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A thermodynamic model using the predictive Soave-Redlich-Kwong (PSRK) group
contribution method to calculate the fugacities of all components in the vapor and liquid
phases in equilibrium with the coexisting hydrate phase is proposed. Since the PSRK
method together with the UNIFAC model takes the gas—gas interaction in the vapor and
liquid phases into account, the phase equilibria of mixed gas hydrates can be successfully
reproduced. This approach greatly improves upon the accuracy of the modified Huron-
Vidal second-order (MHV2) model, especially for three-guest hydrate systems. Based on
experimentally determined X-ray data, an accurate representation for the molar volume
of the structure I (sI) hydrate is provided and used for predicting the equilibrium
dissociation of methane hydrate at high pressures. Using this correlation, it is possible to
reduce noticeable errors in dissociation predictions of high-pressure hydrate formers.
Complete phase behavior, including a new quadruple point, which is predicted to be 272.6
K and 7.55 MPa, for cyclopropane hydrate, is presented by the proposed model calcu-

lation. © 2004 American Institute of Chemical Engineers AIChE J, 50: 203-214, 2004
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Introduction

Gas hydrates are crystalline compounds that are composed
of host water cages and guest gas molecules. There are various
cavities capable of entrapping gas molecules in an open net-
work of water molecules. Depending on the difference in
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cavity shape and size of hydrates, gas hydrates can be divided
into three distinct structures I, I, and H. The unit crystalline of
structure T (sI) consists of two pentagonal dodecahedron (5'%)
and six tetrakaidecahedron (5'267) cavities. Structure II hy-
drates (sI) have sixteen 5'> and eight 5'26* cavities (Sloan,
1998). Structure H hydrates (sH) are formed with three types of
cavities, 5'%, 4°556°, and 5'%6%, and require a large guest
molecule with a small help gas for cavity stability (Ripmeester
et al., 1987; Ripmeester and Ratcliffe, 1990). Recently it has
been known that a new structure of methane hydrate as a filled
ice can stably exit at pressures higher than 2 GPa (Loveday,
2001a,b). Udachin and Ripmeester (1999) also reported a new
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clathrate hydrate structure showing bimodal guest hydration
based on the stacking of structure cage layers. They suggested
that a wide variety of naturally occurring guest molecules, such
as methane, hydrogen sulfide, and carbon dioxide, can be
incorporated in the new structure to form more stable hydrate
layers. Interestingly, hydrogen hydrate can be formed with the
classic slI structure and an approximate hydrate number of 2
(Mao et al., 2002).

There has been considerable interest in research on natural
gas hydrates during the past 50 years, since it was recognized
that the plugging of gas pipelines in natural gas transportation
was primarily due to gas hydrate formation between water and
guest components such as methane, ethane, propane, and other
light hydrocarbons. A large amount of the dissociation equi-
librium data for gas hydrate has been reported in the literature
and is well summarized by Sloan (1998) and Berecz and
Balla-Achs (1983). In particular significant efforts have also
been devoted to the investigation of the phase behavior of
multicomponent systems containing gas hydrates. An impor-
tant practical feature of gas hydrate is that vast quantities of
methane in the form of the gas hydrate exist in the permafrost
zone and the subsea sediment (Kvenvolden, 1999). To develop
the method for commercially producing natural gases from
hydrate layers, the accumulation of a lot of information on
phase equilibria of gas hydrates, especially multicomponent
mixed hydrates, would be of importance. On the other hand,
the disposal of global warming gases, mainly carbon dioxide,
on the ocean floor using the hydrate-formation process has
been carefully studied (North et al., 1998; Saito et al., 2000).
Several field experiments were conducted to test and prove
ideas for carbon dioxide ocean disposal by in situ hydrate
formation (Brewer et al., 1999; Pelzer et al., 2002). On the
basis of these studies, it is necessary to possess considerable
knowledge concerning hydrate formation conditions over a
wide range of temperatures, pressures, and solute concentra-
tions. It is well known, however, that there is only a limited
amount of experimental data on the hydrate-forming condi-
tions. For this reason, studies on the development of a thermo-
dynamic model for predicting the phase behavior of hydrates
systems would be important.

The primary purpose of this article is to critically evaluate
the predictive Soave-Redlich-Kwong (PSRK) group contribu-
tion method (Holderbaum and Gmehling, 1991; Fischer and
Gmehling, 1996; Gmehling et al., 1997; Horstmann et al.,
2000) for predicting the phase equilibria of gas hydrate. In our
previous work (Yoon et al., 2002), we developed a new model
to predict the complicated phase behavior of simple and mixed
gas hydrates. The Soave-Redlich-Kwong (SRK) equation of
state (Soave, 1972), together with the modified Huron-Vidal
second-order (MHV2) mixing rule (Dahl and Michelsen,
1990), was used for calculating the fugacity of all components
in the vapor and liquid phases. The modified UNIFAC group
contribution model was also used as the excess Gibbs energy
for the MHV2 model. Based on the van der Waals-(Platteeuw
theory with the Kihara spherical-core potential function (van
der Waals and Platteeuw, 1959), this model could describe
correctly some peculiar phase behaviors at lower and upper
quadruple points and neighboring four three-phase curves
around these quadruple points. However, the MHV2 model
may not be able to describe the phase equilibria of multiguest
hydrate systems, since it does not take into account the gas—gas
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interaction in the vapor and liquid phases, which is assumed to
be zero. It also should be noted that the MHV2 model considers
several light hydrocarbons, such as ethane, propane, ethylene,
and propylene, as a new group of components even though they
can be treated without introducing new model parameters in the
UNIFAC frame. Holderbaum and Gmehling (1991) reported
that these problems can be resolved clearly using the PSRK
model by testing the vapor-liquid predictions for light hydro-
carbon systems.

Recently, the classic thermodynamic approaches using fu-
gacity equality between hydrate and water phases have been
developed (Chen and Guo, 1998; Klauda and Sandler, 2000).
These models removed the need for empirically fitting inter-
molecular parameters used in the van der Waals and Platteeuw
model. Lee and Holder (2002) developed a method for gas
hydrate equilibria using a variable reference chemical poten-
tial. They provided a correlation in terms of the molecular size
of the guest component for estimating reference properties
where experimental data are absent. However, for application
of these methods to multicomponent systems, it still requires
many of the gas—gas interaction parameters or Henry’s law
constants to describe the solubility behavior of guest molecules
in the water phase at high pressure. Using the group contribu-
tion concept minimizes the parameter fitting or estimating
efforts, and makes it possible to accurately predict the phase
behavior of the macromolecular and multicomponent system
without introducing new interaction parameters.

Thermodynamic Model for Phase Equilibria of
Gas Hydrate

The chemical potential of water in the hydrate phase u is
generally derived from statistical mechanics in the van der
Waals and Platteeuw model

pi = "+ RT 3, vmln(l - 9mj) M

m J

where " is the chemical potential of water in the hypothet-
ical empty hydrate lattice, v,, is the number of cavities of type
m per water molecule in the hydrate phase, and 0,,; is the
fraction of cavities of type m occupied by the molecules of
component j. This fractional occupancy is determined by a
Langmuir-type expression

P Cmf}/

= = 2
" 1 +2k kafl‘c/ ( )

where C,,; is the Langmuir constant of component j on the
cavity of type m and f}/ is the fugacity of component j in the
vapor phase with which the hydrate phase is in equilibrium.
The chemical potential difference between the empty hydrate
and filled hydrate phases Au)/" " (= uip’ — pi) is obtained
from the following equation

At =RT > vmln(] +> cm,.ﬁ.v> (3)
J

m
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The fugacity of water in the hydrate phase —77 is easily
derived as follows

_AMMT—H

i =ﬂyrexp(R;> =ﬁ§'Texp[— > vm1n<l + E C,,,}f;/)}
C))

where 7 represents the fugacity of water in the hypothetical
empty hydrate lattice. The Langmuir constant allows for the
interactions between guest and water molecules in the hydrate
cavities. Using the Lennard-Jones-Devonshire cell theory, van
der Waals and Platteeuw presented the Langmuir constant as a
function of temperature

v —o(r)
C,= kTJ’ exp[ T ]rl dr ©)
0

where T is the absolute temperature, k is the Boltzmann’s
constant, r is the radial distance from the cavity center, and
o(r) is the spherical-core potential. In the present study, the
Kihara potential with a spherical core is used for the cavity
potential function because it has been reported that it gives
better results than the Lennard-Jones potential for calculating
the hydrate dissociation pressures (Mckoy and Sinanoglu,
1963) and is given by

I'(x) =, x=2a

I'x) = 4€|: (x 70-241) - <x *0-2a> ], x>2a (6)

where x is the central distance between two molecules. The
values of the Kihara hard-core parameter, a, are given in the
literature (Parrish and Prausnitz, 1972), while the values of the
Kihara energy and size parameters, € and o, are determined by
fitting the model to the experimental hydrate equilibrium data.
By summing all guest-water interactions in the cavity, we
obtain the spherical-core potential

— 0-12 10 a 11 0-6 4 a 5
w(r)—zzem o +E5 R, o +E6 @]

where

v 1 rooa\"V roa\ VN
S‘NK“R‘R) ‘(‘*E‘E) ] ®

and z and R are the coordination number and the average radius
of the cavity, respectively.

In previous work (Yoon et al., 2002), we presented a new
expression for the fugacity of ice related to that of pure liquid

water
T AR P A"
o= frexp| — WdT + RT dpP 9

To 0
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This equation does not need the expression of the vapor pres-
sure of ice, and only uses the physical property difference
between the ice and supercooled liquid water. Therefore, we
can obtain a unique expression for the fugacity of water in the
filled hydrate phase as follows

Ay [T AR
s dT

P =Fuexp| pr — RT

To

PA‘U{?T_I + A‘Ua”
+f ey dP— > vmln(l +> C,,,_ﬁ) (10)
m J

0

Here, the fugacities of supercooled water and all components in
the vapor phase, f- and f"}/ were calculated using the PSRK
group-contribution method combined with the UNIFAC model
(Hansen et al., 1991).

The molar enthalpy difference between the ice and liquid
water is given by

T
AR = AR™(T,) + J' AC, dT (11)

To

Depending on the temperature range considered, the heat-
capacity difference between ice and liquid water, AC,, is given
by

AC) + B(T — Ty) T=T,
C2 C3 C4
Ci+—+m+m T,>T=T,
AC:=\Dp, + D,T + DT> + D,T° (12)
T_TG T_TG
T,>T>T,

_TH_TGlnTH_TG

By the hyperquenching experiments, a new value for the glass
transition temperature of supercooled water was found to be
165 K and was recently reported in the literature (Velikov et
al., 2001). This temperature is about 30 K higher than the
commonly accepted value over the past 50 years (Ghormley,
1957; McMillan and Los, 1965; Angell and Sare, 1970; Angell
et al., 1973; Mishima and Stanley, 1998). On the basis of this
revised value, we present here a new parameter set for the
heat-capacity difference between ice and liquid (or super-
cooled) water as follows: AC,‘Z = —38.13,8=0.141,C, =
—1.05253 X 10, C, = 8.45606 X 10° C,
-2.26357 X 10°, C, = 2.02637 X 10'", D,
—1.78631 X 10°, D, = 26.6606, D; = —1.35114 X
107", D, =2.37259 X 10°*, T, = 233 K, and T; = 165
K. For temperatures below T, the value of AC, is assumed to
be zero.

PSRK Group-Contribution Method

The PSRK group-contribution method is based on the SKR
equation of state
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B RT a(T)
P_v—b_v(v+b) (3)

where the mixture parameter b is derived from the conven-
tional mixing rule

n

=D xb; (14)

i=1

Huron and Vidal (1979) originally developed a new method
for deriving a mixing rule in connection with the excess Gibbs
energy, and thus they obtained an equation relating excess
Gibbs energy at infinite pressure to the a/b parameter of the
SRK equation of state using the following equation

g5 =RT|Ing— D xln ¢ (15)

i=1

where ¢ and ¢; are the fugacity coefficients of the solution
mixture and pure component i, respectively. Michelsen
(1990a,b) proposed a modified formulation of the Huron-Vidal
mixing rule which uses the SRK equation of state and a
reference pressure of zero. The resulting equation could be
obtained in the following explicit form

n n E n
8o b
— o 2 ol =2 Inl —
q,(a ; x,a,) + qz(a E x,a,) RT + . x,ln(bi)

i=1

where @« = a/bRT and «; = a,/b,RT. The recommended
values of ¢, and ¢, for the modified Huron-Vidal first-order
(MHV1) mixing rule are —0.539 and 0, respectively, and those
for the MHV2 mixing rule are —0.478 and —0.0047, respec-
tively (Dahl and Michelsen, 1990). The simplest first-order
approximation is used in the PSRK model

1 gg n b n
o= /TI RT + < xn E + .:EIXiai (17)
The recommended value of A, = ¢, = —0.539 has been
changed to A; = —0.64663 in the PSRK model, which yields

better results at higher pressures (Holderbaum and Gmehling,
1991). Thus, the fugacity coefficient for the PSRK model is
given by

e —1 RT 1 a b — &l v+ b
n(Pi—nP(v_b)+ v—b wv+p)l Ty

(18)

where
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Table 1. Lattice and Thermodynamic Properties of Gas
Hydrates Used in This Study

Structure 1 Structure 1T

3M, * M, - 23H,0 M, - 2M, - 17H,0

Ideal structure®
Number of water molecules/

unit cell 46 136
Number of small cavities/

unit cell 2 16
Number of large cavities/

unit cell 6 8
Average radius of small

cavities, A 3.95 3.91
Average radius of large

cavities, A 4.3 473
Coordination number of

small cavities 20 20
Coordination number of

large cavities 24 28
A, J/mol 1,264 883
ARMT! J/mol 1,151 808
A1 em®/mol 3.0 3.4
AR™ | J/mol —6,011
Av™, cm®/mol 1.6

*M, and M, are large and small cavities, respectively.

L) L L 19
a; = an, TP”—E ny; nEi b o (19)

Here, the activity coefficient vy, is calculated using the UNI-
FAC model. Very recently Chen et al. (2002) proposed a
modified version of the PSRK model to resolve some problems
observed in the vapor-liquid equilibrium prediction of strong
asymmetric mixtures. However, in this work we consider only
the original PSRK model because the interaction parameters
between guest and water molecules for the modified PSRK
model are not yet available.

Results and Discussion

As shown in Table 1, the lattice and thermodynamic prop-
erties of the empty hydrate lattice suggested by Parrish and
Prausnitz (1972) are used in the model calculation because
their values give a very good agreement between experimental
and calculated hydrate dissociation pressures. In our previous
work (Yoon et al., 2002), we did not take the compressibility of
gas hydrate into account, and therefore the effect of pressure on
the hydrate lattice was assumed to be negligible. It should be
noted, however, that this simple approach may result in some
large deviations between experimental and predicted dissocia-
tion pressures for methane hydrate, particularly at high-pres-
sure conditions over 100 MPa (Klauda and Sandler, 2000).
Based on experimental X-ray diffraction data (Tse, 1987; Hirai
et al., 2000), the molar volume of the empty hydrate lattice for
each structure has been expressed as a function of temperature
and pressure (Klauda and Sandler, 2000)

o"(T, P) = (11.835 + 2.217 X 107°T + 2.242

107N
X 1076T2)3 TA

. 8.006 X 107°P + 5.448 X 10712p?

(20)
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OI(T, P) = (17.13 + 2.249 X 107*T + 2.013 X 10°°T?
10730 .
+ 1.009 X 10*9T%3—AT§E77——8.006 X 107°P

+5.448 X 1072P* (21)

where N, is the Avogadro’s number, and 7 and P are the
equilibrium temperature and pressure given in K and MPa
units, respectively. When compared with the values calculated
from the X-ray diffraction data for methane hydrate at high-
pressure conditions (Hirai et al., 2000), the molar volume
predicted using these equations is within an average percent
absolute deviation (% AAD) of 2.5. In the present study, the
suggested approach is also used to resolve inaccuracies for
methane hydrate and is applied to all gas hydrate-formers. For
a more accurate prediction, we propose the revised parameters
for the molar volume of sl hydrate as follows

(T, P) = (11.835 + 2.217 X 107°T + 2.242
10*30 A
X 10’6T2)3T+ 1.6155 X 107°P — 2.5054

X 10712P* 4+ 2.2561 X 107 “P* (22)

This equation is in excellent agreement with the experimental
values, and therefore the % AAD is less than 0.1. For conve-
nience, we call PSRK and MHV?2 with the correlation, depend-
ing on the temperature and pressure, PSRK-VT and MHV2-
VT, respectively.

Figure 1 shows the flow diagram of the model calculation of
the hydrate formation condition for gas mixtures. The fugaci-
ties of all components in the vapor and liquid phases are
calculated using the PSRK and the other three models. To
provide a group-contribution concept the UNIFAC model is
used as the excess Gibbs energy for the PSRK and PSRK-VT
models (Holderbaum and Gmehling, 1991), whereas the mod-
ified UNIFAC model is used for the MHV2 and MHV2-VT
models (Dahl et al., 1991; Yoon et al., 2002). The % AADs
between the measured and calculated dissociation pressures for
simple hydrate-formers are presented in Table 2. Also listed in
the table are the prediction results using four different models
of MHV2, MHV2-VT, PSRK, and PSRK-VT. As mentioned
previously, the MHV2 model considers gas components such
as ethane and propane as new group components even though
they can be treated without introducing new model parameters
in the original UNIFAC frame. Therefore, we cannot calculate
the phase equilibria of cyclopropane and isobutane hydrates
because the interaction parameters between them and water
have not yet been available. When using the PSRK model, it is
possible to predict the hydrate dissociation pressures of all
simple hydrate-formers including cyclopropane and isobutane.
Since no actual experimental data of X-ray diffraction for sII
hydrate depending on pressure have been reported, we inves-
tigate the effect of variable volume parameters on dissociation
prediction only for sI hydrate. As can be seen in Table 2, it
seems that the PSRK-VT and MHV2-VT models using the
hydrate volume correlation suggested by Klauda and Sandler
(2000) exhibit better correlation with experimental dissociation
pressures than the PSRK and MHV2 models, especially for
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<
i

Read T, z, and physical
properties of each species

Assume P, x; and y,

<&
d

Flash calculation at T and P

A4
Calculate x;, y,, f: Land ﬁ v

Check for H-V-L,, Set a new P
)

fr=fte1

Assume slI hydrate

PrintsTorsIl, 7, P, x,, y;

and hydrate composition

Figure 1. Flow diagram for hydrate formation calcula-
tion for gas mixtures.

high-pressure hydrate-formers such as methane and ethylene
hydrates. However, the Klauda and Sandler correlation is still
very inaccurate in dissociation prediction of methane hydrate at
high-pressure conditions, even though it is very effective for
predicting the dissociation pressures at low-pressure condi-
tions, as shown in Figures 2 and 3. In contrast, our correlation
perfectly reproduces the dissociation behavior of methane hy-
drate at both high- and low-pressure conditions. This result
implies that an accurate description of hydrate molar volume
depending on pressure as well as temperature must be consid-
ered to resolve inaccuracies in dissociation predictions at high-
pressure conditions. At extremely high pressures, noticeable
errors may be caused by a very small change in hydrate molar
volume, because the effect of the Poynting correction would be
of significance. We note that Klauda and Sandler (2000) have
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Table 2. Average Absolute Deviations of Predicted Hydrate Dissociation Pressures of Simple Gas Hydrates

% AAD
Guest Struc. T, K P, MPa N, Ref.* MHV2 MHV2-VT PSRK PSRK-VT
CH, I 148-320 0.005-400 92 1,2,3,4,5,6,7,8,9, 10 9.3 4.7 (6.8)" 6.7 4.4 (5.7
C,H, I 200-288 0.008-3.3 59 1,6,7, 11, 12, 13, 14 2.0 1.8 (1.8) 1.9 1.9 (1.9)
C,H, I 269-305 0.47-103 63 15, 16, 17 5.5 3.8 (4.7) 5.4 3.6(5.1)
1,8, 10, 11, 18, 19, 20,
C,H, I 247-279 0.04-0.57 65 21 32 na.’’ 33 n.a.
C,H, I 273-274 0.46-0.60 15 11,22 0.6 n.a. 0.8 n.a.
co, I 151-283 0.0005-4.4 92 1,7, 19, 23, 24, 25, 26 3.1 3.0 (3.0) 2.9 2.8(2.9)
0, Il 267-291 9.9-95 50 27, 28 2.5 n.a. 2.3 n.a.
N, Il 268-305 12-330 72 4,5,27,28 1.9 n.a. 55 n.a.
H.S 1T 250-303 0.03-2.3 29 29, 30 2.6 2.6 (2.6) 3.2 32(3.2)
i-C,H,o Il 240-275 0.017-0.17 53 10, 20, 31, 32, 33 n.a. n.a. 2.1 n.a.
c-C3Hg LI 237-290 0.008-0.57 35 34 n.a. n.a. 1.1 n.a.

*(1) Deaton and Frost (1946); (2) Kobayashi and Katz (1949); (3) McLeod and Campbell (1961); (4) Marshall et al. (1964); (5) Jhaveri and Robinson (1965); (6)
Galloway et al. (1970); (7) Falabella (1975); (8) Verma (1974); (9) de Roo et al. (1983); (10) Thakore and Holder (1987); (11) Reamer et al. (1952); (12) Holder
and Grigoriou (1980); (13) Holder and Hand (1982); (14) Avlonites (1988); (15) Diepen and Scheffer (1950); (16) Snell et al. (1961); (17) van Cleef and Diepen
(1962); (18) Miller and Strong (1945); (19) Robinson and Metha (1971); (20) Holder and Godbole (1982); (21) Patil (1987); (22) Clarke et al. (1964); (23) Unruh
and Katz (1949); (24) Larson (1955); (25) Miller and Smythe (1970); (26) Ng and Robinson (1985); (27) van Cleef and Diepen (1960); (28) van Cleef and Diepen
(1965); (29) Selleck et al. (1952); (30) Bond and Russell (1949); (31) Schneider and Farrar (1968); (32) Rouher and Barduhn (1969); (33) Wu et al. (1976); (34)

Hafemann and Miller (1969).
_*Ca]culated using Klauda and Sandler correlation.
""Not available.

provided their correlation for hydrate molar volume by fitting
the dissociation data for sI methane hydrate at high pressures,
whereas our correlation is presented by fitting the experimental
values from X-ray diffraction data for sI methane hydrate at
high pressures. Recently, it was suggested that sI methane
hydrate transforms to sII hydrate at 100 MPa (Chou et al.,
2000) and 1.1 GPa (Loveday et al., 2001b). In addition a
quadruple point at 660 MPa and 315 K and the neighboring
three-phase curve H;—Lw—V have been observed by Dyadin et
al. (1997). However, as there have been no X-ray diffraction
data for sII methane hydrate covering a wide range of high

1000

o Sloan (1998)
----- PSRK
——— PSRK-VT (with eq. 20)
—— PSRK-VT (with eq. 22) 40

100

P/MPa

270 280 290 300 310 320
/K

Figure 2. Comparison of experimental data with pre-
dicted results for methane hydrate in high-
pressure H-L -V region.
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pressure, we cannot at present model the structural transition
behavior of methane hydrate at high pressure.

Figure 4 shows the phase diagram for simple ethane and
isobutane hydrates over a wide range of temperature and pres-
sure. For isobutane hydrate, only the PSRK model is used to
predict the dissociation behavior, because the correlation for
molar volume of sl hydrate is not available. As shown in
Figure 4, all calculated results show an excellent agreement
with the experimental data for both hydrate systems except the
high-pressure region over 100 MPa for ethane hydrate. At
pressures higher than 100 MPa, the predicted results of the

10

o Sloan (1998)
----- PSRK

——— PSRK-VT (with eq. 20)

—— PSRK-VT (with eq. 22) g

P/MPa

0001 | 1 I 1 i 1
150 170 190 210 230 250 270

/K

Figure 3. Comparison of experimental data with pre-
dicted results for methane hydrate in low-
pressure H-I-V region.
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1000

O Sloan (1998)

A Nakano et al. (1998)
100 | o Morita et al. (2000)
PSRK

----- PSRK-VT (with eq. 20)
——— PSRK-VT (with eq. 22)

P/MPa

ethane
0.1

0.01

0.001 1 1 1 1 1 1
200 220 240 260 280 300 320 340

'K

Figure 4. Comparison of experimental data with pre-
dicted results for ethane and isobutane.

PSRK-VT model with Eq. 22 are better than those of the PSRK
and PSRK-VT models with Eq. 20, as was expected. The
erroneous prediction of the high-pressure behavior of gas hy-
drate seems to be unavoidable for both PSRK and PSRK-VT
models without an accurate representation of hydrate molar
volume. Complete pressure—temperature behavior of cyclopro-

100
E V: vapor
[ L, liquid water D
. - —
- L. liquid c-C;H, :||:'
10k H;: hydrate (S)) ‘_I]u
E Hj: hydrate (S)) _lf
L L[ ice =
1k o
E T
S = g
2 L
Q.‘ .
0.1
0.01
H-1-V .
F T
- ’_]'S
L e Hafemann and Miller (1969)
PSRK
0'001 I 1 1 1 1 1
230 240 250 260 270 280 290 300
T/K
Figure 5. Complete p-T diagram of cyclopropane hy-
drate.
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V: vapor

L, liquid water

L,: liquid ¢-C;H,

Hy: hydrate (S)

H,: hydrate (S)

I ice L.
9 Lt
2 % y
©
[y
]
jo
& H-L
i_

Hy-1
c-CyH, ¢-CH,- 7.7H,0 ¢-CyH,  17TH,0 H,0

Figure 6. ET-x Diagram of cyclopropane hydrate at 0.07
MPa.

pane hydrate is shown in Figure 5. The cyclopropane hydrate
may be taken as a typical example for testing the thermody-
namic model, because it forms both sl and sII hydrates, de-
pending on the formation condition. The PSRK model can
accurately predict the entire phase behavior including the struc-
tural transition, as shown in Figure 5. One of the most surpris-

V: vapor
L,: liquid water
L, liguid c-C,H,
H,: hydrate (S)
H,;: hydrate (S;))
I e
L,
[
—
3
-
©
@ L1
Q
£
(3]
l._
¢-C4H ¢-C,H, - 7.7TH,0 e-C,H, - 17H,0 H,0

Figure 7. T-x Diagram of cyclopropane hydrate at 0.3
MPa.
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Table 3. Average Absolute Deviations of Predicted-Phase Equilibria of Mixed Gas Hydrates

% AAD

System Struc. T, K P, MPa N, Ref.* MHV2 PSRK
CH,-C,Hq LI 274-304 0.94-69 54 1,2,3 9.0 8.8
CH,-C;Hg LI 270-305 0.15-69 78 1,2,4,5 4.7 34
CH,-N, LI 273-296 3.6-36 63 6 12.5 12.3
CH,CO, I 273-288 1.4-11 59 7,8 3.2 2.4
C,H,-C3Hg I 1T 273-284 0.44-2.1 60 9 10.6 10.2
C,H¢-CO, I 273-288 0.56-4.1 40 10 7.0 5.6
C,Hg-N, 11 274-290 0.25-18 29 11 6.5 54
C;Hg-CO, LI 273-287 0.30-4.3 37 12 6.5 6.2
CH,-C;Hg-H,S LI 275-301 0.33-4.3 13 13 14.7 8.1
CH,-CO,-H,S I 279-298 1.4-16 37 14 41.4 14.5

*(1) Deaton and Frost (1946); (2) McLeod and Campbell (1961); (3) Holder and Grigoriou (1980); (4) Thakore and Holder (1987); (5) van der Waals and Platteeuw
(1959); (6) Jhaveri and Robinson (1965); (7) Unruh and Katz (1949); (8) Adisasmito et al. (1991); (9) Holder and Hand (1982); (10) Adisasmito and Sloan (1992);

(11) Ng et al. (1977-1978); (12) Robinson and Metha (1971); (13) Schroeter et al. (1983); (14) Robinson and Hutton (1967).

ing results is that a new quadruple point, thermodynamically
unique and an invariant condition, is carefully predicted to be
272.6 K and 7.55 MPa. At this quadruple point, four individual
phases of sI hydrate (H,), sII hydrate (Hy), liquid water (L,,),
and ice (I) can coexist in equilibrium. As a result, four different
three-phase boundaries of the H—-H;~Lw, H—-H; -1, H,-L,,—I,
and Hy—L,~I curves can be successfully reproduced by the
PSRK model, as shown in Figure 5. Unfortunately, the exper-
imental evidence of phase behavior around the quadruple point
has not yet been reported in the literature. Figures 6 and 7 show
the composition-temperature behavior of cyclopropane hydrate
at 0.07 and 0.3 MPa, respectively. Both figures are presented
on the basis of the solid solution range concept described in

O 270.15 K van der Waals and Platteeuw (1959)
® 275.15 K Thakore and Holder (1987)
0 278.15 K Thakore and Holder (1987)

——— calculated (Thakore and Holder, 1987)

— calculated (PSRK)

P/MPa

X

Figure 8. P-x Diagram for methane-propane hydrate
system at 270.15, 275.15, and 278.15 K.
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detail by Huo et al. (2002). Interestingly, the predicted hydrate
numbers of cyclopropane sI and sII hydrates are about 7.7 and
17.0, which are very close to those of the ethane and propane
hydrates, respectively (Handa, 1986).

For propane hydrate, our model does predict the retrograde
hydrate melting for the three-phase equilibrium curve of
H-L,~Lc p,. The slope of the H-L, L y_ curve, starting from
the upper quadruple point of 278.71 K and 0.574 MPa, in-
creases steeply with a small increase in temperature until the
equilibrium temperature and corresponding pressure is 278.78
K and 10.41 MPa, respectively. At temperatures above 278.78
K, propane hydrate cannot exist in the equilibrium state be-
cause the slope turns negatively. For comparison, we note that
the upper dissociation point at 278.2 K is predicted to be 58.0
MPa, which closely matches 60.0 MPa predicted by Ballard
and Sloan (2001), but it is different from 26.84 MPa predicted
by Klauda and Sandler (2003). However, as described in our
previous work (Yoon et al., 2002), we can expect the pressure-

10
<
A
s
A
a O 88.65% CH, + 7.17% C,H, + 4.18% H,S
O 81.01% CH, +7.02% CJH, + 11.97% H,S
A 60.89% CH, +7.40% C,H, +31.71% H,S
——— MHV2
—— PSRK
01 I 1 13 1 1 1
270 275 280 285 290 295 300 305
T/K

Figure 9. Dissociation pressures for methane-propane-
hydrogen sulfide hydrates.
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O 82.0%CH,+ 12.6% CO, + 5.4% H,S
O 80.0%CH,+ 12.0% CO, + 8.0% H,S
A 72.0% CH, + 12.0% CO, + 16.0% H,S
——— MHV2
—— PSRK -
]
&
S 10t
—
R
A
1 1 1 I 1
288 290 292 294 296 298

K

Figure 10. Dissociation pressures for methane-carbon-
dioxide-hydrogen sulfide hydrates.

induced compression of hydrate molar volumes at pressures
above 50 MPa (Hirai et al., 2000; Klauda and Sandler, 2000).
Hence, if the molar volume difference of sII hydrate is ex-
pressed as a function of temperature and pressure, the predicted
shape of the H-L,~Lc y, curve of propane hydrate at high
pressures might be changed.

The % AADs of hydrate dissociation pressures predicted by
both the PSRK and MHV2 models for the mixed guest systems
are presented in Table 3. It can be easily seen that the % AADs
of the hydrate systems in which the structural transition occurs
are greater than those forming only one hydrate structure. For
all mixed hydrate systems considered in this work, the predic-
tion results of the PSRK model are more accurate than those of
the MHV2 model. In particular, for the ternary guest systems
such as methane—propane—hydrogen sulfide and methane—car-
bon-dioxide—hydrogen sulfide hydrates, the difference in devi-
ation values between the PSRK and MHV2 models becomes
larger. As stated earlier, this may be due to the inherent
limitation of the MHV?2 model that the gas—gas interaction in
the vapor and liquid phases is not taken into account. The phase

behavior of the methane—propane hydrate mixture is presented
through the pressure-composition (p — x) diagram on the
basis of the water-free concentration, as shown in Figure 8. The
predicted results by the PSRK model are also compared with
those of Thakore and Holder (1987). The PSRK model predic-
tions are in good agreement with the experimental data and
much better agreement than the Thakore and Holder model.
For the p — x experimental data at 275.15 and 278.15 K, the
% AADs of the PSRK and the Thakore and Holder models are
2.6 and 6.9, respectively. We note that the structural transition
for this system can be anticipated at the highly methane-
concentrated region, as described previously (Yoon et al.,
2002). Figures 9 and 10 compare the PSRK model with the
MHV?2 model for three-guest methane—propane—hydrogen sul-
fide and methane—carbon—dioxide—hydrogen sulfide hydrates,
respectively. As can be clearly seen in both figures, the PSRK
model is superior to the MHV2 model. Thus, we can conclude
that the interaction between the gas molecules should be con-
sidered to be accurately predicting the dissociation behavior of
mixed gas hydrates. Large deviations in the MHV2 model
predictions can come from inappropriate assumption that all
gas—gas interaction parameters are zero. In Table 4, we sum-
marize the Kihara potential parameters for the four different
models considered in this study.

Conclusion

In this article, we provide a new method for predicting the
phase equilibria of gas hydrates using the PSRK group-contri-
bution model. The fugacity of all the components in the vapor
and liquid phases of the coexisting hydrates is calculated by the
PSRK group-contribution method together with the UNIFAC
model. Based on the van der Waals—Platteeuw theory with the
Kihara potential function, the fugacity equation of water in the
hydrate phase, which is coupled with the PSRK model, can be
used to accurately predict the dissociation behavior of simple
hydrates. Since this approach takes into account the interaction
between gas molecules with the help of the PSRK and UNI-
FAC model, it greatly improves upon the accuracy of the
MHV?2 model for mixed gas hydrates. In particular, for three-
guest hydrate systems, such as methane—propane—hydrogen
sulfide and methane—carbon dioxide—hydrogen sulfide, the
PSRK model resolves noticeable errors of the MHV2 model.
This implies that the interaction between gas molecules should
be taken into account when accurately predicting the dissoci-
ation behavior of mixed gas hydrates.

Table 4. Fitted Kihara Potential Parameters for Gas—Water Interaction

MHV2 MHV2-VT PSRK PSRK-VT

Guest a,* A o, A elk, K o, A elk, K o, A ek, K o, A ek, K
CH, 0.30 3.2408 153.2 3.1872 155.6 3.2402 153.1 3.1718 157.0
C,H¢ 0.40 3.4383 175.0 3.4333 174.9 3.4146 174.5 3.4149 174.5
C,H, 0.47 3.3228 173.1 33114 173.1 3.2842 173.3 3.2827 173.3

sHg 0.68 3.4435 187.4 n.a. n.a. 3.3445 196.5 n.a. n.a.
C;Hg 0.65 3.4419 177.8 n.a. n.a. 3.5446 173.9 n.a. n.a.
CO, 0.72 2.9327 169.5 2.9318 169.5 2.9317 169.9 2.9305 169.9
0, 0.36 2.9580 133.2 n.a. n.a. 2.9544 133.5 n.a. n.a.
N, 0.35 3.1308 123.8 n.a. n.a. 3.0958 123.5 n.a. n.a.
H,S 0.36 3.2000 201.7 3.2000 201.7 3.2000 201.6 3.2000 201.6
i-C,H,, 0.80 n.a. n.a. n.a. n.a. 3.3872 190.6 n.a. n.a.
c-C;Hg 0.50 n.a. n.a. n.a. n.a. 3.4560 210.8 n.a. n.a.

*Parrish and Prausnitz (1972).
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Dissociation prediction for the cyclopropane and isobutane
hydrates is carried out using the PSRK model, with the inter-
action parameter between them and water in the original UNI-
FAC frame. It is interesting to note that a new quadruple point
for cyclopropane hydrate, which has not been reported yet, is
predicted by the proposed model.

An accurate representation for hydrate molar volume, which
depends on temperature and pressure, is provided. Using this
equation, the error between experimental and calculated disso-
ciation pressures for methane hydrate at high-pressure condi-
tions is reduced.
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Notation
a = Kihara hard-core parameter
a = parameter in the SRK equation of state
A, = mixing rule constant in Eq. 17
b = parameter in the SRK equation of state
C,,; = Langmuir constant of component j on the cavity of type m

AC, = heat capacity difference between ice and water
AC6 = heat capacity difference between ice and water at T,
= fugacity of ice
f= = fugacity of pure water in liquid phase
= fugacity of water in empty hydrate lattice
7 = fugacity of water in hydrate phase
f£ = fugacity of component i in liquid phase
7V = fugacity of component i in vapor phase
go = excess Gibbs energy at zero pressure
= excess Gibbs energy at infinite pressure
AR = molar enthalpy difference between water and ice
ARMT~! = enthalpy difference between empty hydrate lattice and ice
k = Boltzmann’s constant
N, = Avogadro’s number
P = pressure
q,, 9, = mixing rule constants in Eq. 16
R = gas constant
R = average radius of the cavity
r = radius of distance from the cavity center
T = temperature
T, = reference temperature, 273.15 K
T = glass transition temperature of supercooled water, 165 K
v = molar volume
" = molar volume of structure I empty hydrate lattice
v, ;; = molar volume of structure II empty hydrate lattice
AV = molar volume difference between water and ice
AvM"~! = volume difference between empty hydrate lattice and ice
x = central distance between two molecules
x; = mole fraction of component i in mixture
z = coordination number of the cavity

Greek Letters

a = parameter in the SRK equation of state, « = a/bRT
e = Kihara energy parameter
¢ = fugacity coefficient
¢; = fugacity coefficient of component / in mixture
I'(x) = Kihara potential function
y; = activity coefficient of component i in mixture
chemical potential of water in filled hydrate lattice
" = chemical potential of water in empty hydrate lattice
difference in chemical potential of water between empty and
filled hydrate lattice
Aul = difference in chemical potential of water between empty
hydrate lattice and water at T, and zero absolute pressure
= the number of cavities of type m per water molecule in the
hydrate lattice

¥
I
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o = Kihara size parameter
0,,; = fraction of cavities of type m occupied by component j

w(r) = spherical-core potential function

Superscripts and Subscripts

0 = reference state
fus = fusion
= hydrate
= component
= ice
= liquid water
cavity type m
= empty
= vapor
= water

i

B o R~
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Literature Cited

Adisasmito, S., R. J. Frank, and E. D. Sloan, Jr., “Hydrates of Carbon
Dioxide and Methane Mixtures,” J. Chem. Eng. Data, 36, 68 (1991).
Adisasmito, S., and E. D. Sloan, Jr., “Hydrates of Hydrocarbon Gases
Containing Carbon Dioxide,” J. Chem. Eng. Data, 37, 343 (1992).
Angell, C. A., and E. J. Sare, “Vitreous Water: Identification and Charac-

terization,” Science, 168, 280 (1970).

Angell, C. A., J. Shuppert, and J. C. Tucker, “Anomalous Properties of
Supercooled Water. Heat Capacity, Expansivity, and Proton Magnetic
Resonance Chemical Shift from 0 to —38°,” J. Phys. Chem., 77, 3092
(1973).

Avlonites, D., “Multiphase Equilibria in Oil-Water Hydrate Forming Sys-
tems,” MS Thesis, Heriot-Watt Univ., Edinburgh, Scotland (1988).
Ballard, A. L., and E. D. Sloan, Jr., “Hydrate Phase Diagrams for Meth-

ane + Ethane + Propane Mixture,” Chem. Eng. Sci., 56, 6883 (2001).

Berecz, E., and M. Balla-Achs, Gas Hydrates, Elsevier, Amsterdam
(1983).

Bond, D. C., and N. B. Russell, “Effect of Antifreeze Agents on the
Formation of Hydrogen Sulfide Hydrate,” Pet. Trans. AIME, 179, 192
(1949).

Brewer, P. G., G. Friederich, E. T. Peltzer, and F. M. Orr, Jr., “Direct
Experiments on the Ocean Disposal of Fossil Fuel CO,,” Science, 289,
943 (1999).

Chen, G.-J., and T.-M. Guo, “A New Approach to Gas Hydrate Modeling,”
Chem. Eng. J., 71, 145 (1998).

Chen, J., K. Fischer, and J. Gmehling, “Modification of PSRK Mixing
Rules and Results for Vapor-Liquid Equilibria, Enthalpy of Mixing and
Activity Coefficients at Infinite Dilution,” Fluid Phase Equilib., 200,
411 (2002).

Chou, I.-M., A. Sharma, R. C. Burruss, J. Shu, H.-K. Mao, R. J. Hemley,
A. F. Goncharov, L. A. Stern, and S. H. Kirby, “Transforms in Methane
Hydrates,” Proc. Natl. Acad. Sci. USA, 97, 13484 (2000).

Clarke, E. C., R. W. Ford, and D. N. Glew, “Propylene Gas Hydrate
Stability,” Can. J. Chem., 42, 2027 (1964).

Dahl, S., and M. L. Michelsen, “High-Pressure Vapor-Liquid Equilibrium
with a UNIFAC-Based Equation of State,” AIChE J., 36, 1829 (1990).

Dahl, S., A. Fredenslund, and P. Rasmussen, “The MHV2 Model: A
UNIFAC-Based Equation of State Model for Prediction of Gas Solubil-
ity and Vapor—Liquid Equilibria at Low and High Pressures,” Ind. Eng.
Chem. Res., 30, 1936 (1991).

Deaton, W. M., and E. M. Frost, “Gas Hydrates and Their Relation to
Operation of Natural-Gas Pipelines,” U.S. Bureau of Mines Monograph,
8, 1 (1946).

de Roo, J. L., C. J. Peters, R. N. Lichtenthaler, and G. A. M. Diepen,
“Occurrence of Methane Hydrate in Saturated and Unsaturated Solution
of Sodium Chloride and Water in Dependence of Temperature and
Pressure,” AIChE J., 29, 651 (1983).

Diepen, G. A. M., and F. E. C. Scheffer, “The Ethane—Water System,” Rec.
Trav. Chim., 69, 593 (1950).

Dyadin, Y. A., E. Y. Aladko, and E. G. Larionov, “Decomposition of
Methane Hydrates up to 15 kbar,” Mendelevsk. Commun., 1, 34 (1997).

Falabella, B. J., “A Study of Natural Gas Hydrates,” PhD Thesis, Univ. of
Massachusetts, Amherst, MA (1975).

Fischer, K., and J. Gmehling, “Further Development, Status and Results of
the PSRK Method for the Prediction of Vapor-Liquid Equilibria and
Gas Solubilities,” Fluid Phase Equilib., 121, 185 (1996).

Vol. 50, No. 1 AIChE Journal



Galloway, T. J., W. Ruska, P. S. Chappelear, and R. Kobayashi, “Exper-
imental Measurement of Hydrate Number for Methane and Ethane and
Comparison with Theoretical Values,” Ind. Eng. Chem. Fundam., 9, 237
(1970).

Ghormley, J. A., “Warming Curves for the Condensed Product of Disso-
ciated Water Vapor and for Hydrogen Peroxide Glass,” J. Am. Chem.
Soc., 79, 1862 (1957).

Gmehling, J., J. Li, and K. Fischer, “Further Development of the PSRK
Method for the Prediction of Gas Solubilities and Vapor-Liquid Equi-
libria at High Pressures I1,” Fluid Phase Equilib., 141, 113 (1997).

Hafemann, D. R., and S. L. Miller, “The Clathrate Hydrates of Cyclopro-
pane,” J. Phys. Chem., 73, 1392 (1969).

Handa, Y. P., “Compositions, Enthalpies of Dissociation, and Heat Capac-
ities in the Range 85 to 270 K for Clathrate Hydrates of Methane,
Ethane, and Propane, and Enthalpy of Dissociation of Isobutane Hy-
drate, as Determined by a Heat-Flow Calorimeter,” J. Chem. Thermo-
dyn., 18, 915 (1986).

Hansen, H. K., P. Rasmussen, A. Fredenslund, M. Schiller, and J. Gmeh-
ling, “Vapor-Liquid Equilibria by UNIFAC Group Contribution: 5.
Revision and Extension,” Ind. Eng. Chem. Res., 30, 2352 (1991).

Hirai, H., T. Kondo, M. Hasegawa, T. Yagi, Y. Yamamoto, T. Komai, K.
Nagashima, M. Sakashita, H. Fujihisa, and K. Aoki, “Methane Hydrate
Behavior Under High Pressure,” J. Phys. Chem. B, 104, 1429 (2000).

Holder, G. D., and G. C. Grigoriou, “Hydrate Dissociation Pressures of
(Methane + Ethane + Water). Existence of a Locus of Minimum
Pressures,” J. Chem. Thermodyn., 12, 1093 (1980).

Holder, G. D., and J. H. Hand, “Multiple-Phase Equilibria in Hydrates from
Methane, Ethane, Propane, Water Mixtures,” AIChE J., 28, 440 (1982).

Holder, G. D., and S. P. Godbole, “Measurements and Prediction of
Dissociation Pressures of Isobutane and Propane Hydrates below the Ice
Point,” AIChE J., 28, 930 (1982).

Holderbaum, H., and J. Gmehling, “PSRK: A Group Contribution Equation
of State Based on UNIFAC,” Fluid Phase Equilib., 70, 251 (1991).
Horstmann, S., K. Fischer, and J. Gmehling, “PSRK Group Contribution
Equation of State: Revision and Extension III,” Fluid Phase Equilib.,

167, 173 (2000).

Huo, Z., M. D. Jager, K. T. Miller, and E. D. Sloan, Jr., “Ethylene Oxide
Hydrate Non-Stoichiometry: Measurements and Implications,” Chem.
Eng. Sci., 57, 705 (2002).

Huron, M. J., and J. Vidal, “New Mixing Rules in Simple Equations of
State for Representing Vapor-Liquid Equilibria of Strongly Non-Ideal
Mixtures,” Fluid Phase Equilib., 3, 255 (1979).

Jhaveri, J., and D. B. Robinson, “Hydrates in the Methane-Nitrogen Sys-
tem,” Can. J. Chem. Eng., 43, 75 (1965).

Klauda, J. B., and S. I. Sandler, “A Fugacity Model for Gas Hydrate Phase
Equilibria,” Ind. Eng. Chem. Res., 39, 3377 (2000).

Klauda, J. B., and S. I. Sandler, “Phase Behavior of Clathrate Hydrates: A
Model for Single and Multiple Gas Component Hydrates,” Chem. Eng.
Sci., 58, 27 (2003).

Kobayashi, R., and D. L. Katz, “Methane Hydrate at High Pressure,” Pet.
Trans. AIME, 186, 66 (1949).

Kvenvolden, K. A., “Potential Effects of Gas Hydrate on Human Welfare,”
Proc. Natl. Acad. Sci. USA, 96, 3420 (1999).

Larson, S. D., “Phase Studies of the Two-Component Carbon Dioxide—
Water System, Involving the Carbon Dioxide Hydrate,” PhD Thesis,
Univ. of Michigan, Ann Arbor, MI (1955).

Lee, S.-Y., and G. D. Holder, “Model for Gas Hydrate Equilibria Using a
Variable Reference Chemical Potential: Part 1,” AIChE J., 48, 161
(2002).

Loveday, J. S., R. J. Nelmes, M. Guthrie, and D. D. Klug, “Transition from
Cage Clathrate to Filled Ice: The Structure of Methane Hydrate III,”
Phys. Rev. Lett., 87, 225501 (2001a).

Loveday, J. S., R. J. Nelmes, M. Guthrie, S. A. Belmonte, D. R. Allan,
D. D.Klug, J. S. Tse, and Y. P. Handa, “Stable Methane Hydrate Above
2 GPa and the Source of Titan’s Atmospheric Methane,” Nature, 410,
661 (2001Db).

Mao, W. L., H.-K. Mao, A. F. Goncharov, V. V. Struzhkin, Q. Guo, J. Hu,
J. Shu, R.J. Hemley, M. Somayazulu, and Y. Zhao, “Hydrogen Clusters
in Clathrate Hydrate,” Science, 297, 2247 (2002).

Marshell, D. R., S. Saito, and R. Kobayashi, “Hydrates at High Pressures.
1: Methane—Water, Argon—Water, and Nitrogen—Water Systems,”
AIChE J., 10, 202 (1964).

Mckoy, V., and O. Sinanoglu, “Theory of Dissociation Pressures of Some
Gas Hydrates,” J. Chem. Phys., 38, 2946 (1963).

AIChE Journal

McLeod, H. D., and J. M. Campbell, “Natural Gas Hydrates at Pressures to
10,000 psi,” J. Pet. Technol., 13, 590 (1961).

McMillan, J. A., and S. C. Los, “Hydrazine—Water System. II. Nonequi-
librium Phase Transformations,” J. Chem. Phys., 42, 829 (1965).

Michelsen, M. L., “A Method for Incorporating Excess Gibbs Energy
Models in Equations of State,” Fluid Phase Equilib., 60, 42 (1990a).

Michelsen, M. L., “A Modified Huron—-Vidal Mixing Rule for Cubic
Equations of State,” Fluid Phase Equilib., 60, 213 (1990b).

Miller, B., and E. R. Strong, “Possibilities of Storing Natural Gas in the
Form of a Solid Hydrate,” Proc. Am. Gas. Assoc., 27, 80 (1945).

Miller, S. L., and W. D. Smythe, “Carbon Dioxide Clathrate in the Martian
Ice Cap,” Science, 170, 531 (1970).

Mishima, O., and E. Stanley, “The Relationship Between Liquid, Super-
cooled and Glassy Water,” Nature, 396, 329 (1998).

Morita, K., S. Nakano, and K. Ohgaki, “Structure and Stability of Ethane
Hydrate Crystal,” Fluid Phase Equilib., 169, 167 (2000).

Nakano, S., K. Yamamoto, and K. Ohgaki, “Natural Gas Exploitation by
Carbon Dioxide from Gas Hydrate Fields—High-Pressure Phase Equi-
librium for an Ethane Hydrate System,” J. Power & Energy, 212, 159
(1998).

Ng, H.-J., J. P. Petrunia, and D. B. Robinson, “Experimental Measurement
and Prediction of Hydrate Forming Conditions in the Nitrogen—Pro-
pane—Water System,” Fluid Phase Equilib., 1, 283 (1977-1978).

Ng, H.-J., and D. B. Robinson, “Hydrate Formation in Systems Containing
Methane, Ethane, Propane, Carbon Dioxide or Hydrogen Sulfide in the
Presence of Methanol,” Fluid Phase Equilib., 21, 145 (1985).

North, W. J., V. R. Blackwell, and J. J. Morgan, “Studies of CO, Hydrate
Formation and Dissolution,” Environ. Sci. Technol., 32, 676 (1998).
Parrish, W. R., and J. M. Prausnitz, “Dissociation Pressures of Gas Hy-

drates Formed by Gas Mixture,” AIChE J., 11, 26 (1972).

Patil, S. L., “Measurements of Multiphase Gas Hydrates Phase Equilibria:
Effect of Inhibitors and Heavier Hydrocarbon Components,” MS Thesis,
Univ. of Alaska, Fairbanks, AL (1987).

Peltzer, E. T., P. G. Brewer, R. M. Dunk, J. Erickson, G. Rehder, and P.
Walz, “Recent Advances in Deep-Sea CO, Sequestration Experiments,”
ACS Div. Fuel Chem. Preprints, 47, 23 (2002).

Reamer, H. H., F. T. Selleck, and B. H. Sage, “Some Properties of Mixed
Paraffinic and Olefinic Hydrates,” Pet. Trans. AIME, 195, 1997 (1952).

Ripmeester, J. A., and C. L. Ratcliffe, “'*?Xe NMR Studies of Clathrate
Hydrates: New Guests for Structure II and Structure H,” J. Phys. Chem.,
94, 8773 (1990).

Ripmeester, J. A., J. S. Tse, C. I. Ratcliffe, and B. M. Powell, “A New
Clathrate Hydrate Structure,” Nature, 325, 135 (1987).

Robinson, D. B., and J. M. Hutton, “Hydrate Formation Systems Contain-
ing Methane, Hydrogen Sulphide and Carbon Dioxide,” J. Can. Pet.
Technol., 6, 6 (1967).

Robinson, D. B., and B. R. Metha, “Hydrates in the Propane—Carbon
Dioxide—Water System,” J. Can. Pet. Technol., 10, 33 (1971).

Rouher, O. S., and A. J. Barduhn, “Hydrates of Iso- and Normal Butane
and Their Mixtures,” Desalination, 6, 57 (1969).

Saito, T., T. Kajishima, and R. Nagaosa, “CO, Sequestration at Sea by
Gas-Lift System of Shallow Injection and Deep Releasing,” Environ.
Sci. Technol., 34, 4140 (2000).

Schneider, G. R., and J. Farrar, “Nucleation and Growth of Ice Crystal,”
U.S. Dept. of Interior, Res. Dev. Rep., 292, 37 (1968).

Schroeter, J. P., R. Kobayashi, and M. A. Hildebrand, “Hydrate Decom-
position Conditions in the H,S—-Methane—-Water System,” Ind. Eng.
Chem. Fundam., 22, 361 (1983).

Selleck, F. T., L. T. Carmichael, and B. H. Sage, “Phase Behavior in the
Hydrogen Sulfide-Water System,” Ind. Eng. Chem., 44, 2219 (1952).
Sloan, E. D., Jr., Clathrate Hydrates of Natural Gases, Dekker, New York

(1998).

Snell, L. E., F. D. Otto, and D. B. Robinson, “Hydrates in Systems
Containing Methane, Ethylene, Propylene, and Water,” AIChE J., 7, 82
(1961).

Soave, G., “Equilibrium Constants from a Modified Redlich-Kwong Equa-
tion of State,” Chem. Eng. Sci., 27, 1197 (1972).

Thakore, J. L., and G. D. Holder, “Solid—Vapor Azeotropes in Hydrate-
Forming Systems,” Ind. Eng. Chem. Res., 26, 462 (1987).

Tse, J. S., “Thermal-Expansion of the Clathrate Hydrates of Ethylene-
Oxide and Tetrahydrofuran,” J. Phys., 48, 543 (1987).

Udachin, K. A., and J. A. Ripmeester, “A Complex Clathrate Hydrate
Structure Showing Bimodal Guest Hydration,” Nature, 397, 420 (1999).

January 2004 Vol. 50, No. 1 213



Unruh, C. H., and D. L. Katz, “Gas Hydrates of Carbon Dioxide—Methane
Mixture,” Pet. Trans. AIME, 186, 83 (1949).

Van Cleeff, A., and G. A. M. Diepen, “Ethylene Hydrate at High Pres-
sures,” Rec. Trav. Chim., 81, 425 (1962).

Van Cleeff, A., and G. A. M. Diepen, “Gas Hydrates of Nitrogen and
Oxygen,” Rec. Trav. Chim., 79, 582 (1960).

Van Cleeff, A., and G. A. M. Diepen, “Gas Hydrates of Nitrogen and
Oxygen. II,” Rec. Trav. Chim., 84, 1085 (1965).

Van der Waals, J. H., and J. C. Platteeuw, “Clathrate Solutions,” Adv.
Chem. Phys., 2, 1 (1959).

Velikov, V., S. Borick, and C. A. Angell, “The Glass Transition of Water,
Based on Hyperquenching Experiments,” Science, 294, 2335 (2001).
Verma, V. K., “Gas Hydrates from Liquid Hydrocarbon—Water Systems,”
PhD Thesis, Univ. of Michigan, Ann Arbor, MI (1974).

Wu, B.J., D. G. Robinson, and H. J. Ng, “The Role of n-Butane in Hydrate
Formation,” J. Chem. Thermodyn., 8, 461 (1976).

Yoon, J.-H., M.-K. Chun, and H. Lee, “Generalized Model for Predicting
Phase Behavior of Clathrate Hydrate,” AIChE J., 48, 1317 (2002).

Manuscript received Dec. 17, 2002, and revision received May 11, 2003.

214 January 2004 Vol. 50, No. 1

AIChE Journal



