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Abstract: Clathrate stability conditions have been modelied for the HyO—CO,—CH,4—Ny—
C;Hg fluid system based on all available experimental data. Optimum Kihara parameters
are estimated for pure CO,, CHy, N, and C;Hg gas hydrates from using the most accurate
calculation of other parameters involved in clathrate modelling, like fugacities, gas solubili-
ties in H;O and thermodynamic constants. For mixed gas hydrates of CO,—CH,, CH4—N,,
and CH4—C,H; excess Gibbs free energy functions are introduced to obtain a good fit to
experimental data. The excess Gibbs free energy is described according a modified Margules
equation, which depends on mole fraction and temperature.

Gas hydrates are ice-like solids that form part
of the clathrate family. They occur regularly
in natural rock (e.g. Sloan 1990) and in fluid
inclusions in single crystals (e.g. Roedder 1963).
Gas hydrates are solid-solutions of H,O and
gases such as CO,, CH,, N, and C;H,, and its
stoichiometry depends on temperature and
pressure. Knowledge of the stability conditions
of this clathrate phase as a function of salinity,
temperature and pressure forms the basis of
any conclusive predictions in clathrate-related
oceanographic and atmospheric studies. Purely
empirical best-fits to experimental data are the
easiest way for modelling clathrate stability
conditions, and this method has been fre-
quently favoured throughout decades of clath-
rate research (e.g. Deaton & Frost 1946; Bozzo
et al. 1975; Dholabhai et al. 1993). The non-
stoichiometry and the infinite compositional
combinations of clathrates, however, require a
more thorough approach for interpolations and
extrapolations of clathrate stability conditions
in natural systems. Equilibrium thermodynamics
is an important tool for a systematic approach of
modeiling clathrate melting conditions as a
function of composition, temperature, pressure
and salinity. Platteeuw & van der Waals (1958)
and van der Waals & Platteeuw (1959) were the
first to use this approach, which was only
possible after thorough studies of the crystallo-
graphic structure of the solid clathrate phase
by, for example, von Stackelberg & Miiller
(1954). Platteeuw & van der Waals (1958) and
van der Waals & Platteeuw (1959) modified
the absorption theory according to Langmuir
(1918) to a three-dimensional generalization
describing the physical interaction of a captured
gas molecule in a cage of H,O molecules. This
model was the first to describe systematically

clathrate stability conditions of pure and mixed
gas clathrates.

The basic concept of the model from van der
Waals & Plattecuw (1959) is the equality of
chemical potential of one component in each
phase in which it is present, which is the most
important prerequisite for any equilibrium
thermodynamics:

Hiio = Hino = Hiko (1)
where the superscripts indicate the phases (vap
is vapour, liq is liquid and clath is clathrate).
The chemical potential of H,O in the clathrate
phase is obtained from statistical thermo-
dynamics using the partition functions (van der
Waals & Plattesuw 1959):
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where pg o’ is the chemical potential of a
hypotheiical gas-free (empty) clathrate, R is the
gas constant (=8.31439 mol K1), T is tem-
perature in Kelvin, v; is the number of cavities
of type i per cage forming H,O molecule and
Yas; is the probability of finding a gas molecule
M in cavity of type i. van der Waals & Platteeuw
(1959) related the probability y,y; to Langmuir
constants (equation (3)), which in turn are
related to molecular cell potentials (equation (4))
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where C,; is the Langmuir constant for gas M in
a cavity of type /, fy, is the fugacity of gas M, k is
the Boltzman constant, r is the distance to the
centre of the cavity and w(r} is the spherically
symmetrical potential function describing the
intermolecular potential between a gas molecule
at the cenire of the cage and an H,O molecule
of the cavity wall. Equations (2)-(4) are a
combination of Langmuir’s isotherm, which is
characteristic for localized adsorption without
interaction of the adsorbed molecules, and a
generalization of Raoult’s law for the properties
of the solvent in a solution where solute—solute
interaction can be neglected.

In the scope of this study it is important to
focus on the major postulates originally pro-
posed by van der Waals & Plattesuw (1959),
apart from their axiom of classical statistics:

(a) the mode of occupation of the cavities does
not affect the contribution of the H,O
molecules to the total chemical potential
of the host lattice;

(b) a cavity can never hold more than one
encaged molecule, which is always localized
in the cavities;

() the mutual interaction of the
molecules is neglected;

(d) the solute molecules can rotate freely in
their cavities, i.e. the rotational partition
function for the motion in the cavity is the
same as that in the perfect gas;

(e) the potential energy of a solute molecule
when at a distance r from the centre of
its cage is given by the spherically sym-
metrical potential w(r) proposed by
Lennard-Jones & Devonshire (1937, 1938)
for dense gases. This method is equally
valid for the cavities in a clathrate, as long
as one restricts oneself to first neighbour
interactions.

solute

By that time, van der Waals & Platteeuw
(1959} already indicated the limitations of these
postulates. Encaged molecules with larger
dimensions, like CO;, may distort host lattice
and damage assumption (a). Postulate (¢) can
never be strictly true because numerical calcu-
lations and experimental evidence show that
the contribution of solute—solute interaction
to the configurational energy is at most a
few per cent of the energy of binding of the
solute molecules in their cages. Non-spherical
molecules, like O, and N, will not be free to
rotate in the entire cavity. When such a molecule
comes close to the wall of its cage it will have to
orientate itself parallel to this wall. The relative
contribution of second and third neighbour

solvent molecules to w(r) in hydrate structures
is only of the order of a quarter of that in the
much denser face-centred cubic lattice. Despite
the indicated limitations of the postulates
(a)—(e), van der Waals & Platteeuw (1959) were
able to give a clear relation between the equilib-
rium vapour pressure, composition, and chemi-
cal potential of the solvent in a clathrate. The
individual postulates (a)-(e) have frequently
been modified (e.g. McKoy & Sinanoglu 1963;
Saito et al. 1964; Parrish & Prausnitz 1972;
Ng & Robinson 1976; Holder er al. 1980;
Dharmawardhama et al. 1980; John et al. 1985;
Munck et al. 1988; Dubessy er al. 1992; Bakker
et al. 1996) to increase the physical integrity at
molecular scale and to obtain a better fit to
increasingly available experimental data.

Modifications proposed by Bakker et al
(1996) for pure CO, clathrate with various salts
are further developed in this study for a complex
fluid system including H,0-CO,~CH,-N,—
C,Hs. The aim of this study is to present a
model which is based on all available experi-
mental data within this fluid system, and which
is able to reproduce these data accurately over
a wide range of TP conditions. In addition, we
have tried to avoid increasing the complexity of
the model, which has no experimental justifica-
tion, and to show that some original proposed
principles are eminently useful in describing this
fluid system accurately.

TOpOlOgy of H20—C02—CH4—N2—C2H6
fluids near clathrate melting conditions

Qualitative thermodynamic equilibria analysis,
based on Gibbs phase rule, constrains possible
configurations for this multi-component fluid
system (Fig. 1). Five phases, ie. clathrate,
water, gas mixfures (liquid- and vapour-like)
and ice form the basic ingredients for this analy-
sis. Equilibrium between three phases is illus-
trated by univariant lines, which intersect at
invariant quadruple points Q; and Q, (e.g. Fig.
1d), where four phases form a stable configura-
tion. Quadruple point Q, can only be present if
the immiscibility field of gas mixtures and pure
gases, i.e. the dew-point curve and bubble-point
curve, intersects the limits of the clathrate sta-
bility field (Fig. 1¢ and d). Quadruple point Q,
remains a point for this multi-component
system because the coexisting gas mixture is
always vapour-like. Q, is transformed in a line
segment for ternary and higher-order fluid sys-
tems. Clathrate melting conditions for binary
gas—H,0O systems are represented by Fig. la
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Fig. 1. Schematic P-T diagrams illustrating the
position of the clathrate stability field (shaded areas)
compared to the position of liguid—vapour equilibria of
pure gases, (a) and (d), and gas mixtures, (b) and (c). L,
liquid; V, vapour; Crit, critical point; Q,, quadruple
point 1; Q3, quadruple point 2; Trip, triple point of pure
H;O0.

and d. These topologies form the basis of the
systematic clathrate modelling in this study.

Model modifications

Improvements and simplifications of the clath-
rate model as propesed by Bakker ez al. (1996)
are further developed for the multi-component
Hzo—COZ—CH4*N2—C2H5 fluid system.

Thermodynamic properties of H,0 in the
liquid phase

The thermodynamic properties of pure H,O in
liguid and solid phase are intensively studied
fluid parameters in the literature (e.g. Franks
1972). Several recently published equations of
state for pure H,O (e.g. Haar et al. 1984; Hill
1990) are able to describe accurately all measur-
able properties of this fluid from a unified
Helmholtz function, i.e. saturation propertics,
densities, pressures, speed of sound, specific
heats and virial coefficients. In general, these
studies do not include metastable regions for
the H,O phase. Although many parameters for
H,O are accurately known, most clathrate
stability models include oversimplified values
for density and specific heat. For example, con-
stant values have been used for these parameters
by, for example, Munck er al. (1988) and
Dubessy et al. (1992). Bakker et al. (1996) intro-

duced a more accurate calculation of these
parameters, using published equations of state
that reproduce accurately experimental data,
even extended into metastable regions. The
molar volume of liquid HyO is calculated from
the equation of state as proposed by Kell &
Whalley (1965) and Kell (1967) up to 100 MPa.
At higher pressures, the equation from Haar et
al. (1984) is used. The heat capacity of liquid
H,0 is obtained from Osborne et al. (1939).
At temperatures below 273.15K, a polynomal
best-fit (Bakker ez al. 1996, p. 1662, equation &)
was obtained through data on metastable liquid
H,O from Angell ef al. (1973).

van der Waals & Platteeuw (1959) concen-
trated on clathrate equilibrium in the presence
of pure ice and a gas phase, They did not con-
sider explicitly an equilibrium involving a liquid
solution, because solubilities of the solute in the
liquid phase should be taken into account, The
chemical potential of HO in the liquid phase
was, in general, not known at that time. The
effect of gas solubilities in an ideal liquid
solution was introduced by Saito er al. (1964)
and Parrish & Prausnitz (1972). According to
relatively simple thermodynamics, the chemical
potential of H;O in the liquid solution (Hi;qzo) is
defined by:

ﬂlliﬂo = o + RT1n (ay,0) (5

where 4}’ is the chemical potential of pure H,O
at a selected temperature and pressure, and a0
is the activity of H,O. The activity coefficient
for H,O is assumed to be equal to 1 due to low
gas solubilities, and, therefore, activities can be
replaced by mole fraction in real solutions.
However, the activity coefficient is noticeably
affected in salt-bearing solutions and it should,
therefore, be obtained from theoretical con-
sideration by Debye & Hiickel (1923) and
Pitzer (1992) on dissolved electrolytes, as illus-
trated for some selected liquid solutions by, for
cxample, Englezos & Bishnoi (1988), Dubessy
et al. (1992) and Bakker ez al. (1996),

Thermodynamic properties of gas hydrates

To illustrate directly equilibrium conditions for
clathrates as a function of Langmuir constants
van der Waals & Platteeuw (1959) defined the
difference between the chemical potentials of
H,0 in the two modifications, i.e. empty clath-
rate and ice. The quotient of this difference
{Apn,0) and RT was directly related to measur-
able parameters such as enthalpy differences and
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volume changes:

Apno(T,P)  Apifo J T [Ahp,o T
RT " RT, RT?
P AVHZO
P 6
+jPo[ RT ]d (©)
where Au is the chemical potential difference

at standard condmons Ty and Py, Ahy,o and
Avy,o are the difference in enthalpy and molar
volume, respectively, which may be obtained
from the Clapeyron equation and structural
data on crystal lattices. This difference was
considered a standard value for a given clathrate
structure, because it is not related to the type of
enca§ed gas molecule. The standard value for
Apfi,o could have been obtained from direct
analyms of the composition of clathrates at
0°C. However, determination of the composition
of clathrate compounds with direct chemical
analysis seems to be probiematic, and many sig-
nificantly different values have been published
(Sloan 1990, p.231, table 5-5). Bakker er al
(1996) give thorough arguments for the adoption
of the values given by Dharmawardhama er
al. (1980) as standard values at 273.15K and
0.1MPa. The standard chemical potentials
tipp’ (ref) and enthalpy i (ref) of the
hypothetlcal empty clathrate Structure I and IT
(Table 1) are obtained after addition of the
standard values for the well-defined thermo-
dynamlc constants for the liquid solution or ice
to A,uH o from e(}uatlon (6). The standard value
for entropy sigy(ref) is deduced from these
values accordmg to classical thermodynamics:

Iie (ref) =

where T, is 273.15K. Equation (6) has been
extensively used in literature and it has been
built up to extreme propottions. For example,
the use of classical thermodynamics for this
arbitrarily defined chemical potential difference

e (vef} — T x St (ref) (7)
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lead to very complex notations (e.g. Parrish &
Prausnitz 1972). A better organization of these
formulae improves the survey of the model. In
fact, there is no need to use this difference
because the values for one component, i.e. ice
and water, are well defined in the literature (see
previous section). Simplifying thermodynamic
notations, Bakker et al. (1996) used straightfor-
ward thermodynamics to calculated the chemical
potential of empty clathrates:

T
Higo (T, P) = pinh (ref) — L So’ dT
0

L o

where 570" and W' are entropy and molar
volume of the empty clathrate, respectively. In
most studies, the temperature and pressure
dependency of thermodynamical properties of
hypothetical empty clathrates were set equal to
some properties of pure ice. In this study, the
temperature dependency of entropy is obtained
from the heat capacity equation for pure ice
(Equation 9), which was fitted to experimental
data from Giauque & Stout (1936) between 240
and 270 K (Bakker er al. 1996, p. 1661, equation
5). This linear function has to be extrapolated to
temperatures well above pure ice melting condi-
tions (up to 320K) for clathrate stability condi-
tions at higher pressures. Equation (9a) is
assumed to be appropriate for both clathrate
structures and ice

empty
HZO ap

c;’:l’gy —0.3840 +-0.1406 x T (9a)
s
S8 () = S50 (ref) + jT (Z)ar. o)

The volumetric properties of the hypothetical
empty clathrate are obtained from the so-called
equation of state for pure ice. This equation
combines the isothermal compressibility (equa-
tion (10a)) according to Bakker er al. (1996),

Table 1. Thermodynamic properties of water in four phases at standard conditions of 273.15K

and 0.1 M Pa

Phase Ho ho S0 Uy
&Imol™}  (kKTmol™)  (Jmol™) (kJmol™"

Liquid —303.935 —286.634 63.34 18.01

Ice -303.916 —292.645 41.26 19.65

Clathrate Structure I (empty) —302.638 —291.256 41.67 22.35F

Clathrate Structure II {empty) —302.961 -291.620 41.52 22,57

' Avlonitis (1994).
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and thermal expansion of clathrate structures I
and II (equations (10b) and (10c)) according to
Avlonitis (1994). Equation (10) gives, therefore,
a complete description of volumetric properties
of the empty clathrate structure at selected
temperatures and pressures

vp = vp X exp[—KAP]| (10a)
VinBY ! = vp(1.0 + 3.1075 x 107*AT
+5.9537 x 1077AT?
+1.3707 x 107°AT3) (10b)

i ! = vp(1.0 + 1.9335 x 1074AT
+21768 x 1077AT?

—1.4786 x 1071°AT?) (10c)

where Roman numerals I and I1 refer to clathrate
Structure 1 and II, v, is the molar volume at
reference conditions (Table 1), K is the iso-
thermal compressibility (=10* MPa), AP is the
difference between the pressure (in MPa) of
interest and the standard pressure (=0.1 MPa),
and AT is the difference between the temperature
{(in K) of interest and the standard temperature
(=273.15K).

Clathrate stability predictions appear to be
highly sensitive to the size of cavities (e.g.
Lundgaard & Mollerup 1992). Most studies
have adopted a constant value for the cell
radius (R) of spherical symmetrical cavities,
and volumetric properties were only used for
the chemical potential difference calculations in
equation (6). Bakker er al. (1996) introduced a
variable cell radius which is in a straightforward
relation to volumetric properties from equation
(10). Changes in molar volume resulting from
variable temperature and pressure can be charac-
terized by the total differential of equation (10)
(equation (1la)). Isotropic behaviour of the
clathrate structure relates the alterations in
cavity radius to the cubic root of this changes
in molar volume of the clathrate phase (equation

(11b))
v av

dR = Vdv. (11b)

Fugacity coefficients of gases

Calculation of gas fugacities is applied to all
phases which appear in equation (1). Fugacity
coefficients are calculated from equations of

state, which describe accurately the relation
between P—T—V-X properties of fluids, accord-
ing to the theoretical considerations from
Prausnitz er af. (1986). In addition, the accuracy
of fugacity calculations is dependent on the
ability of equations of state to represent volu-
metric data for the entire pressure range from 0
MPa to the pressure of interest.

There is a rich supply of equations of state
from the literature, and the selection is based,
first, on the temperature and pressure of inter-
est to clathrate stability conditions. Secondly,
the equation of state should be able to describe
CO,—-CH4-N,—-C,Hg mixtures, which also
include very small amounts of H,O. Bakker et
al. (1996) have demonstrated this selection
procedure for pure CQO, gas hydrates. This
selection procedure has been omitted in most
other studies.

Recently, unified Helmholtz energy functions
have been developed for many pure gases,
such as H,O (Haar e al. 1984; Hill 1990), CO,
(Span & Wagner 1996), CH, (Setzmann &
Wagner 1991), N, (Angus et al. 1979) and
C,Hg (Friend er al. 1991). These equations of
state accurately describe P-7T—-V properties of
pure gases over a wide range of temperatures
and pressures. Unfortunately, these function
are only defined for pure components and they
are not available for gas mixtures. Therefore,
another family of equations of state, such as
the modifications to the equation of state
according to van der Waals (1873), Benedict et
al. (1940) or Carnahan & Starling (1969) have
to be used in this study. These equations have a
limited range of application and should be
carefully selected. First, the clathrate melting
pressure is described as a polynome in tempera-
ture (equation (12) and Table 2), which is fitted
to experimental data for pure gas hydrates

logio(P) = A+ BT¢ + CT:+ DTE  (12)
where T is temperature in °C, and Pis pressure in
MPa. Equation (12) is of direct use to pure gas
hydrates, and can be applied for the temperature
range indicated in Table 2. Along this polynome
several equations of state are compared to fuga-
city calculations for the pure gases (Fig. 2),
which are obtained from the previously men-
tioned unified Helmholtz energy function. Com-
parison to pure gases is justified because the gas
mixture contains in general less than 0.1 mol%
H,0. The equation of states according to Red-
lich & Kwong (1949), Chueh & Prausnitz
(1967), Soave (1972), Lee & Kesler (1975), Hollo-
way (1977, 1981), Flowers (1979) and Duan et al.
(19924, b, 1996) are used for comparison (Fig. 2).
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Table 2. Constants in equation (12) io calculate clathrate stability for pure gas hydrates

Gas hydrate A B C D Temperature interval
0

CO, 0.087925 0.049309 0.00068487 - -1.5t099
—8.3417 1.6697 —0.093782 0.0018506 9.9-20

CH, 0.43115 0.034 0.0010333 —~1.7994 % 1073 —0.3 to 40

N» 1.208 0.046288 —0.00017311 - ~1.3 to 27

C,Hsg —0.30931 0.046365 0.00072746 - —0.1to 14.6
—8.1526 0.87596 —0.019077 — 14.6-18
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Fig. 2. Comparison of fugacity calculation for pure gases (a) CO,; (b) CHy; (¢) N»; (d) C>Hg, obtained from several
equations of state (RK, Redlich & Kwong 1949; CP, Chueh & Prausnitz 1967; S, Soave 1972; LK, Lee & Kesler
1975; HF, Holloway 1977, 1981; and Flowers 1979; DMW 1, Duan et al. 1992a, b; DMW2, Duan et al. 1996),
which can be used for gas mixtures including small amounts of H,0O. Deviation (dev.%) is defined as a percentage
from fugacities obtained from unified Helmholtz energy functions. The vertical dashed line for CO, (a) and C;H
(d) marks the boundary between clathrate melting in equilibrium with a liquid-like gas-rich phase (HLL) and a
vapour-like gas-rich phase (HLV).



IMPROVEMENTS IN CLATHRATE MODELLING 8l

Table 3. Selected equations of
state for fugacity calculations at
clathrate melting conditions

Gas EOS
CO, Duan ef al. (19924, b)
CH, Duan ef al. (1992a, b)

N, Duan et al. (1996)
C,Hg Lee & Kesler (1974)

Table 3 gives selected equations of state which
reproduce most accurately the P-T-V-X
properties, in particular fugacity, of the fluid at
clathrate melting conditions for pure gas
hydrates. The equation of state according to
Duan et al. (19924, b) has been chosen for fuga-
city calculations of pure CO, gas hydrate and
pure CHy4 gas hydrate. Duan et al. (1996) pro-
vides the equation of state for pure N, gas
hydrates, and Lee & Kesler (1975) for C,Hg.
The accuracy in fugacity calculations of these
equations remains within 2%.

Solubility of gases

Although the solubility of gases like CH4 and N,
in H,O is very low (e.g. Culberson & McKetta
1951), a small difference in H,O activity may
seriously affect modetled clathrate stability
conditions. The solubility of gases can be theo-
retically predicted with equations of state that

| S S VOR[N VORI SNY S FUUVON WA S S |

100+ Culberson & MoKetta (1951) 71'5/
6 o
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"

@)
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04—
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accurately describe both coexisting liquid and
vapour phases at relative low-temperature
conditions (e.g. Lundgaard & Mollerup 1991).
This model is based on the equality of chemical
potential of all components in each coexistent
phase (equation (13)), which are obtained from
one equation of state
1' >
{ #}1{20 = 0
y
Hag = tipf”

(13)

where subscript M refers to any type of dissolved
gas. Some equations of state accurately describe
liguid-vapour equilibria for H,O-free gas
mixtures (e.g. Thiéry et al. 1994), however, the
liquid-like coexisted phase in clathrate stability
calculations is H,O-rich. The previously men-
tioned equations of state for the fugacity calcu-
lation accurately describe only a part of binary
H»O-gas mixtures. For example, the experi-
mental data on CHy solubility in H>O from
Culberson & McKetta (1961) are accurately
reproduced by Duan ez al. (19924, b). However,
the coexisting composition of the vapour phase
is increasingly in error at higher temperatures
(Fig. 3). Furthermore, the method of liquid—
vapour equilibria calculation from a single
equation of state is a lengthy operation due to
the numerical—iterative approach. Therefore,
Henry’s law has been used to replace the liquid
phase part of equation (13). Henry’s law appears
to represent more accurately the low solubility
data of gases in H,O at temperature-pressure
conditions relevant to clathrate stability con-
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o 25°%C
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Fig. 3. P-X diagrams for comparison of solubility data of (a) CH, in H,0 liquid from Culberson & McKetta
(1951) and (b) H,O in CH,4 vapour from Rigby & Prausnitz (1968) to calculated coexisting liquid and vapour
compositions from the equation of state according to Duan ez al. (19924, b) at selected temperatures.
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ditions. Bakker er al. (1996) illustrated the
careful choice of the equation according to
Carroll er al. (1991) and Carroll & Mather
(1992) for the CO, solubility in H,0. Using a
similar approach, Henry’s constants of CH,
and C,Hg from Rettich er al. (1981), and of N,
from Benson & Kraus (1976), are chosen to
calculate their solubility in H,O. A polynome
in reciprocal temperature is the general form to
describe the temperature dependence of these
Henry’s constants:
ay [25) as ay
ln(H)=a°+7+ﬁ+j_r7+F (14)
where H is Henry’s constant in MPa, and g; are
the coefficients for individual gases (Table 4). It
is important to realize that Henry’s constants
are directly related to gas fugacities according
to equation (13), and the originally measured
mole fraction of gas in solutions can only be
reproduced exactly if a similar equation of state
is used to calculated fugacities of components
in the vapour phase. Fortunately, fugacity
calculations from different equations of state do
not differ significantly at these relatively low-
temperature conditions. At higher pressures,
adjustments of Henry’s constant are described
according to the correction from Krichevsky &
Kasarnowsky (1935):

Py
In(H)p =In(H 2)dp (15
nip =iy, + [ (H8)ar as)
where vg,, is the partial molar volume of a gas
at infinite dilution (Table 4), and equation (14)
is used to calculate Henry’s constants at the
reference pressure of | atmosphere.

Intermolecular potential

Platteeuw & van der Waals (1958) and van der
Waals & Platteeuw (1959) used the cell theory
according to Lennard-Jones & Devonshire
(1937, 1938) to describe the molecutar interaction
between an encaged gas molecule and an H,O
molecule from the cavity wall, which is directly
related to lowering the chemical potential of
H,O in the clathrate phase according to equa-
tions (2)-(4). In the context of determination
of interatomic forces of gases, Lennard-Jones
& Devonshire (1937) were astonished by the
power of the equation of state from van der
Waals (1873) but noticed its failure for dense
gases. They introduced a cell theory by means
of statistical mechanics for gas molecules whose
average position is something like an atom in a
liquid or a crystal. Platteeuw & van der Waals
(1958) applied this theory to describe molecular

Table 4. Henry’s constants for equation (14) and partial molar volume of gases at infinite dilution in H,O used in equation (15)

(cm*mot™’ )

o0
Vgas

as as a4

ap ay

Gas

exp 9‘205 + 0.00123 x T)
35.7
exp(3.5808 + 0.00122 x T)

589 — 0.08 x T*
~1.569604 x 10'2

8.810241 x 107
2.159875 x 10"

2.997 x 108

—2.150256 x 10°
9.674615 x 10°
—1.128303 x 10%

—3,7668 x 10°

1.2817 x 10*
1.87007 x 10%
2.624901 x 10°

9864.392

9.881539

—6.8346
—4.857
—205.6101

CO; (Ref. 1)
CH, (Ref. 2)
N; (Ref. 3)
C2H6 (Ref . 2)

t al. (1991); 2. Rettich er al. (1981); 3. Benson & Kraus (1976),

(1996).

From Moore et al. (1982).

* From Bakker et al,

References: 1. Carroll e
N
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forces in clathrate cavities, using the Lennard-
Jones 12-6 potential function (Jones 1924).
McKoy & Sinanoglu (1963) compared several
molecular potential function and they concluded
that the Kihara potential (Kihara 1953) predicts
better dissociation pressures for gas hydrates of
rod-like molecules, such as CO,, N,, and CyHg,.
Unlike the Lennard-Jones 12-6 potential, the
Kihara potential takes into account the shape
and the size of encaged molecules. Unfortu-
nately, the Kihara potential is not the best
potential function to describe the properties of
H,O molecules, the indispensable counterpart
of molecuiar interaction in clathrates. However,
this potential is eminately useful for gases like
CO,, CH,, N; and C,Hg. The spherical form of
the Kihara potential (Tee ef al. 1966) was used
solely in later studies of clathrate modelling:

_ N U-’:/" — 2a,-j 12_ O'U - 2(1,] 6
I'(r)= 4511{ ( r—2ay; ) r—2ay;
(16)

where I is intermolecular potential as a function
of the distance (r) between molecules i and j, ¢
is the minimum potential energy, & is the dis-
tance between two molecules for zero potential
energy and a is the radius of impenetrable
molecule cores. Bakker ef al. (1996) noted the
necessity for clarification of the application of
the Kihara potential functions in clathrate
modelling because many different notation
methods for equal formulae have been used in
the literature (e.g. Kihara 1953; McKoy &
Sinanoglu 1963; Tee et al. 1966; Parrish &
Prausnitz 1972; Avlonitis 1994). The trans-
parency of clathrate stability modelling was
seriously mystified by this variation. The param-
eters in equation (16) are all defined from the
centre of molecules, which is a direct and clear
method to describe potentials and which avoids
any double standards.

The interaction parameters between unalike
molecules, ie. gas and HyO, were originally
obtained from classical mixing rules:

Ey = /55
a; -+ gy .
oij=‘2—1 (i #). (17)

The Kihara parameter values for H,O (Table 5)
were originally based on theoretical considera-
tions and indirect obtained values from argon
gas hydrate (van der Waals & Platteeuw 1959).
The core radius for a HO molecule is assumed
to be 0 (McKoy & Sinanoglu 1963), which

Table 5. Kihara parameters for similar molecule
interactions

Gas efk o a
K) (pm) (pm)
H,O (Ref. 1) 167.0 249.45 0
(Ref. 2) 1155 375.1 0
(Ref. 3) 102.134 356.438 0
CO; (Ref. 4) 469.73 350.1 68.05
CH; (Ref. 4) 232.20 350.5 38.34
Ny (Ref. 4) 97.31 366.1 0
CoHg (Ref. 4) 425.32 397.7 56.51

References: 1. van der Waals & Platteeuw (1959); 2.
Holder et al. (1980); 3. John et al. (1985); 4. Tee et al.
(1966).

reduces the potential function to a Lennard-
Jones 12-6 function. Holder e al. (1980) and
John et al. (1985) obtained empirical values for
e and ¢ for H,O molecules from experimental
data on CH, gas hydrates (Table 5) using the
values for pure CH, and the mixing rules from
equation (17). These values are markedly differ-
ent to the theoretical values from van der
Waals & Platteeuw (1959), which illustrates the
diversity of describing the molecular potential
of H,O molecules. The Kihara parameters for
CO,, CHy, N3, and C;Hg molecules (Table 5)
are obtained directly both from second virial co-
efficient and from viscosity data from Tee ef al.
(1966). They give several sets of values for these
parameters based on different independent data
sets, and they give smoothed values from unified
correlations, which are favoured in most clath-
rate modelling literature (e.g. Avlonitis 1994).
However, unsmoothed parameters which are
based on a larger data set, and which are also
obtained from independent sources, are pre-
ferred in this study,

The molecular potential w(r) in spherically
symmetrical cells in clathrate structures, which
McKoy & Sinanoglu (1963) designed for the
Kihara potential was modified by Bakker et al.
(1996) to do justice to equation (16):

(07— 2a5)"? { 0 2ay
W(r)=2Z€U{"“Jr—R“j_ ) :FTJ(S‘

(a“ +%5S)} (18a)

{0y —2a,)°
rR?

(18b)
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Table 6. Coordination number Z and approximate radius R of small and large spherical cavities in

clathrate Structure I and 11

Structure [

Structure II

Small cavity Large cavity Small cavity Large cavity
(Pentagonal (Tetrakaidecahedron)  (Pentagonal (Hexakaidecahedron)
dodecahedron) dodecahedron)

z 20 24 20 28

R(pm)” 3875 430.0 387.0 470.3

* From John & Holder (1981).

where r is the distance from the centre of the
cavity, Z and R are the coordination number
and the cell radius of a type of cavity (Table 6),
respectively, # is either 4, 5, 10 or 11. The cell
radii are obtained from John & Holder (1981)
who extensively studied deviations from the
cavity symmetry according to van der Waals &
Platteeuw (1959). The coordination number Z
is set equal to the vertices of the cavities, unlike
the estimation of effective coordination numbers
by John & Holder (1981). John & Holder (1981)
and John er al. (1985) noted that the binary
interaction parameters in equations (16) and
(18) calculated with the arbitrary mixing rules
from equation (17) do not result in an accurate
reproduction of clathrate stability conditions.
They incorporate second neighbour molecular
interactions and the asymmetry of such inter-
actions, modifying postulate (¢) from van der
Waals & Plattecuw (19359).

A different approach to clathrate modelling
is chosen in this study. The Kihara parameters
of binary gas—H,O interactions in clathrate
cavities can be directly obtained from minimizing
differences between model predictions and
experimental data on clathrate melting condi-
tions. This method was introduced by Saito et
al. (1964) for CHy, N, and argon gas hydrates.
Subsequently, they used the previously men-
tioned mixing rules (equation (17)) and the
theoretical values for a H>O molecule to estimate
the molecular potential parameters for pure
gases according to the Lennard-Jones 12-6
potential. This method has been adopted by,
for example, Parrish & Prausnitz (1972),
Anderson & Prausnitz (1986), Dubessy et al.
(1992) and Bakker et al. (1996) for the Kihara
potential function. A very important implication
of this method is that all irregularities and
deviations in principle assumptions for other
parameters are projected onto these Kihara
parameters. The first step of this method avoids
uncertainties in the arbitrarily defined mixing
rules and in the molecular potential function
for pure H,0 in the clathrate phase. Prausnitz

et al. (1986) give a general overview of many
variations on arbitrarily mixing rules like equa-
tion (17), which reinforces its preferred omission
in this study. Consequently, this study has two
significant uncertain steps less than models
which include equation (17) to calculate gas—
H,O interactions in clathrate phases (e.g. John
et al. 1985; Avlonitis 1994). In this study, only
the core radius for unalike molecule inter-
action is obtained from the geometrical mean
(equation (17)) of values given in Table 5 for
pure components.

Optimum Kihara parameters in the
clathrate phase

Unsmoothed experimental data on clathrate
phase equilibria for pure CO,, CHy, N, and
C>Hg gas hydrates (Table 7) are used to deter-
mine optimum Kihara parameters ¢ and o
between an encaged gas molecule and a cage-
forming water molecule. The large amount of
available data allows a careful discrimination of
those data which appear to be inconsistent with
the system. For example, data on C,Hg gas
hydrate from Roberts er al. (1940) are not used
in this study because they are not consistent
with other data sets in the same range of clathrate
melting temperatures. Data on clathrate melting
above 210 MPa are also excluded in this study,
because many other parameters, like gas solu-
bility and fugacity, that play an important role
in clathrate modelling cannot be accurately
calculated at higher pressures. For example,
experimental data on CH, and N, gas hydrates
above 210 MPa from Marshall et al. (1964) are
excluded for this reason.

Optimum Kihara parameters are found after a
lengthy search within ¢/k—o diagrams (Fig. 4
and Table 8). These parameters are systemati-
cally varied, and for each set of £/k—c values
the average deviation between the model and
all experimental data has been calculated. The
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Table 7. Available experimental data

Gas
hydrate

Amount
of data

Literature

CO, Deaton & Frost (1946) 19
Unruh & Katz (1949) 5
Larson (1955) 38
Takencuchi & Kennedy (1965) 15
Robinson & Metha (1971)
Ng & Robinson (1985)
Adisasmito et al. (1991)
Dholabhaij et al. (1993)
Englezos & Hall (1994)
Deaton & Frost (1946)
Kobayashi & Katz (1949)
McLeod & Campbell (1961)
Marshall et al. (1964)
Jhaveri & Robinsen (1965)
Galloway er al. (1970)
Verma et al. (1975)
De Roo et al. (1983)
Adisasmito et al. (1991) 1
Dickens & Quinby—Hunt (1994)
N, van Cleeff & Diepen (1960) 39
Marshall er al. (1964) 14
Jhaveri & Robinson (1965) 8
Roberts et al. (1940) 20
Deaton & Frost (1946) 20
Reamer ef al. (1952) 4
Galloway er al. (1970) 3
Holder & Grigoriou (1980) 7
Holder & Hand (1982) 7
8
0
6

CH,

—

N —
N O R0 OO R WO RV O

CyHg

Ng & Robinson (1985)
Avlonitis (1988)
Englezos & Bishnoi (1991)

—

numerical approach of this method takes into
account the chemical potential of both clathrate
structures, I and I1. Obviously, the most stable
configuration has the lowest chemical potential.
The boundary between clathrate Structure 1
and II is defined by certain ¢ value and it is inde-
pendent upon e/k values (Fig. 4). Clathrate
Structure II appears to be stable at lower o
values than Structure I for CO,, CH, and N,
gas hydrates. This phase change is also tempera-
ture dependent, therefore only the boundary near
Q) conditions is illustrated in Fig. 4. The bound-
ary moves only several pm to lower o values at
higher temperatures. These estimations imply
that a clathrate structure with larger cavities is
more stable if encaged gas molecules can get
closer to the wall of the cavities. C,Hg gas
hydrate has a clathrate Structure I over the
entire range of ¢ and ¢/k values illustrated in
Fig. 4d. Contours of equal deviation have been
draw in these diagrams (Fig. 4). The very irregu-
lar shape of the 5% deviation contour indicates

the complexity of a systematic approach. The
pattern in Fig. 4 is an interference between
best-fits in both clathrate structures, which is
clearly demonstrated by the discontinuity at the
phase boundary. Minima in average deviation
are present in both parts of the diagrams. The
intention of the method is to choose the lowest
minimum as a solution for optimum Kihara
parameters. The position of minima for CQ,,
N, and C,H, (Table 8) are consistent with their
observed clathrate structures, however, that for
CH, appears to be in the Structure IT field,
close to the phase boundary, These thermo-
dynamic considerations imply that CH, has a
clathrate Structure II at Q; conditions, and
changes to clathrate Structure I above 292 K.
However, it is well known that relatively small
CH, molecules form a clathrate Structure I,
which has been measured from X-ray diffraction
data by von Stackelberg & Miiller (1954).
Consequently, the minimum in the clathrate
Structure I field has to be chosen for CH, gas
hydrate (Table 8), which does not differ very
much in magnitude from the lowest minimum.
Small differences in chemical potential between
clathrate Structure I and Structure II may
allow the formation of the metastable phase
due to small growth irregularities, or the presence
of impurities. The diagram for N, gas hydrates
has a similar pattern with three minima (Fig.
4c), but the middle minimum in the clathrate
Structure II field has a significant lower average
deviation than the other minima. The interpreta-
tion of these thermodynamic calculations are
consistent with the findings of Davidson er al.
(1987) who were the first to identify a clathrate
Structure II for N; gas hydrate from powder dif-
fraction patterns. C;Hg gas hydrate has the least
pronounced minimurm, which is directly related
to the relatively small amount of experimental
data used for the optimization.

The low average deviation for all types of
pure gas hydrates (Fig. 4 and Table 8) illus-
trates the excellent fit between this clathrate
model and the experimental data. The error
values illustrated in Fig. 4 are average values,
which may differ from error values for individual
data points. Therefore, the deviation of each
individual experimental data point is given in
Fig. 5. Most individual data are located within
2% accuracy for CO; 1Fig-.5a), 4% for CH,4
(Fig. 5b), 2% for N, (Fig. 5¢) and 4% for C,H,
(Fig. 5d) from model predictions. This accuracy
is improved even further if the error in measure-
ments of individual datum is taken into account,

The results of these optimalization are strongly
dependent on other parameters used in this
clathrate stability model. A thorough error
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between the clathrate stability model and experimental data. I is clathrate Structure I; IT is clathrate Structure II; n

is the amount of used experimental data.

analysis by Bakker et al. (1996) illustrates that
mainly uncertainties in the Kihara core param-
eter 4 and chemical potential of the empty clath-
rate phase at standard conditions g’ (ref)
influence the position of the best solufion for
the two other Kihara parameters £ and 0. The
main variation is obtained in e/k values
(Bakker ez al. 1996, p. 1667, Fig. 12). An error
indication of approximately 2pm is obtained
for o values, and approximately 4K for ¢/k
values. This error indications are only slightly
improved if more data are available.

Best-fit estimations of clathrate melting con-

ditions in the presence of a liquid-like gas-
rich phase for clathrates with a Q, point (see
Fig. 1), like CO, and C,Hg, are separated from
those in the presence of a vapour-like gas-rich
phase, below Q, conditions. Deviations between
calculated clathrate melting pressures and
observed pressures at selected temperatures are,
in general, very large above Q, conditions due
to the relatively steep slope of the melting
curve. This apparently bad fit is an artefact,
and the inverse method, i.e. comparison of clath-
rate melting temperatures at selected pressures,
gives much better results at these conditions.
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Unfortunately, experimental data above Q,
conditions are highly inconsistent for CO, gas
hydrates (Takenouchi & Kennedy 1965; Ng &
Robinson 1985) and C,Hg gas hydrates (Roberts
et al. 1940; Ng & Robinson 1985). Using the
optimum Kihara parameters obtained from
below Q; conditions for CO, gas hydrate results
in overestimated pressures at selected tempera-
tures above Q, conditions. For CO,, the best
solution is obtained from o = 364.74 pm (Table
8), while £/k remains unchanged. Differences
between modelled and measured clathrate melt-
ing pressures at selected temperatures above Q,
conditions may exceed 30% (Fig. 6a). The fit of

Table 8. Best-fit solutions for Kihara parameters ¢ [k
and o for gas—H O molecular interactions in clathrate
Structures, 1 is the amount of experimental data used in
the fitting procedure

Gas efk o n Average

hydrate (K) (pm) deviation

CO, 174.45 365.85 91  1.36%
364.74" 19 -

CH, 157.73 35548 86 225%

N, 124.51 349.17 57 1.17%

C,H; 176.81 380.3 55 2.49%

* Above Q, conditions.
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Fig. 5. Deviation of individual experimental data on clathrate stability conditions from (a) CO,, (b) CHy, (¢} N3,
and (d) C,H, gas hydrates to model predictions according to the estimated optimum Kihara parameters ¢ and £/k
in Fig. 4. Solid lines are comparisons for available purely empirical equations for clathrate-stability conditions:
BCKB, Bozzo et al. (1975); HZP, Holder er al. (1988); AFS, Adisasmito ef al. (1991); Y, Yerokin (1993); PP,

Parrish & Prausnitz (1975); RPLD, De Roo ef al. (1983); Eq. 12, equaticn (12) from this study.

the model to experimental data is improved at
higher temperatures. The model produces the
midpoint between experimental data sets, which
makes it an acceptable mediator. The experi-
mental data for C;Hg gas hydrate above Q; con-

ditions are adequately reproduced by the o value
obtained at lower pressures (Fig. 6b), although
the scatter in data from Roberts er a/. (1940) do
not allow any conclusive inierpretation.

The quadruple points for each pure gas
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Fig. 5. (cont.)

hydrate have been calculated from these opti-
mum Kihara parameters (Table 9). Q, points
are obtained from the intersection of the clath-
rate melting curve and saturation curve for
pure gases. Q; points are calculated from the
intersection of clathrate melting curves in
equilibrium with ice and liquid.

Comparison to literature

Bakker et al. (1996) already illustrated large dif-
ferences for Kihara parameters for CO,-H,0

molecular interactions in clathrate structures.
At first sight, reported Kihara parameters for
gas—water interactions are astonishingly dif-
ferent in the literature (Table 10). To eliminate
the effect of the core radius @, molecule inter-
actions are compared from the edge of the
impenetrable core as a reference distance
(¢ — 2a). The pioneering study from McKoy &
Sinanoglu (1963) show large deviations from
this work, in particular £/k values are extremely
overestimated in their study. The second large
anomaly is the study from John er al. (1985),
whose £/k value for CO; gas hydrate differs
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Fig. 6. (a) Deviation of individual experimental data from CO; gas hydrate at high pressures, above Q, conditions.
Solid lines are comparisons with purely empirical equations from Yerokin (Y) and this study (Eq. 12). {b) T—P
diagram with a modelled clathrate stability curve for C,Hg gas hydrate (solid line) and experimental data from
Roberts er al. (1940) and Ng & Robinson (1985), above Q, conditions.

by up to 30% from this study. This variation is
expected because John et /. (1985) used a differ-
ent approach to clathrate modelling and included
second neighbour interactions, as previously
described. For the other studies, the relative
deviation in o—2a and &/k values are, in
general, less 10%, which still greatly exceeds
the absolute error range estimated in this
study. This variation corresponds perfectly to
the amount of experimental data used to fit
these parameters. The scatter of experimental
data in Fig. 5 indicates a maximum difference
of ¢. 12%, which is similar to the variation
found for Kihara parameters in several studies
(Tabie 10). Thus, the ambiguous disagreement,
which has been recognized in the literature (e.g.
Sloan 1990; Avlonitis 1994), is merely a reflection
of the use of an insufficient amount of data. This
interpretation justifies the necessity to use the
most accurate values for gas solubilities, fuga-

cities and thermodynamic constants, in addition
to a large amount of independently obtained
experimental data, as demonstrated in this study.

Differences in optimum Kihara parameters for
N; gas hydrates may result from its only recently
discovered clathrate Structure II (Davidson et al.
1987), which is in contradiction to the classical
size—structure rule of von Stackelberg & Miiller
(1954). Only Lundgraad & Mollerup (1991) and
Avlonitis (1994) modelled the N, according to
Structure II clathrates. For example, Parrish &
Prausnitz (1972), Anderson & Prausnitz (1986)
and Dubessy er al. (1992) modelled N, according
to Structure I clathrates, which obviously must
result in different values for the optimized
Kihara parameters.

Several purely empirical equations are com-
pared to model predictions and experimental
data in Figs 5 and 6. Most empirical equations
for pure CO; gas hydrate are accurately repro-
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Table 9. Quadruple points Q, and Q, for pure CO,, ducing experimental data. The equation from
CHy, N;, and C,Hjs gas hydrates Bozzo et al. (1975) is very similar to our model
predictions, and, therefore, is most accurately

Gas Q Q, producing clathrate stability conditions between
hydrate Q; and Q,. The equation from Dholabhai ef al.
T P T P (1993) and Yerokhin (1993) increasingly deviate

(X) (MPa) (K) (MPa) from both this model and the experimental

data at temperatures above 280K and near Q,

Co, 271.66 1.041 282.961 4.481 conditions. Above Q, conditions (Fig. 6a) the
CH, 272.85 2.583 — - equation from Yerokhin (1993) accurately repro-
N, 271.85 14.253 - - duces the data from Takenouchi & Kennedy
C;Hg 273.13 0483 287798  3.348  (1965). The empirical equations for pure CH,

gas hydrates are, in general, less accurate. The
equation according to Parrish & Prausnitz

Table 10. Comparison of Kihara parameters o — 2a and €/k for gas— H,0 interactions

Gas hydrate Literature e/k Deviation o—2a Dewviation
X (%) (pm) (%)

CO, MS 309 77 299.3 0.5
PP 169.09 -3.1 296.81 -0.3
JPH 227.39 30 280.869 -5.7
AP 169.44 -2.9 295.61 0.7
LM 162.37 —6.9 33543 12.6
DTC 170.0 -2.6 295.8 0.7
A 172.0 —1.4 290.4 -2.5
This study 174.45 297.8

CH, MS 205 30 208.5 -39
PP 153.17 -2.9 32398 22
HCP 148.88 —-5.6 343.45 8.3
JPH 141.987 —10 327.269 3.2
AP 153.39 -2.8 325.78 2.7
LM 151.41 —4.0 326.6 3.0
DTC 152.0 -3.6 327.0 3.1
A 153.8 —-2.5 325 2.5
This study 157.73 317.16

N; MS 124 -04 309.0 —11.5
PP 127.95 28 361.42 3.5
JPH 127.422 2.3 316.319 -94
AP 128.57 33 326.77 —6.4
LM 125.94 1.1 331.16 5.2
DTC 126.25 1.4 3280 —6.1
A 127.0 290 318.3 —8.8
This study 124.51 349.17

C,Hg MS 609 244 230.7 -29
PP 174.97 -1.0 331.80 2.4
JPH 200.397 13.4 322,619 ° —0.4
AP 175.94 —0.5 343.81 6.1
LM 176.89 0.1 347.32 7.2
DTC 175.0 —-1.0 344.0 6.2
A 184.1 4.1 343.0 59
This study 176.79 323.99

MS, McKoy & Sinanoglu (1963); PP, Parrish & Prausnitz (1972); HCP, Holder et ai. (1980);
JPH, John et al. {1985); AP, Anderson & Prausnitz (1986); LM, Lundgaard & Mollerup (1991);
DTC, Dubessy et al. (1992); A, Avlonitis (1994).
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(1972) is in good agreement with our model
predictions and remains within 3% accuracy
from Q, up to 300 K. The equations from De
Roo et al. (1983) and Adisasmito er al. (1991)
are only applicable up to 288 K. Near Q; condi-
tions none of these equations are able to repro-
duce the experimental data. The equation
according to Holder er al. (1988) is unable to
reproduce any experimental data at all, and
extensively overestimates the model predictions.
Equation (12) from this study is the sole empiri-
cal equation which can be used up to 313K for
CH, gas hydrate (Fig. 5b). For N, gas hydrates
(Fig. 5c) the equation from Holder er al. (1988)
is, again, not related to any experimental data
and unable to reproduce model predictions.
Equation (12) from this study accurately repro-
duces experimental data between Q; and 300K,
and is in close agreement with the model. Both
equation (12) and the equation from Holder er
al. (1988) accurately reproduce experimental
data of C,Hg gas hydrate (Fig. 5d). Although,
purely empirical equations can be easily applied
by solving a simple mathematical equation,
these comparisons illustrate its limited use. In
fact, most of them can only be used for pure
gas hydrates and in limited ranges of clathrate
stability conditions.

Clathrate equilibria of binary guest mixtures

It has been demonstrated that the previously
described model very accurately reproduces
clathrate stability conditions for pure gas
hydrates over a wide range of temperatures,
including all available experimental data. The
definitions for this clathrate stability model
(equations (2)—(4)) allow application to calculate
any type of gas mixture in equilibrium with
clathrate. Therefore, experimental data of
binary guest mixtures are compared to the
model prediction. An unexpected large difference
between the calculated and modelled clathrate
melting pressure at selected temperatures is
observed, which greatly exceeds those predic-
tions for pure gas hydrates. This result is similar
to prediction from other classical clathrate
stability models, which are unable to accurately
reproduce mixed gas hydrate stability conditions.

A method has been developed in this study to
describe this discrepancy systematically. Avail-
able data on gas mixture composition of the
vapour phase and melting temperature and
pressure of the clathrate phase (Table 11) allow
calculation of the amount of energy that is
missing in the original equilibrium formula
(equation (1)). This missing chemical potential

Table 11. Experimental data for binary gas hydrates

Binary gas Literature Amount
hydrate of data
CO,—CH, Unruh & Katz (1949) 17
Adisasmito et al. (1991) 42
CH4—N, Jhaveri & Robinson (1965) 63
CH4—C,;H¢ Deaton & Frost (1946) 24

McLeod & Campbell (1961) 16
Holder & Grigoriou {1980y 15

is attributed to the clathrate and is suggested to
be an excess Gibbs free energy function (equa-
tion (19)) which depends on the gas mixture
composition and temperature

i = R v (1- 3
7 M

+ GexceSS(x7 T) (19)

Physically, the G function is suggested to
result from non-ideal interactions between cavi-
ties which are occupied by different types of
guest molecules. Thompson (1967) introduced
the Margules equations (Margules 1895) to char-
acterize non-ideality for binary crystalline solu-
tion in petrological and geochemical research.
The Margules model describes an excess thermo-
dynamic function as a power series expressed in
mole fractions of the components involved.
Thompson (1967) used symmetrical {(equation
(20a)) and asymmetrical (equation (20b)) excess
functions to obtain the position of solvi for
immiscible mineral solutions. He noted that
most real solutions are asymmetric to some
degree:

Gexcess = X]Xz WG (203)
G = X\ Xo (W1 Xz + W X,y) (20b)

where W are interchange energies which depend
only on temperature, not on composition. In this
study the strong asymmetry for clathrate phases
needs a modification of equation (20) to be able
to characterize clathrate excess functions:

G = X1 (Wi X3 + WeaXT).  (21)

The temperature dependence of W is described
according to a second-order polynome:

Wa = wo +wi Te + wy TE (22)

where T¢ is temperature in “C, and wy, w; and w»
are constant values for selected binary gas
hydrates (Table 12). The derivation of these func-
tions from experimental data is illustrated in
detail in the next paragraph using CO,-CH,
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Table 12. Constants for the modified Margules formulae in equation (22)

Mixed gas hydrate Wo w) w;
CO,—CH, w SO 119.43 16792 -
Wt 33.699 7.5437 -
CH4—N, Wi 14045 —128.58 5.9032
Wi 286.32 ~34.053 0.42591
CH,—C;Hg Wi 2057.7 —43.155  -1.7486
w e ~1756.6 86.956  —0.70654

mixed gas hydrate as an example. The sum-
mation over all binary excess functions can be
used in ternary and higher-order guest mixture
gas hydrates.

Several complications are linked to the appli-
cation of the excess functions (equations (21)
and (22)). First, the composition of gas hydrates
is difficult to obtain by direct chemical analysis
(e.g. Dharmawardhama et al. 1980). Hydrate
composition is subject to large experimental
uncertainties. Parrish & Prausnitz (1972) men-
tioned that only the vapour phase composition,
which is in equilibrium with the clathrate
phase, is important in process design application.
In this study, the filling of the clathrate structures
is theoretically obtained with the sophisticated
treatment from van der Waals & Platteeuw
(1959). To avoid any systematic errors in model-
ling and large experimental uncertainties, it is
preferable to compare the calculated excess
function for the clathrate phase to the mole
fraction in the vapour phase. Distribution coeffi-
cients between both phases must be used in order
to obtain true excess functions for the clathrate
phase. Second, in the previous section two
values are given for the optimized Kihara param-
eter o for pure CO, gas hydrate (Table 8), which
were obtained from equilibria with a CO,-rich
gas phase at high densities (above Q, condi-
tions) and low densities (below Q- conditions).
Clathrate melting in equilibrium with a CO,-
rich fluid phase with intermediate densities,
between 51 and 332 cm3/mol’1, do not occur,
which is a direct consequence of the intersection
with the saturation curve for pure CO,. Addition
of small amounts of CH; or N> reduces the
liquid—vapour equilibria of the fluid phase to
lower temperatures (see Fig. 1), and subse-
quently, these intermediate densities do occur in
mixed gas hydrates stability calculations. There-
fore, a transition zone has to be defined for the
o parameter from CO,-H-.O interactions to
describe its alteration as a function of molar
volume of the gas-rich phase:

Oco, = Xy X opq+ (1 = Xp) X 0y (232)
(332 V)
= 2
Xv =53 050) (23b)

where Vy is the molar volume of the gas-rich
phase, Xy varies between 0 and 1. Xy is I for
molar volumes lower than 51cm’mol™! (high
densities), and 0 for molar volumes higher
than 332cm’ mol™! (low densities). An import-
ant implication of the use of excess functions is
the possibility of the demixing of mixed gas
hydrates into pure gas hydrates at lower tem-
peratures. Although this has not yet been
described in the literature, it is proposed as a
possible process in natural gas hydrates.

CO,~CH, gas hydrate

CO,-CHy gas hydrate forms a Structure I
clathrate over the entire compositional range,
which is obviously inherited from the pure end-
member CO, and CH4 gas hydrates. The equa-
tion of state according to Duan ef al. (19924, b)
is selected to calculate the fugacities of the
components in CO,—CH, mixtures with small
amounts of H,O. This equation of state was
previously selected for both pure CO, gas
hydrate and pure CH,4 gas hydrate.
Experimental data from Unruh & Katz (1949)
and Adisasmito et al. (1991) are compared to
model predictions as presented in the previous
section, without an excess energy function. The
difference between calculated and measured
clathrate melting pressure at selected tempera-
tures approaches 20% for mixtures containing
40mol% CO,, which greatly exceeds the accu-
racy of the pure end-members. The amount of
missing energy is calculated for each individual
data point (Table 13 and Fig. 7) in order to be
able to perform a systematic analysis of these dif-
ferences. Most data from Unruh & Katz (1949)
are compatible with those from Adisasmito et



94 R. J. BAKKER

CO,-CH, Clathrate|[

273.8

2829 : - |
0 ey i k2793 = B
1 Acesas' oz75.8' a Unmuh & Katz (1949) i
-10 ¢ Adisasmito et al. (1991)
! T T ' T T l T i
0.0 0.2 04 0.8 1.0

0.6
x(CO,) vapour phase

Fig. 7, G — X diagram for CO,-CH, mixed gas hydrate. Numbered temperatures for individual data points are
in Kelvin, Curved solid lines are modeiled G*** values according to equations (21) and (22) at selected
temperatures (squared numbers in °C). Experimental data points marked with an 1 are excluded from the

estimation of interchange energics Wg.

al. (1991), although their scatter is much larger.
Figure 7 demonstrates an increase in excess
energy at higher temperatures and intermediate
compositions. First, a G™**-T diagram is
constructed (Fig. 8a) with isopleths from the
composition of the vapour phase. Data close to
a selected isopleth are projected. This diagram
clearly illustrates individual data points that are
inconsistent with the general trend outlined by
most data, and it allows a careful selection pro-
cedure. For example, calculated G®* values
of data from Unruh & Katz (1949) for the 0.42
isopleth (Fig. 8a) are too low, and, therefore,
they are not included in a best-fit line estima-
tion to describe the temperature dependency of
G%, For the 0.73 isopleth (Fig. 8a), all data
are consistent. The best-fit method smooths
calculated data and allows interpolation at
selected temperatures. Second, a G¥**—X dia-
gram is constructed with these smoothed values
for several vapour compositions at selected tem-
peratures (Fig. 8b). An equation in the form of
equation (21) is fitted to this data set by con-
stantly arbitrarily varying the values for inter-
change energies Wg, until an acceptable fit is
obtained. Third, these interchange energies for
selected temperatures are plotted in a Wg-T

diagram (Fig. 8c) to estimate a polynomal fit
for the temperature dependency of Wg in the
form of equation 22. The interchange energies
for both CO, and CH, appear to increase linearly
with temperature (Table 12). The asymmetry of
the calculated isotherms in Fig. 7 is strongly
dragged towards CH,-rich compositions. Analy-
sis based solely on one data set may result in very
dissimilar estimated excess functions.

The CO, gas hydrate has two quadruple points
at two defined temperatures and pressures, where
four different phases are in stable configuration
(Qy and Qy), whereas CH, gas hydrate has only
a Q, point (Table 9). Addition of small amounts
of CH,4 to a CO,-rich vapour phase in equilib-
rium with the clathrate phase transforms its
Q> point into a limited line in a TP-diagram
(Fig. 9), according to the classical phase rule.
This line is defined by the ingersection of the
immiscibility field of a CO,-rich liquid phase
and a CH,-rich vapour phase (e.g. Thiéry et al.
1994; Bakker 1997) and the clathrate melting
curve. This immiscibility will retreat to lower
temperatures as the amount of CHy in the gas
mixture increases, whereas the clathrate melting
curve moves to a much lesser extent. For a gas
mixture of about 79 mol% CO, and 21 mol%



IMPROVEMENTS IN CLATHRATE MODELLING 95

Table 13. Measured clathrate stability conditions and caleulated G™°°** and mole fractions in the clathrate phase for
binary CO,—CH, gas hydrate

Literature Measured values Calculated values

xCO; (vap) T P G xCOy(cla) xCHy (cla)
&) (MP2) (Jmol™")

Adisasmito er al. (1991) 0.10 273.7 2.52 17.73 0.032 0.108
0.09 275.8 3.10 13.86 0.029 0.111
0.08 2778 3.83 14.09 0.026 0.115
0.08 280.2 491 16.73 0.026 0.116
0.08 283.2 6.80 21.16 0.025 0.117
0.08 285.1 8.40 22.00 0.025 0.119
0.09 287.2 10.76 26.67 0.027 0.117
0.14 274.6 2.59 14.52 0.041 0.099
0.13 276.9 3.24 9.53 0.038 0.102
0.13 279.1 4.18 20.77 0.038 0.103
0.13 281.6 5.38 19.73 6.038 0.105
0.13 284.0 117 28.80 0.037 0.106
0.12 286.1 9.24 29.89 0.034 0.110
0.13 287.4 10.95 36.06 0.035 0.109
0.25 2738 2.12 13.31 0.061 0.077
0.22 279.4 3.96 22.74 0.055 0.086
0.22 283.4 6.23 31.65 0.053 0.089
0.21 285.2 7.75 32,51 0.051 0.093
0.25 287.6 1044 38.66 0.054 0.090
0.44 273.7 1.81 14.78 0.085 0.051
0.42 2769 2.63 2241 0.083 0.056
0.40 280.7 4.03 24,33 0.079 0.092
0.39 283.1 5.43 31.21 0.076 0.065
0.39 285.1 6.94 32.15 0.674 0.068
0.39 287.4 9.78 39.87 0.070 0.074
0.50 275.6 1.99 —5.67 0.091 0.045
0.47 278.5 2.98 17.17 0.087 0.051
0.40 280.9 4.14 25.77 0.079 0.062
0.41 281.8 4.47 20.55 0.079 0.061
0.44 285.1 9.84 32.49 0.079 0.063
0.45 287.4 9.59 36.77 0.076 0.068
0.73 274.6 1.66 7.64 0.111 0.023
0.70 276.4 2.08 11.07 0.108 0.027
0.68 278.2 2.58 12.20 0.107 0.030
0.68 280.2 3.28 14.33 0.106 0.032
0.67 2820 4.12 16.47 0.104 6.035
0.79 273.9 1.45 5.00 0.115 0.018
0.78 2759 1.88 7.27 0.115 0.020
0.76 277.8 237 9.10 0.113 0.023
0.75 279.6 297 12.01 0.112 0.025
0.74 281.6 379 11.24 0.111 0.028
0.85 282.7 4.37 11.96 . 0.120 0.018

Unruh & Katz (1949) 0.34 277.0 2.84 26.29 0.073 0.066
0.30 278.9 3.46 17.05 0.067 0.073
0.36 278.9 3.43 27.13 0.075 0.065
0.32 280.9 4.24 18.81 0.069 0.072
0.28 2829 517 5.55 0.063 0.079
0.23 284.7 6.47 281 0.055 0.088
0.60 2755 1.99 13.94 0.100 0.036
0.44 279.2 3.08 —0.45 0.084 0.055
0.123 276.4 320 18.88 0.037, 0.104
0.085 278.4 3.95 6.98 0.027 0.114
0.07 281.0 5.10 —1.41 0.023 0.119
0.055 2838 6.89 —-4.86 0.019 0.124
0.71 279.6 3.00 11.75 0.109 0.029
0.61 282.2 427 15.78 0.099 0.041
0.52 283.8 . 527 13.77 0.089 0.052
0.41 285.5 6.89 19.37 0.076 0.066

0.41 285.7 7.00 16.93 0.076 0.066
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Fig. 8. (a) T—G diagram for CO,~CH, gas
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interchange energies for CO, and CH, in CO,—CHj, gas
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Fig. 9. T-P diagram for CO,~CH, mixed gas hydrate
near Q, melting conditions. Curved dashed lines
illustrate the position of immiscibility for CO,—CH,
fluids, numbers are mol% CO,. Thin solid lines are
clathrate stability curves for several selected vapour
compositions (squared numbers are mol% COQ,). The
thick solid line is the line segment which contains all
possible clathrate melting at Q, conditions.

CH, the clathrate melting curve no longer inter-
sects the immiscibility curve, and Q, disappears.
For higher mole fractions of CH,4 the clathrate
phase melts in the presence of a supercritical
fluid. For 90mol% CO, mixture, the gas-rich
phase at the lower Q, point is vapour-like,
while the higher Q, point has a liquid-like gas-
rich phase. The 80mol% CO, mixture has a
vapour-like gas-rich phase at both the lower
and upper Q- point (Fig. 9). The position of the
critical point of this mixture is located within
the clathrate stability field, while the dew-point
line intersects this boundary twice,

The distribution of CO» and CH, between the
clathrate phase and the fluid is illustrated in Fig,
10. Within a small temperature range, between
283 and 293K, this fluid system has an azeo-
trope. The clathrate phase in equilibrium with a
CHy-rich fluid is relatively énriched in COs,
and a clathrate phase in equilibrium with a
COo-rich fluid is strongly enriched in CH,. The
azeotropic point moves from COQO,rich com-
positions near 283K to CHy-rich compositions
at higher temperatures. The 284 K isotherm in
Fig. 10 intersects the immiscibility field for
CO,-CH, fluids, which defines Q,. The relative
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Fig. 10. P-X diagram for CO,—CH, mixed gas
hydrate with two isotherms (284 and 289 K). Mole
fraction CH, is calculated on a water-free basis. L,
liquid phase; V, vapour phase; Crit, critical point at
284K, az, azeotropic point.

amount of CHy in the clathrate compared to CO,
is similar to the composition of the vapour phase,
while the coexisting liquid phase is slightly
enriched in COa,.

CH N, gas hydrate

The hydrate formers CH4 and N, have different
clathrate structures, I and I1, respectively. There-
fore, mixed CH4—N; gas hydrates can form both
type of structures, which is mainly defined by
their composition. Neither pure CHy4 nor pure
N, gas hydrates have a Q; point, and clathrate
melting always occurs in the presence of a super-
critical fluid. The equation of state according to
Duan et al. (1996) is sclected to calculate fuga-
cities in CH4—N, mixtures. Although this equa-
tion of state was originally not used for pure
CH, gas hydrate, it has a similar accuracy to
the equation of state from Duan et al. (1992«, b)
(see Fig. 2b).

Jhaveri & Robinson (1965) provide the sole
experimental data set in this fluid system. There-
fore, the estimation of excess functions must be
regarded as a first approach. The difference
between measured and modelled clathrate melt-
ing pressures without excess energy may exceed
30% for gas mixtures of ¢. 30mol% CH,,
which, again, greatly exceeds the accuracy of
the pure end-members. The missing energy
G in equation (19) has been calculated for
each individual experimental data point (Fig.
11 and Table 14). A simple dependence on
mole fraction and temperature, like that for
CO,-CH, gas hydrates, is not easily observed
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Fig. 11. G¥**—X diagram for CH,— N, mixed gas hydrate. Numbered temperatures for individual data points
are in Kelvin. Curved solid lines are modelled G°** vaiues according to equations (21) and (22) at selected
temperatures (squared numbers in °C). Experimental data points marked with an f are excluded from the

estimation of interchange energies We.
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Table 14. Measured clathrate stability conditions and calculated G=°° and mole JSraction in the clathrate phase for
the binary CH,~N, gas hydrate

Literature Measured values Calculated values
xCH, (vap) T P G o xCH,(cla) xNj (cla)
K) (MPa) (Tmol™Y)
Jhaveri & Robinson (1965) 0.873 282.76 7.40 —17.46 0.138 0.005
284.54 9.31 —4.94 0.139 0.005
287.71 14.52 19.61 0.139 0.006
289.48 17.11 6.43 0.139 0.006
290.37 17.49 —-15.67 0.139 0.006
290.98 19.53 -7.27 0.139 0.006
291.48 19.99 ~16.99 0.139 0.006
292.87 2294 —26.83 0.139 0.007
293.43 24.66 -26.73 0.138 0.007
295.21 31.31 —25.02 0.138 0.007
0.731 273.15 3.90 34.86 0.132 0.009
283.32 8.95 —26.49 0.132 0.011
286.82 13.22 -24.37 0.132 0.012
289.93 19.55 -17.91 0.131 0.014
292.32 25.99 —20.91 0.130 0.015
294.43 34.34 -17.31 0.129 0.017
0.5025 273.15 4.96 14.57 0119 0.022
277.21 6.13 —45.65 0.118 0.023
279.65 1.77 —48.93 0.118 0.024
282.32 10.49 -41.90 0.117 0.026
287.32 17.90 —45.70 0.115 0.029
289.82 24.99 -33.93 0.114 0.031
291.82 33.19 -21.18 0.112 0.033
0.272 273.15 7.96 26.93 0.094 0.048
277.04 10.16 -17.92 0.092 0.050
279.98 12.64 —43.06 0.091 0.051
282.87 17.04 —44.34 0.089 0.054
283.15 17.50 —45.28 0.089 0.054
285.09 20.72 —56.69 0.088 0.056
286.76 2514 ~53.21 0.087 0.057
287.98 28..49 -55.58 0.086 0.058
0.24 273.15 8.62 27.60 0.088 0.053
274.54 9.15 3.51 0.088 0.054
278.26 12.96 —5.42 0.086 0.056
282.04 17.44 —33.93 0.084 0.059
285.09 24.34 -32.27 0.082 0.062
287.59 31.99 -31.31 0.080 0.065
289.09 35.96 —43.60 0.079 0.066
0.108 273.15 12.55 23.22 0.055 0.087
277.15 15.86 —2578 0.053 0.089
279.09 19.39 —24.44 0.052 0.091
280.93 22,52 —35.28 0.051 0.092
282.04 25.82 —28.60 0.050 0.093
283.15 28.79 -30.10 0.050 0.094
Jhaveri & Robinson (1965) 0.840 273.15 3.56 44.47 0.136 0.005
0.690 4.31 51.36 0.130 0.011
0.470 5.35 22.00 0.116 0.025
0.355 6.55 21.00 0.105 0.036
0.275 7.75 20.759 0.094 0.047
0.185 10.64 46.98 0.077 - 0.065
0.120 11.65 13.48 0.059 0.083
0.100 12.77 19.81 0.052 0.090
0.075 13.32 9.56 0.031 0.104
0.060 14.59 22.92 0.026 0.111
0.560 277.43 520 —78.49 0.122 0.019
0.370 8.11 -36.43 0.106 0.036
0.260 10.34 -33.23 0.090 0.052
0.220 12.06 —-16.52 0.083 0.059
0.650 279.82 7.14 ~15.39 0.128 0.014
0.540 8.37 —13.91 0.121 0.022
0.250 15.55 7.57 0.087 0.056
0.160 20.67 20.14 0.067 0.077

0.086 25.23 8.32 0.043 0.101
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Fig. 12. T—-X diagram for CH,—N, mixed gas hydrate
with the boundary between clathrate Structure I and II.
Mole fraction N, is calculated on a water-free basis.

from Fig. 11. Some experimental data do not
follow the general trend in temperature depend-
ence at selected compositions. However, rela-
tively simple equations for temperature and
mole fraction dependency of G*** and inter-
change energies (Table 12) are estimated after
careful analysis of Fig. 10. The non-ideality
switches from positive excess energies at 273K
to negative values at higher temperatures
(>278 K). At temperatures higher than 283 K,
G switches back in the direction of positive
values only for CHg-rich compositions, while
Ny-rich compositions continue to decrease in
value. The asymmetry changes from most inten-
sively non-ideal for CHg-rich compositions,
similar to CO,—CH,4 gas hydrates, to Nj-rich
compositions at higher temperatures. In general,
the calculated chemical potential for clathrate
Structure II exceeds that for Structure 1 clath-
rates for all experimental data in Fig. 11 and
Table 14. Consequently, clathrate Structure I is
the most stable configuration, even for N>-rich
compositions. The stability of clathrate Structure
IT is limited to a small range at high N, mole
fractions (>0.91) and relatively low temperature
(Fig. 12).

The distribution of N, and CH, between the
clathrate phase and the vapour phase at
273.15K is illustrated in Fig. 13. The clathrate
phase is systematically enriched in CH,4. Theo-
retical considerations already suggest that
denser phases are enriched in less volatile compo-
nents which have higher critical points. Modelled
compositions of the vapour phase at selected
pressures are consistent with the experimental
data from Jhaveri & Robinson (1965). However,
the coexisting composition of the clathrate phase
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Fig. 13. P-X diagram for CH4—N; mixed gas hydrate
at 273.15K. Mole fraction N3 is calculated on a water-
free basis. Iand II are the stability fields for clathrate
Structure I and Structure II, respectively.
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is very dissimilar, which may result from large
uncertainties in measured values. Experimental
data which are located in the modelled stability
field of clathrate Structure I are more likely to
correspond to a modefled clathrate Structure II
(Fig. 13). Small difference in chemical potential
between Structure I and Structure II may ease
the presence of a metastable phase during experi-
ments. This exarple illustrates the advantage of
presenting the clathrate phase G™*° as a func-
tion of the vapour phase composition, which is
experimentally verifiable.

CH,~C,H; gas hydrate

The CH4—C;Hg¢ gas mixture forms clathrate
Structure I over the total compositional range.
Fugacities in gas mixtures are calculated using
the equation of state according to Lee & Kesler
(1975). This equation accurately reproduces
fugacity coefficients for pure CHy, C,H, and
mixtures up to 300K (Fig. 2b and d).
Experimental data from Deaton & Frost
(1946), McLeod & Campbell (1961} and Holder
& Grigoriou (1980) are compared to model
predictions. Again, the model without a G
function is unable to reproduce stability condi-
tions of the mixed gas hydrate. Table 15 and
Fig. 14 illustrate the amount of missing energy
in the model to obtain a perfect fit to experi-
mental data. Although three independent data
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Table 15. Measured clathrate stability conditions and caleulated G and mole fractions in the clathrate phase Sfor
binary CH,~C,Hg gas hydrate

Literature Measured values Calculated values

xCHy (vap) T P G xCH,4 (cla) xC,Hj (cla)
(K) (MPa) (Imol ™)

Deaton & Frost (1946) 0.988 274.8 2.86 —7.45 0.131 0.009
0.988 2776 3.81 -3.72 0.132 0.009
0.988 280.4 5.09 —0.47 0.134 0.008
0.978 274.8 2.36 ~353.46 0.122 0.017
0.978 277.6 3.23 -41.57 0.125 0.016
0.978 280.4 4.41 —30.92 0.127 0.015
0.978 282.6 5.67 -24.78 0.129 6.014
0.978 283.1 6.09 —20.94 0.129 0.013
0.971 274.8 2.16 —72.33 0.117 0.021
0.971 277.6 2,96 -59.24 0.120 0.020
0.971 280.4 4.03 —49.57 0122 0.019
0.950 274.8 1.84 -92.89 0.104 0.0329
0.950 277.6 2.53 —79.97 0.107 0.032
0.950 280.4 3.45 —71.38 0.110 0.030
0.950 283.1 477 —60.53 0.113 0.028
0.904 274.8 1.52 —95.61 0.084 0.051
0.904 271.6 2.10 —84.38 0.088 0.050
0.504 280.4 2.89 ~73.77 0.091 0.048
0.504 283.1 3.96 —67.13 0.094 0.046
0.534 2748 0.94 —14.54 0.032 0.097
0.564 277.6 1.29 —11.88 0.035 0.096
0.564 280.4 1.76 -10.47 0.038 0.095
0.564 283.1 2.43 —6.71 0.041 0.094

McLeod & Campbell (1961) 0.944 302.0 68.43 24.61 0.134 0.013
0.944 301.1 62.23 22,11 0.134 0.013
0.944 299.0 48.23 16.52 0.133 0.013
0.944 296.5 3444 9.55 0.132 0.014
0.945 293.6 24.24 20.58 0.130 0.016
0.945 289.6 13.89 21.22 0.124 0.020
0.945 287.9 10.45 8.29 0.121 0.023
0.946 284.9 6.93 -3.83 0.116 0.027
0.807 304.0 68.57 —0.76 0.108 0.038
0.807 303.1 61.95 -2.53 0.109 0.038
0.807 301.3 48.64 —15.28 0.108 0.038
0.807 299.0 35.61 —19.68 0.107 0.039
0.808 296.4 23.48 —26.19 0.103 0.042
0.808 293.3 13.89 -27.17 0.094 0.050
0.808 291.7 10.45 —29.44 0.088 0.055
0.808 288.8 7.00 -2343 0.081 0.061

Holder & Grigoriou (1980) 0.983 283.9 1.81 —453.53 0.122 0.012
0.983 2857 2.31 —431.05 0.124 0.011
0.983 286.6 2.71 —406.97 0.125 0.011
0.983 287.8 3.08 —403.81 0.126 0.011
0.952 279.4 0.99 —455.32 0.09% 0.031
0.952 281.5 1.34 —425.97 0.101 0.030
0.952 2833 1.71 ~405.25 0.104 0.029
0.952 2853 217 —392.90 0.106 0.029
0.952 286.4 251 —381.28 0.108 0.028
0.952 287.6 2.99 —363.40 0.110 0.028
0.822 281.6 1.42 —269.34 0.064 0.069
0.822 283.3 1.77 —255.824 0.066 0.098
0.822 284.8 2.14 —245.67 0.068 0.067
0.822 286.2 2.66 —-233.81 0.071 0.066

0.822 287.0 2.96 -217.32 0.072 0.065
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sets are available, Holder & Grigoriou (1980)
present data which are completely inconsistent
with the other data sets. For example, clathrate
melting pressure for a 95mol% CH,4 mixture at
283.2K is 4.77MPa according to Deaton &
Frost (1946), while Holder & Grigoriou (19380)
have measured it at 1.71 MPa. In addition, the
extremely high calculated G values from
their data are regarded as unrealistic. Therefore,
experimental data from Holder & Grigoriou
(1980) are excluded from the estimation of
G and interchange energies Wg. Figure 14
illustrates a strong asymmetry with high negative
G values for about 80 mol% CH, and rela-
tively low temperatures. All data are consistent
with a general trend towards positive values for
increasing temperatures. Unfortunately, experi-
mental data are not available for C,Hg-rich
fluids (>50mol%), but the continuation of the
asymmetry for CH,y-rich compositions suggests
a knot at about 50mol% and strong positive
G values at relatively low temperatures.

CO,—N; gas hydrate

Experimental data are not available for this fluid
system. Therefore, the excess Gibbs free energy
function for CO,-N, gas hydrates cannot be
calculated. In a first approximation it is assumed

that both interchange energies for CO, and N3
are zero. However, thermodynamic considera-
tions on the position of Q, for CO,-rich gas
mixtures (>75mol%) suggest the existence of
excess energy in this fluid system. Similar to the
CO,—CH, system (Fig. 9), a quadruple point
Q, for pure CO, gas hydrate is transformed
into a limited line if small amounts of N; are
added to the fluid system (Fig. 15). The lower
Q- point for a mixture of 90 mol% CO, in Fig.
15 is defined by the intersection of the dew-
point line and the clathrate melting curve in
equilibrium with a vapour-like CO,-rich phase.
Likewise, the upper Q; point is defined by the
intersection of the bubble-point line and the
clathrate melting curve in equilibrium with a
liquid-like CO,-rich phase. However, the coexist-
ing vapour-like CO,-rich phase at this point does
not give an equal intersection point (Fig. 15).
This gap can be closed if an G™* value of
60 Jmol ™ is used.

Computer programmes

Calculation of clathrate stability conditions in
this study have been performed with the com-
puter code CLATHRATE in C+4+ developed
by Bakker (1997). The package of programs
was developed for fluid inclusion research,
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where clathrate melting temperatures are fre-
quently measured. The package is extended
with the program CURVES, which is able to
calculate clathrate melting curves for a chosen
fluid composition, including salinities, and can
which calculate clathrate melting pressure at a
selected temperature or the inverse. Further-
more, the programs calculate the composition
of the clathrate phase at a selected temperature
and pressure, and the composition of each
phase that is present during clathrate melting.
The program can run on an IBM (compatible)
computer and is readily available on request.

Conclusions

Using the most accurate estimations for fuga-
cities, gas solubilities in H,O and thermodynamic
constants for the clathrate, liquid and vapour
phase, optimum Kihara parameters o and & for
gas—H,0O interactions are obtained for pure
CO,, CHy4, Ny, and C,;Hy gas hydrates. A large
amount of experimental data from independent
sources for the fitting procedure are necessary
to obtain a true best-fit. The postulates from
the original clathrate stability model from van
der Waals & Platteeuw (1959) are not violated
in this optimization procedure. These Kihara
parameters differ from previous estimations
found in the literature, which can be directly
related to the use of an insufficient amount of

data. Experimental data for mixed gas hydrates
can only be reproduced accurately after the
introduction of an excess Gibbs free energy func-
tion, which must have resulted from an inter-
action between cavities with different filling
molecules. A modified Margules equation
describes the composition and temperature
dependence of the excess energy for CO,—CHy,
CH4—N,, and CH4—C,Hg gas hydrates.

This work is financially supported by the Deutsche
Forschungsgemeinschaft: Graduiertenkollegs “Wir-
kung fluider Phasen auf Locker- und Festgesteine’.
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