH Dissociation Process in a
Porous Media and Optimization of
Permeability Parameters with MH Formation
To validate the numerical model and the developed permeability relationships with MH formation, we carried out
numerical simulations of some of the previously mentioned
laboratory-scale experiments for MH dissociation by hotwater injection and depressurization and compared the
simulation results with experimental results. In this study,

the simulation code FEHM (Finite Element Heat and Mass
Transfer), developed at the Los Alamos National Laboratory,
was used for calculations [19, 20]. In the FEHM code, the
conservation equations of energy and mass in a porous
media are solved using the control volume finite element
method. This code has some advantages for the multicomponent multiphase analysis and phase transformation analysis
of MH formation and many permeability models. Originally,
this code was developed for the analysis of the geothermal
reservoirs. Using the model for MH dissociation process in
a porous media as previously mentioned, we modified the
FEHM code to include a one-component MH dissociation
and formation, a two-component MH dissociation and
formation, and a three-phase three-component system that
represents gas, water, and MH [21].
4.1. Hot-Water Injection. In numerical simulation for hotwater injection process, we verified the validity of MH
two-component model constructed in this study. Figure 9
shows a comparison of the experimental and calculation
results for change in diﬀerential pressure and gas production
behavior during MH dissociation by hot-water injection
after extending the MH phase into two components in
the simulator. “Two components” in the explanatory note
shows the results in the case of MH two-component model
developed in this study. For comparison, the results in MH
one-component model are also shown in the same figure.
“One component: No growth” is the case that MH growth
(or MH formation) was not considered. MH growth was
considered in the case of “One component: Growth.” The
change in diﬀerential pressure observed in the experiment
consists of the following three stages: (1) an increase dependent on viscosity diﬀerence between gas and water, (2) a large
increase as a result of MH formation in the downstream
zone in the sand column, and (3) a permeability decrease
as a result of MH dissociation. By introducing MH twocomponent model into the simulator, the calculation results
suﬃciently agreed with the experimental results. In regards
to gas production behavior, the calculation also reproduced
the series of behaviors observed in the experiment that
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Figure 9: Comparison of experimental and calculation results for change in diﬀerential pressure and gas production behavior during MH
dissociation by hot-water injection after extending the MH phase into two components.

consisted of (1) displacement of free methane gas, (2) delay
of gas production due to MH growth, and (3) dissociated
gas production. By comparing simulation and experimental
results, it was found that the numerical simulator was able to
reproduce temperature change, permeability characteristics,
and gas production behavior, associated with both MH
formation and dissociation.
4.2. Depressurization. MH dissociation that occurs in
depressurization is strongly aﬀected by two thermal processes: (1) latent heat release of MH in sediments and (2)
thermal conduction from the surrounding area [22]. In
addition, water saturation in pore space at the initial stage is
relatively high. As a result, production behavior is accompanied by water displacement induced gas expansion from the
pressure decrease and dissociated gas flow. Therefore thermal
conductivity and relative permeability in gas-water multiphase flow system are dominant factors on MH dissociation
and production behavior. Capillary pressure under the
existence of MH is not well known, so we treat the pressure
of each phase as identical system pressure in our numerical
model. In this study, considering the diﬀerence of mobility
between gas and water, we tried to reproduce production
behavior observed in experiments by optimizing the shape
of relative permeability curves. Changes in irreducible water
saturation and residual gas saturation due to diﬀerence of
sand grain size and dissociation are reflected in the relative
permeability by the use of the normalized water saturation,

(20). Here, as an example of numerical simulation, we
present the results of history matching in the case of No.8
silica sand (average sand grain diameter: 115 μm).
As previously mentioned, MH dissociation after a pressure decrease reaches an equilibrium condition limited by
thermal conduction from surrounding material. Therefore,
preliminary to the consideration of gas-water flow, we
carried out history matching of the temperature change
in sand column by varying the thermal conductivity of
sediment. Yamamoto et al. [23, 24] considered the thermal
conductivity λc of sedimentary layers containing MH using
the mixture sample of sand and MH. As a result, they
observed that λc ranged from about 0.40 to 2.00 W/(m·K)
depending on the amount of MH and saturation condition
of gas and water. This value depended strongly on the types
of sedimentary structure that were formed by the sand
and MH. The final result of the formulation for λc has
not yet been reported. Therefore, we varied λc within the
reported values and estimated the value of λc by comparison
with temperature change in the experiments. Figure 10
shows the calculation results for temperature change during
the MH dissociation by depressurization. It is generally
known that thermal conductivity becomes smaller when gas
instead of water fills the pore space. In the calculations,
when λc was set to 1.06 W/(m·K), it was found that the
change in the temperature distribution was such that (1)
a temperature decrease from initial temperature of 11.7◦ C
to an equilibrium condition of 1.70◦ C was observed with
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Figure 11: Comparison of experimental and calculated results for
cumulative productions of gas and water when the diﬀerent relative
permeability curves were used (No.8 silica sand).

depressurization, and (2) a temperature increase to the
outer boundary temperature after completion of dissociation
could be suﬃciently reproduced.
Then, we calibrated the gas-water relative permeability
curves with MH present through history matching of
production behavior during MH dissociation by depressurization. In these experiments, the permeability is relatively
high even if solid MH exists in the pore space. Additionally,
the eﬀect of consolidation on the gas production behavior
was not very large. Therefore, it is assumed that the most
dominant parameter on the production behavior is relative
permeability. We carried out history matching by using
the Corey model expressed as in (21). Figure 11 shows the
comparison of the experimental and calculated results for
cumulative productions of gas and water when the Corey
model was used for the relative permeability curves. From

Cumulative gas production: experimental
Cumulative gas production: calculation
Cumulative water production: experimental
Cumulative water production: calculation
(b)

Figure 12: Comparison of experimental and calculation results for
production behaviors of gas and water in the cases of Toyoura sand
and No.7 silica sand.

this figure, rapid water discharge at the initial stage and
dissociated gas production were similar to the experimental
results. However, calculation underestimated the amount of
water production (1.8 × 10−4 m3 ) whereas the experimentally
measured value was 2.55 × 10−4 m3 . On the other hand,
the cumulative gas production was estimated as 4.52 ×
10−2 Sm3 , so the calculation result overestimated the amount
of gas production by approximately 10% compared with
the experimental one (4.05 × 10−2 Sm3 ). In other words,
the estimated amount of gas remaining in the pore space
decreased because the water production was underestimated.
The reason for the diﬀerence between the experiment and
calculation is as follows. In the calculation, the pressure of
the gas phase is equal to that of the water phase without
considering the eﬀect of the capillary pressure. When the
Corey model was used for the relative permeability curves, it
was impossible to reproduce the observed phenomena in the
experiments wherein water was selectively drained under an
initial high water saturation condition, and dissociated gas
was maintained in the pore space. Therefore, considering the
eﬀect of capillary pressure, we optimized the shape of the
relative permeability curves so as to yield a water mobility
higher than that of gas under the high water saturation
condition. For optimization purposes, we introduced the
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indexes of Nkrg and Nkrw into the linear relative permeability
model as follows:



∗ Nkrg

krg = a · 1 − Sw
krw = b · S∗w Nkrw .

,

(22)
(23)

When Nkrg is set to a larger value in (22), the water mobility
becomes relatively larger than that of gas. On the other hand,
the water mobility became smaller under the condition of
larger Nkrw value. In addition, when Nkrw is set to 4, krw
is same as that of the Corey model. At Nkrg = 2.5, krg
overlaps with that of the Corey model. Considering the lower
relative permeability to gas in the higher water saturation
condition, we set Nkrg and Nkrw to 20 and 4, respectively. The
calculations with these parameters (called extended linear
model) are also shown in Figure 11. From this figure, it
was found that the calculation could suﬃciently reproduce
production behavior observed in the experiments containing
rapid water production at the initial stage.
Using a similar numerical approach, we conducted
history matching of the production behaviors for the cases
of Toyoura sand (average sand grain diameter: 200 μm)
and No.7 silica sand (average sand grain diameter: 180 μm)
as shown in Figure 12. There was excellent agreement
between the experimental and simulation results. We used
1.20 W/(m·K) (Toyoura) and 1.90 W/(m·K) (No.7) as the
values of thermal conductivity λc. In addition, the reduction
factors Nkrg and Nkrw for the relative permeability curves
were set at 7 and 10 (Toyoura) and 10 and 6 (No.7),
respectively, to reproduce the production behavior during
the MH dissociation by depressurization. Calibrated relative
permeability curves obtained through the simulations are
shown in Figure 13. Several trends are apparent. As the sand
grain diameter became larger, the gas mobility increased
under higher water saturation conditions. This indicates
that the eﬀect of capillary pressure decreased owing to the

increase in the pore diameter. In addition, the shapes of the
relative permeability curves reflect the behaviors observed in
our experiments, that is, the amount of water production
was not so diﬀerent despite the decrease in the residual water
saturation, Swi0 , in the case of larger sand grain diameter.
The simulations also confirmed the validity of formulation of irreducible water saturation Swi and residual gas
saturation Sgr , expressed as in (16) to (20), and obtained
the optimized shape of relative permeability curves to
reproduce production behavior during MH dissociation by
depressurization.

5. Conclusions
We conducted an experimental study of the MH dissociation
process by hot-water injection and depressurization and
studied the eﬀect of temperature and permeability changes
on gas production. On the basis of experimental results,
a numerical model for MH dissociation process in porous
media was constructed. In addition, we carried out numerical simulations on laboratory-scale experiments for MH
dissociation and verified the validity of the numerical model.
Conclusions are summarized as follows.
(1) It was found that MH dissociation by hot-water
injection consisted of 4 stages: displacement of free
methane gas due to water injection, permeability
reduction due to additional MH formation in the
downstream zone, actual MH dissociation, and completion of dissociation. MH reformation and growth
observed at early times had large eﬀect on dissociation behavior and permeability characteristics.
(2) The decrease of the solid material itself due to MH
dissociation had only a small eﬀect on consolidation.
Therefore, we confirmed that the increase in the
eﬀective stress at the initial stage of depressurization
rather than MH dissociation was a dominant factor
for the consolidation behavior.
(3) On the basis of the experimental results, a numerical
model of MH dissociation in a porous media was
designed and implemented in a numerical simulator.
In our numerical model, we treated the MH phase
as a two-component system by modeling the pore
space occupied by MH. One component is derived
from irreducible water and is formed so as to cover
the surface of a sand grain. The other component
is defined as MH made of movable free water and
formed at the central pore space so as to plug the flow
path.
(4) On the basis of experimental measurements, absolute
permeability, relative permeability, irreducible water
saturation, and residual gas saturation with MH
formation were also formulated as a function of MH
saturation, porosity and sand grain diameter and
introduced into the numerical model.
(5) Using the developed simulator, we attempted history
matching for a laboratory-scale experiment for MH
dissociation by hot-water injection. It was found that
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this simulator developed was able to reproduce temperature change, permeability characteristics, and
gas production behavior, associated with both MH
formation and dissociation.
(6) Through history matching for temperature change
during MH dissociation by depressurization, the
eﬀect of thermal conductivity on dissociation behavior was discussed. We obtained calibrated values
of the apparent thermal conductivity of sediments
containing MH. On the basis of production behavior,
we optimized the shape of the relative permeability
curves so as to reproduce observed water and gas
production at both low and high water saturation
conditions. The indexes of Nkrg and Nkrw were introduced into the linear relative permeability model
in order to consider the eﬀect of capillary pressure.
As a result, the numerical simulations could more
accurately reproduce production behavior during the
depressurization process .

Symbols
a:
Coeﬃcient for gas relative permeability
asgr : Coeﬃcient for calculation of residual gas
saturation (= −3.749E − 05)
aswi : Coeﬃcient for calculation of irreducible
water saturation (= 3.913E − 06)
aφ : Coeﬃcient for calculation of absolute
permeability (= −3.96)
b:
Coeﬃcient for water relative permeability
bsgr : Coeﬃcient for calculation of residual gas
saturation (= 9.764E − 03)
bswi : Coeﬃcient for calculation of irreducible
water saturation (= −3.438E − 03)
csgr : Coeﬃcient for calculation of residual gas
saturation (= 0.980)
cswi : Coeﬃcient for calculation of irreducible gas
saturation (= 1.048)
cφ : Coeﬃcient for calculation of absolute
permeability (= 8.55)
DA : Average sand grain diameter, m
DAT : Average sand grain diameter of Toyoura
sand, m (= 2.000E − 04)
dφr : Coeﬃcient for calculation of absolute
permeability (= −2.86)
Hd : Heat of dissociation, J/mol
hg : Enthalpy of gas, J/mol
hw : Enthalpy of water, J/mol
K: Absolute permeability, m2
K0 : Absolute permeability without any MH
formation, m2
krg : Relative permeability to gas
krw : Relative permeability to water
N1 : Reduction factor for calculation of absolute
permeability
N2 : Reduction factor for calculation of absolute
permeability
Ng : Reduction factor for calculation of Sgr00

Nh : Hydrate number
Nkrg : Reduction factor for calculation of krg in
linear relative permeability model
Nkrw : Reduction factor for calculation of krw in
linear relative permeability model
Nsgr1 : Reduction factor for calculation of Sgr0
Nsgr2 : Reduction factor for calculation of Sgr0
Nw : Reduction factor for calculation of Swi00
Nφ : Reduction factor for calculation of absolute
permeability
NφT : Reduction factor for calculation of absolute
permeability (= 5.50)
Rd : Dissociation rate of MH, mol/(m3 ·s)
R f : Gas consumption rate due to MH growth,
mol/(m3 ·s)
RV hw : Volume ratio of MH to water.
Gas saturation
Sg :
Sgr : Residual gas saturation
Sgr0 : Residual gas saturation as function of MH
saturation
Sgr00 : Residual gas saturation as function of
average sand grain diameter
SgrT : Residual gas saturation for Toyoura sand
without any MH formation
MH saturation
Sh :
Sw : Water saturation
Swi : Irreducible water saturation
Swi0 : Irreducible water saturation as function of
MH saturation
Swi00 : Irreducible water saturation as function of
average sand grain diameter
SwiT : Irreducible water saturation for Toyoura
sand without any MH formation
S∗w : Normalized water saturation
T:
Temperature, K
T0 : Standard temperature, K (= 273.15)
∂t:
Time step, sec
Ug : Internal energy of gas, J/mol
Uh : Internal energy of MH, J/mol
Ur : Internal energy of rock, J/m3
Uw : Internal energy of water, J/mol
Gas viscosity, Pa·s
μg :
μw : Water viscosity, Pa·s
Apparent heat conductivity of reservoir,
λc :
J/(s·K)
Mole weight of gas, mol/m3
ρg :
ρh :
Mole weight of MH, mol/m3
ρw : Mole weight of MH, mol/m3
Φg : Flow potential of gas phase, Pa
Φw : Flow potential of water phase, Pa
φ:
Porosity
φ0 : Initial porosity
φT0 : Initial porosity for Toyoura sand (= 0.412).
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We propose several physical/chemical causes to support the seismic results which find presence of Bottom Simulating Reflector
(BSR) at site 1144 and site 1148 in Dongsha Region, North of South China Sea. At site 1144, according to geothermal gradient,
the bottom of stability zone of conduction mode is in agreement with BSR. At site 1148, however, the stability zone of conduction
mode is smaller than the natural gas presence zone predicted by the BSR. We propose three causes, that is, mixed convection
and conduction thermal flow mode, multiple composition of natural gas and overpressure in deep sediment to explain the BSR
presence or gas hydrate presence. Further, our numerical simulation results suggest yet another reason for the presence of BSR at
site 1144 and site 1148. Because the temperatures in deep sediment calculated from the mixed convection and conduction thermal
flow mode are lower than that from the single conduction mode, the bottom of gas hydrate stability zone (GHSZ) is deeper than
the bottom of gas hydrate deposition zone (GHDZ) or BSR. The result indicates that occurrence zone of natural is decided by the
condition that natural gas concentrate in the zone is greater than its solubility.

1. Introduction
Gas hydrate is an ice-like crystalline mineral in which
hydrocarbon and nonhydrocarbon gases are held within
rigid cages of water molecules [1]. Geological, geophysical,
and geochemical evidence of gas hydrate is reported from 81
localities worldwide onshore in Arctic regions and oﬀshore
in passive and active margins and inland seas and lakes [1].
Several recent legs of the Ocean Drilling Program (ODP)
have targeted known hydrate locations with the goal of characterizing marine gas hydrate [2]. The data collected from
these studies provide a clearer picture of hydrate occurrence
on both active and passive continental margins. On the basis
of these data, attempts have been made to extrapolate local
estimates of hydrate volume to infer a global inventory.
The South China Sea is the largest marginal sea in the
western Pacific, and is well known for its abundant oil and
gas reserves. A broad and wide continental slope 210,000 km2
in area extends to the northern parts of the South China Sea,
and is a good site for gas hydrate formation and conservation.

Furthermore, a bottom simulating reflector (BSR) has been
found on the Northern slope [3].
Site 1144 and Site 1148 which will be discussed in
this paper are located in Dongsha region, north of South
China Sea and at the lowermost continental slope oﬀ
southern China (Figure 1). By using seismic, sonic logging,
and geothermal data the distribution characteristics of gas
hydrate in this zone were studied. BSR and amplitude blanking zone were discovered in seismic profiles. High-velocity
interval and velocity reverse were distinguished in sonic
logging curve at both sites. As indicated below, GHSZ based
on conduction thermal flow model and BSR at site 1144 are
basically in agreement, while GHSZ calculated from geothermal gradient using the conduction model is much smaller
than the BSR predicated from seismic method at site 1148.
In this paper, we aim to explain the results obtained
by seismic methods. We first discuss several reasons to
explain the diﬀerence at site 1148 from view of GHSZ.
Second, we performe a numerical analysis to investigate the
possible causes, based on a one-dimensional model of gas
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Figure 1: The sit 1148 in Dongsha region north of South China Sea.

hydrate formation and evolution in which eﬀects of multiple
composition in the gas are considered. Third, by comparing
the seismic results and simulation analysis, we attempt to
find available reason to strengthen our confidence on the
presence of gas hydrate at site 1144 and site 1148 in Dongsha
region north of South China Sea. In our calculations, based
on the mixed convection and conduction thermal flow mode,
GHSZ at both sites is found much deeper than GHDZ, which
is ensured to be in agreement with BSR.

ture of 3.1◦ C [3]. Meanwhile, on the basis of data provided
by the Ocean Drilling Program (ODP), the presence of gas
hydrate in deep-sea sediments can be detected mainly based
on the presence of a bottom-simulating reflector (BSR) on
seismic profiles, which corresponds to the base of the gas
hydrate deposition zone (GHDZ). The BSR depth at site 1144
has been found to be 730 meters below sea floor from seismic
profiles, which is in agreement with the result obtained from
thermal data [3].

2. Analysis about Bottom Boundary of
GHSZ at Site 1144

3. Analysis about Bottom Boundary of
GHSZ at Site 1148

The water depth at site 1144 is 2037 m. The bottom boundary
of the gas (gas hydrate stability zone) GHSZ is predicted to
be 720 m below sea floor at site 1144 based on the measured
thermal gradient of 24◦ C/km and a bottom-water tempera-

The water depth at site 1148 is 3294 m. The thermal gradient
is 83◦ C/km and the bottom-water temperature is 3.5◦ C [3].
Downhole and bottom-water temperature measurements at
Site 1148 yielded a thermal gradient of 83◦ C/km, which is
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3.1. Thermal Gradient. According to the geothermal study,
the thermal gradient is 83◦ C/km and the water temperature
at the sea floor is 3.5◦ C at site 1148. The thermal gradient
value is much larger than that in the neighbor area. The
bottom boundary of the (gas hydrate stability zone) GHSZ
is predicted to be 250 m at site 1148 from the geothermal
data under hypothesis of pure water and single composition
methane, which is much shallower than 475 m obtained
from seismic method (Figure 2). It is possible to explain the
diﬀerence between geothermal study and seismic result by
thermal conductive model.
3.2. Thermal Flow Mode. The bottom boundary of the
GHSZ is determined by comparing the geothermal curve and
phase equilibrium curve. The geothermal curve is calculated
based on the conduction thermal flow mode in which the
temperature is dependent on thermal gradient as shown
in Figure 2. Moreover, with a higher total heat flux, the
enhanced fluid flow can result in a much lower temperature
in deeper sediment while still being consistent with the
shallow geothermal data. In the case, thermal flow mode is
mixed conduction and convection mode, and the stability
boundary will be moved to deeper sediment.
The problem of 1-D steady heat transport due to both
fluid flow and heat conduction can be expressed mathematically [5] as follows:
ρ f C f Vz T − λ

dT
= qe ,
dz

T(0) = T0 ,

(1)

0

Salinity = 3.2 wt%
Methane fraction = 100%

100

Propane fraction = 5%
Propane fraction = 10%

200
Propane fraction = 15%
Depth (m)

consistent with the location and water depth [3]. The bottom
boundary of the gas (gas hydrate stability zone) GHSZ is
predicted to be 250 m below sea floor at the site based
on the temperature (thermal conduction mode), pressure
(water depth), and phase equilibrium curve. The BSR depth
at site 1148 has been found to be 475 meters below sea
floor from seismic profiles, which is not in agreement with
the result obtained from thermal data [3]. The possible
reasons causing the diﬀerence are suggested as follows. (1)
Thermal gradient is so big that it is not reliable, which
may be excluded according to the reference from Song et
al. [3]. (2) The multiple composition in the gas must be
considered in the calculation of GHDZ. The temperature
at the base of the gas hydrate stability zone may be a few
degrees higher than that of methane with pure water. The
presence of other gases can make the gas hydrate more
stable. For example, ethane and propane contained in the
gases have distinguished impact on the stability curve. (3)
In a conductive model, thermal gradients remain constant
for constant conductivity. Convection, by its nature, tends
to increase temperature in the upper part of a system as
temperatures in the lower part decrease [4]. It seems more
reasonable to assume conduction-convection model rather
than a conduction only model for calulating the steadystate temperature distribution. (4) The presence of a deep
overpressure along the nearby northern shelf of South China
Sea will increase the stability temperature, and a deeper base
of GHSZ will be anticipated.
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Figure 2: Stability zone predicated from diﬀerent thermal flow
modes and diﬀerent fraction of methane and propane.

where T is the temperature, z is the vertical depth; Vz is
the vertical permeation velocity of ground fluid; ρ f , C f ,
and λ represent fluid density, fluid specific heat and thermal
conductivity, respectively; T0 is the temperature on the top
boundary or sea bottom; qe is constant total heat flux,
which can in principle be determined by measuring the
temperature, fluid flow velocity, and conductive heat flow at
the surface (z = 0).
The solution of this problem is
T(z) = T0 eβz +


qe 
1 − eβz ,
λβ

(2)

where
β=

ρ f C f Vz
.
λ

(3)

Figure 2 shows the calculated geothermal curves under a
set of parameters including the vertical permeate velocities
of ground fluid and bottom thermal flux. Meanwhile, the
stability zone boundaries are obtained under the hypothesis
of pure water and single composition methane. Apparently,
the bottom boundary of the stability zone is lower than
that obtained based on the single conduction mode, which
may be the major reason for the discrepancy between the
predication of the stability boundary and the anomalies in
organic carbon gas contents and geochemical compositions.
The gas hydrates containing ethane and propane in addition
to methane may also be responsible for the discrepancy.
3.3. Multiple Compositions of Natural Gas. As we know, the
origins of the gases in hydrate are both thermogenic and
biogenic. The gas component from biogenic origin is almost
all methane. The gas components from thermogenic origin
are manifold. Besides methane, the possible components are
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ethane, propane, and so on. A lot of research works about
thermogenic gas hydrates on the Gulf of Mexico continental
slope have been carried out. The chronological framework of
the upper 837.11-m composite section (∼32.7 Ma to present)
at sit 1148 in Dongsha region north of South China Sea
has been set up based on biostratiagraphy and magnetostratigraphy [6]. According to the long-term observations
of anomalously increased sea-surface temperature scanned
by satellite-based thermal infrared and the investigations
of the gas geochemistry of bottom water, the authigenic
minerals, and the fluid composition, it was concluded that
there exist strong degassing and hydrocarbon fluid activities
in the submarine. The main composition of submarine gas
in the northern continental slopes of the South China Sea is
CH4 and thermogenic [7].
The propane composition has the larger influence on
equilibrium temperature comparing with other gas compositions except methane [8]. Hence, two compositions, that
is, methane and propane, are considered in our model.
Equilibrium temperature of gas hydrate system with both
methane and propane increases with pressure and propane
fraction, and decreases with salinity of the coexisting liquid
solution. The equilibrium temperature is assumed as to be a
function of pressure, salinity, and fraction of propane, and is
regressed from data obtained using the software CSMHYD
[8] as follows:
T=

1000
− 273.15,
K
 

 2

K = a0 (h, s) + a1 (h, s) log p + a2 (h, s)log p
 3

+ a3 (h, s)log p

 4

+ a4 (h, s)log p ,

(4)

a1 (h, s) = bi0 (s) + bi1 (s)h + bi2 (s)h2
+ bi3 (s)h3 + bi4 (s)h4 ,

(i = 0, 1, 2, 3, 4),

where T is temperature, p is pressure, h is fraction of propane
in natural gas, and s is salinity.
Figure 2 indicates that phase equilibrium curves change
with the fraction of propane. Apparently, the stability
boundary will be moved to deeper sediment, and the change
is obvious. When propane fraction reaches 10%, the depth
of bottom stability boundary is 475 m, which agrees with the
BSR result. Moreover, the hypothesis that propane and other
gas composition exist in natural gas in addition to methane
in site 1148 is strongly supported by the measurements of
organic carbon gases, which may indicate hydrate forming
gases carried by the fluid flow from a deep source [9].
3.4. Overpressure under Deep Sediment Region. Deposit
environment in the north aktian zone of South China Sea is
mainly shore, infraneritic, and bathyal region. The emptied
terrigenous material is rich, and the laid down velocity is
high. The condition is very prominent after Miocene epoch.
Therefore, a deep overpressure by rapid sedimentation along
the nearby northern shelf of the South China Sea can be
another cause for enhancing phase equilibrium temperature
and a high upward fluid flow. Of course, we do not have

direct insite measured data to support the hypothesis. If the
convection thermal flow mode at site 1148 is possible, it will
be indirect evidence to indicate overpressure existence in the
region. Moreover, the stability temperature only increases
3.5◦ C when the pressure increases 10 MPa. That means
overpressure in deep sediment is not a major factor aﬀecting
the boundary of hydrate deposition.

4. Numerical Simulation of GHSZ and GHDZ at
Site 1144 and Site 1148
To carry out numerical simulation for the dynamic process
of hydrate in marine sediment, we need (1) to create phaseinversion model of natural gas hydrate, which concerns
the pressure, temperature, and salinity of the fluid, as well
as phase equilibrium condition, solubility, fluid density,
and enthalpy. The simulation results would be unreliable
if the dynamic process of hydrate phase-inversion was not
considered precisely, and (2) to create a general mathematical
model which can describe the transport process of fluid, heat,
natural gas, and salt, as well as some geological processes,
such as sedimentation and natural gas formation resource.
Stability zone and occurrence zone of methane hydrate
formation can be predicted under certain boundary conditions using the calculation model of methane hydrate in
seafloor sediment presented by Xu et al. [10–12]. Stability
zone is decided by intersection of phase transition curve and
actual ground temperature curve. Gas hydrate occurrence
zone must lie in stability zone, and is decided by the
condition that gas concentration is greater than its solubility.
So prediction of stability zone and occurrence zone of gas
hydrate formation will be eﬀected by the distribution of
actual temperature and pressure as well as mass flow and gas
flow at the boundary.
The phase transition process, that is, the phase equilibrium relationship of hydrate formation process, was
considered by Xu et al. [11, 12], and Chen et al. [13], and the
formation or dissolution was described dynamically through
enthalpy change. The calculation method of phase transition
in this paper is the same as that used in Xu et al. [11, 12] and
Chen et al. [13]. In fact, natural gas with certain proportion
of compositions usually changes their proportions in hydrate
after phase transition, that is, composition proportion of
natural gas will also change. We do not take into account
the complex process and assume simply that composition
proportion of natural gas is fixed.
4.1. Model Formulation. The mathematical model formulation used in the calculation is summarized as follows [11–
13].
Assuming natural gas diﬀusion occurs only in the liquid
phase, the transport of natural gas can be described by








∂ φρC
∂
∂
ql Cl + qg Cg + qh Ch − φSl ρl Dc Cl = Q,
+
∂t
∂z
∂z
(5)
where t is the time, DC is the diﬀusivity of natural gas in
the liquid solution, Q represents the rate of in situ natural
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Table 1
Value
9.81 ms−2
0.5
1 × 10−16 m2
920.0 kgm−3
1.0 Wm−1 C−1
1000.0 Jkg−1 C−1
0.888 × 10−3 kgm−1 s−1
1.0 × 10−9 m2 s−1
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gas production, subscripts l, g, and h represent liquid, gas,
and hydrate, respectively, φ is porosity; ρ, C, and q are the
density, natural gas concentration, and Darcian flow rate,
respectively; S is the saturation, and z is the spatial coordinate
pointing upward.
Fluid flow is assumed to obey Darcy’s law, that is,
ql = −

10

GHDZ

600



5

100

Depth (m)

Parameter
g
φ
k
ρh
λ
Cs
μl
Dc

Concentration (kg/1000 kg)
0

(6)

where g is the gravitational acceleration, k is the permeability
of the porous medium, P is the pressure, μ is the fluid
viscosity, and kl and kg are relative permeability of liquid and
gas.
Conservation of energy is cast in terms of enthalpy H and
temperature T and written as


∂
∂
∂
φρH + 1 − φ ρs Hs +
ql Hl + qg Hg + qh Hh − λ T
∂t
∂z
∂z ,
= 0,
(7)

where subscript s refers to the sediment matrix, Cs denotes
specific heat capacity, and λ is eﬀective thermal conductivity.
4.2. Numerical Calculation of GHSZ and GHDZ around Site
1144. Seafloor sediment with 800 m thickness is accounted,
and 401 junction points are marked. Table 1 lists the physical
parameters of the medium. The boundary conditions are as
follows. Pressure in seafloor is 20.37 MPa, temperature in
seafloor is 3.1◦ C, weight percentage of natural gas content
in seafloor is 10−6 %, weight percentage of salt in seafloor
is 3.2%, heat flow in the bottom of computed zone is
0.03 W/m2 , mass flow in bottom is 2 × 10−7 kg/m2 /s, natural
gas flow in bottom is 3.035 × 10−10 kg/m2 /s, and salt flow in
bottom 3.2 × 10−9 kg/m2 /s. The natural gas is pure methane.
The above parameter values have eventually been determined
through trials. The calculated GHSZ and GHDZ are shown
in Figure 3, in which z is depth from seafloor; bottom
abscissa means temperature T, top abscissa is natural gas
content C. The results indicate that when the mass flow in
bottom is large enough, the GHDZ will exist in sediment
and its bottom depth 720 m will be consistent with BSR
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Figure 3: Numerical simulation for GHSZ and GHDZ at site 1144.

from seismic method. In this case, a mixed conduction and
convection thermal flow mode is used, and the stability
boundary will be moved to deeper sediment than the bottom
boundary of GHDZ.
4.3. Numerical Calculation of GHSZ and GHDZ around Site
1148. Seafloor sediment with 600 m thickness is accounted,
and 301 junction points are marked. Boundary conditions
are pressure in seafloor of 32.94 MPa, temperature in seafloor
is 3.5◦ C, weight percentage of natural gas content in seafloor
is 10−6 %, weight percentage of salt in seafloor is 3.2%,
heat flow in bottom of computed zone is 0.06 W/m2 , mass
flow in bottom is 1.5 × 10−7 kg/m2 /s, natural gas flow in
bottom is 3.035 × 10−10 kg/m2 /s, and salt flow in bottom
is3.2 × 10−9 kg/m2 /s. The natural gas is composed of methane
(88%) and propane (12%). Through many times trial, the
parameter values mentioned above have eventually been
determined. The calculated GHSZ and GHDZ are shown in
Figure 4. The results indicate that when the mass flow in
bottom is large enough, the GHDZ will exist in sediment
and its bottom depth 475 m will be consistent with BSR from
seismic method. Again, a mixed conduction and convection
thermal flow mode is used, and the stability boundary will
be moved to deeper sediment than the bottom boundary of
GHDZ just as site 1144.

5. Conclusion
In this paper, we propose several possible reasons to support
the seismic method results which find presence of BSR at site
1144 and site 1148. At site 1144, according to geothermal
gradient, the bottom of stability zone of conduction mode
is in agreement with BSR or 720 m depth bellow seafloor. At
site 1148, due to the high geothermal gradient, the stability
zone of conduction mode is less than the natural gas presence
zone predicted by BSR which is 475 m below seafloor. BSR
presence or gas hydrate presence may be explained by the
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Figure 4: Numerical simulation for GHSZ and GHDZ at site 1148.

following three mechanisms, that is, mixed conduction and
convection thermal flow mode, multiple composition in
natural gas, and overpressure in deep sediment. Logging
result in the region [3] (Song, 2001) also indicate that bottom
boundary of GHSZ at site 1148 is at 475 m. We numerically
simulate the dynamic process of gas hydrate evolution at
site 1144 and site 1148, and GHDZ will reach 720 m and
475 m, respectively. Moreover, numerical results also indicate
that in the two cases, thermal flow is mixed conduction
and convection mode, and GHSZ is deeper than GHDZ.
These results also indicate that GHSZ is a basic condition
for presence of GHDZ, which is finally predicted by the
mathematical model considering the dynamic process of
hydrate in marine sediment.
It should be pointed out that our conclusions are only
theoretical inference in order to explain the seismic results.
Real situations at site 1144 and 1148 need more direct
investigation.
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