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In this communication, a thermodynamic model is presented to predict the dissociation conditions of structure H (sH) clathrate hydrates

with methane as help gas. This approach is an extension of the Klauda and Sandler fugacity model (2000) for prediction of phase

boundaries of sl and slI clathrate hydrates. The phase behavior of the water and hydrocarbon system is modeled using the Peng-Robinson

equation of state (PR-EoS) with Wong-Sandler mixing rule, while the excess Gibbs free energy of the mixture is calculated using the

UNIFAC activity model. The van der Waals-Platteeuw (vdWP) solid solution theory is used to model the hydrate phase. Results are

compared with the results of the models proposed by Mehta and Sloan (1996) and Chen et al. (2003) for prediction of dissociation

conditions of structure H hydrates. According to the results, the overall average absolute deviation of dissociation temperatures between

experiments and predictions are 0.18 (K), depending on the promoter, and the accuracy of the model proposed in this study is found to be

better than the accuracies of the aforementioned models.
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INTRODUCTION

Clathrate hydrates, or gas hydrates, are crystalline
structures composed of gases and/or some volatile liquids
(guests) + water mixtures in which water molecules (hosts)
are bonded to each other, through hydrogen bonds, where
guest molecules are trapped in water cavities leading to
stable lattice [1]. Clathrate hydrates can be divided into
three typical crystalline structures [1]: Before the discovery
of sH hydrates, it was assumed that the clathrate hydrates
include two kinds of cubic structures known as sl and sII
while molecules larger than normal butane cannot occupy
the crystalline lattice due to their large size [2]. Later,
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Ripmeester et al., (1987) found out a new class of clathrate
hydrates known as structure H hydrates [3]. Unlike other
two structures, in this structure, three types of cavities exist:
small, medium and large. Gas molecules like methane, and
hydrogen sulfide can fill small and medium cavities and sH
hydrate former molecules like methylcyclopentane,
methylcyclohexane and neohexane fill large cavities and
stabilize clathrate hydrate structures. Ripmeester and
Ratcliffe, (1990) identified about 25 guest

hydrocarbons capable of forming structure H clathrate

heavy

hydrates with xenon as a help gas [4]. Some heavy
molecules belonging to isoalkanes, cycloalkanes, alcohols
and ketones with molecular diameters of about 7 to 8.6 A
may form sH hydrates. However, it is believed that some
larger molecules like ethylcyclohexane with a molecular
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diameter of 9.82 A are also capable of forming this structure
[1]. These molecules are generally considered insoluble or
slightly soluble in water and in terms of size, are generally
larger than guest molecules forming sII hydrates and form
hydrates at lower pressures than those required for stability
of sI clathrate hydrates [1].

After the discovery of sH clathrate hydrates, the first
phase equilibrium data of sH hydrate for methane +
adamantane system was reported by Lederhos et al. [5]. The
sH hydrates in nature are much less than the other two
structures discovered naturally by Sassen and MacDonald
[6]. They suggested that a range of hydrocarbons can form
sH hydrates in pipelines. In the recent years, other
researchers conducted studies to identify more hydrocarbon
molecules which may form the same structure and therefore
phase equilibrium data were measured for a series of
methane + liquid hydrocarbon systems [7,8]. Measurements
were also undertaken for sH hydrates stabilized with other
help gases like nitrogen [9,10], carbon dioxide [11], xenon
[12] and hydrogen [13].

Despite Hammerschmidt’s idea (1934) that gas hydrates
can cause blockage of petroleum pipelines and process
equipment and then direction of studies shifted to prevent
hydrate formation [14], in next years, many researchers
suggested that clathrate hydrates can be used to store some
gases. showed that sII clathrate
hydrates can be fully maintained for 15 days at -15 °C under

Gudmundsson et al.

atmospheric pressure [15]. During a feasibility study on the
possibility of transferring of natural gas in hydrate form,
Borrehaug and Gudmundsson, showed about 24% cost
saving for gas transport in hydrates compared to liquefied
natural gas (LNG) from the northern North Sea to Central
Europe [16]. Later, Khokhar ez al. verified methane storage
capacity in sH clathrate hydrates [17]. Recently, Javanmardi
et al. (2005) proposed a process for conversion of natural
gas to gas hydrates. Moreover, the economic evaluation of
the transportation of natural gas hydrate as an alternative
was investigated [18].

So far, several thermodynamic models have been
proposed, by considering interactions between guest and
host
difference in empty hydrate lattice and stabilized hydrate

molecules, to calculate the chemical potential

lattice after adsorption of gas molecules inside the cavities
to predict dissociation conditions of sH clathrate hydrates

466

[1].

Mehta and Sloan developed a thermodynamic model
based on the van der Waals and Platteeuw (vdWP) solid
solution theory and optimized the thermodynamic values
and Kihara potential parameters of molecules forming sH
clathrate hydrates [7,19].

The reference chemical potential in this model was
assumed to be constant and this parameter is set at the ice
point of water. Thus, the model close to the ice point of
water performs well, while the deviation in prediction of sH
hydrates phase equilibria can be increased at conditions far
away from this point.

Chen et al. extended their model for sH clathrate
hydrates [20], which was previously proposed to predict
formation of sI and sl hydrates based on the two-step
hydrate formation mechanism [21,22]. The latter model
does not require thermodynamic properties of empty
hydrate lattice [20].

It should be mentioned that due to the fitted parameters
of this model based on Antoine equation, the inaccuracy of
model over extended temperature ranges can be expected.
Moreover, presentation of a complete occupation of all large
cavities as an assumption of this model has not been
performed experimentally yet [23].

Martin and Peters proposed a thermodynamic model to
predict the dissociation conditions of hydrogen hydrates by
considering secondary interactions [24,25]. They proposed a
similar model to predict the dissociation conditions of sH
hydrogen clathrate hydrates [26]. Based on their models, the
occupation of hydrate cavities by several hydrogen
molecules was considered and in addition to interactions
between guest-host molecules, the interactions between
guest-guest molecules were also taken into account. To
calculate the fugacity of fluid phases, the CPA (cubic plus
association) equation of state was used [26].

A similar thermodynamic model was later proposed by
Babaee et al. for prediction of sH hydrogen hydrate phase
equilibria with different promoters [27].

Klauda and Sandler, proposed a thermodynamic model
based on equality of water fugacity between hydrate and
aqueous phases to predict dissociation conditions of sI and
sl hydrates [23]. In their model, there is no need for
reference properties in vdWP-type models. Furthermore,
similar to John etal. [28] model, secondary interactions
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were considered for the calculations of the potential
function. Moreover, the Kihara spherical core potential
parameters are used from viscosity and second Virial
coefficient data [29], while in the vdWP-type models these
parameters are obtained by fitting to the experimental data.
Within the next years, they also developed their models for
multiple gas component clathrate hydrates [30,31,32].

As mentioned earlier, models of Mehta and Sloan and
Chen et al. are capable of predicting the phase boundaries of
the methane sH hydrate. In this communication, the
thermodynamic approach based on the Klauda and Sandler
model for sl and slI clathrate hydrates has been extended for
estimating sH hydrate dissociation conditions with methane
as help gas and the comparisons with the aforementioned
models have been performed to clarify the capability of the
model. Moreover, using the Wong Sandler mixing rule
causes the more accurate prediction of the gas phase
compositions, especially in the presence of heavy sH
hydrate former. Details of the model are presented as
follows.

THERMODYNAMIC MODEL

The thermodynamic model for estimating the
dissociation conditions of structure H methane hydrates is
based on equality of fugacity between hydrate and aqueous
phases. At equilibrium, the fugacity of water in the hydrate

and aqueous phases are equal [23]:
S (T.P)= [ (T, P) Q)

The fugacity of water in the hydrate phase is calculated
as follows [33]:

H _ (B
Sw =S eXp[ RT

—AuﬁH(T,P)} )

The fugacity of water in aqueous phase, fvf’ and the
hypothetical and empty hydrate lattice, ff are evaluated as
follows [23]:

vi(r,P)(P- R;T"""(T))J

R

)

o v (r.P)P- P (1) (4)
N e =y

where pviahL(T) is the vapor pressure in the aqueous phase

in units of Pa. [23]:

ln(Pvff”’L)z (4.15391n(T)—%+ 7.6537-16.1277 x10*3T)

)

The empty hydrate lattice vapor pressure pvim’ﬁ(r),

based on the investigation of researchers depends on the
guest molecules [23]. Hence, in the current work, the
following form for this parameter for sH hydrates of
methane with different promoters are proposed [23]:

ln(Pvi“”/j )= (Aln(T)+§+ 2.7789 + DT) (6)

where T and P are the system temperature and the pressure
in K and Pa, respectively. The optimized values of the
parameters A, B and D for sH are given in Table 1.

Due to the low solubility of heavy molecules forming
sH hydrates in aqueous phase, this term is ignored and the
methane solubility in water phase is estimated using the
Henry's law approach as follows [23]:

xguest(s) _ fi (7)
' H; (T)exp Z ;o

where 7z”is the infinite dilution compressibility factor. To

calculate the Henry’s law constant, the following

temperature dependence equation is used [23]:

H(T .
_in[ i) =-183.786+w+25.04051n(T)-0.00015T
101325 T

(®)

The unit for H(T) and T are Pa™ and K, respectively.

The difference between the chemical potential of water
in the empty hydrate lattice and the hydrate phase in Eq. (2)
is determined as follows [34]:
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Table 1. Vapor Pressure Constants for the Empty Hydrate Lattice in Eq. (6)

Promoter A B D x 10’

2-Methylbutane 38.1018  -26143.1912  -416.6586
2,2-Dimethylbutane 246231  -17702.4931  -252.7757
2,2-Dimethylpentane 36.1236  -24893.0436  -393.4375
2,3-Dimethylbutane 347221  -24123.9028  -374.0982
3,3-Dimethylpentane 240152 -17216.7327  -246.7680
2,2 3-Trimethylbutane 236376  -17104.6751  -240.5623
Methylcyclopentane 340009 -23688.2957  -365.2308
Ethylcyclopentane 50.6504  -34672.8597  -559.9892
Methylcyclohexane 323511 -22727.0502  -344.3528
Cycloheptane 294058  -20768.4272  -309.7910
Cycloheptene 158123  -11958.0052  -148.6967
Cyclooctane 354360  -24704.9003  -381.0192
Cis-cyclooctene 21.1520  -15424.6049 -211.8914
1,1-Dimethylcyclohexane 32.8530  -23284.4813  -347.4761
1,2-Dimethylcyclohexane 332490  -23292.4671  -355.4793
1,3-Dimethylcyclohexane 38.1973  -26347.6641  -416.0899
1,4-Dimethylcyclohexane 315412 -22157.1357  -335.5657
2,3-Dimethyl-1-butene 262903  -18600.3650  -274.9777
3,3-Dimethyl-1-butene 257763  -18419.3538  -267.1849
3,3-Dimethyl-1-butyne 313956  -21865.0721  -336.4130
Adamantan 147562  -11555.2044  -134.5352

AR 7T B i ol “0)
i=l1 j=l

where R’ is the radius of cage, w(r) is the cell potential and &

where v; denotes the number of cavities of type i per water is the Boltzmann’s constant.

molecule in the unit cell, fjis the fugacity of the hydrate The crystallographic data for the second and third shell
former j and C denotes the Langmuir constant, which is  (cavity) parameters of sH clathrate hydrates have not been

calculated using the following expression [34]: reported in the literature. Hence, to determine the Langmuir
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Table 2. The Critical Properties and the Acentric Factors of Hydrate Formers [19,40]

Promoter Te Pe
(K) (MPa)

Methane 190.6 4.599 0.008
2-Methylbutane 460.4 3.38 0227
2,2-Dimethylbutane 488.8 3.08 0.232
2,2-Dimethylpentane 520.5 2.77 0.287
2,3-Dimethylbutane 500.0 3.13 0.247
3,3-Dimethylpentane 5374 291 0.296
2,2,3-Trimethylbutane 531.2 295 0.250
Methylcyclopentane 532.7 3.78 0.231
Ethylcyclopentane 569.5 3.40 0271
Methylcyclohexane 532.7 3.78 0.236
Cycloheptane 604.2 3.81 0.237
Cycloheptene 598.3 395 0.231
Cyclooctane 647.2 3.56 0.236
Cis-cyclooctene 6414 3.62 0.246
1,1-Dimethylcyclohexane 591.0 296 0.238
1,2-Dimethylcyclohexane 606.0 2.96 0.236
1,3-Dimethylcyclohexane 591.1 2.94 0.237
1,4-Dimethylcyclohexane 598.1 2.94 0.231
2,3-Dimethyl-1-butene 501.0 324 0.221
3,3-Dimethyl-1-butene 490.0 325 0.121
3,3-Dimethyl-1-butyne 490.8 341 0.133
Adamantine 680.0 2.81 0.297

constant, the assumption of a single layer was considered second virial coefficient presented by Tee et al. [29]. These
and the Kihara potential function was utilized to describe =~ parameters are determined from the following combining
the guest-host interactions. The details of estimation of the rules [27,28]:

Langmuir constant have been given elsewhere [34]. The

1 1 1 o, tO a, +a
values of the Kihara potential parameters were obtained g% \/%Twa a=te 4w (11)

o=
from correlations optimized based on the viscosity and 2 2
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Table 3. The Kihara Potential Parameters of Hydrate Formers [23,29]

Promoter * 7 ek
A) A) (K)
Methane 0.3834 3.505 2322
2-Methylbutane 0.9859 52454 698.2495
2,2-Dimethylbutane 1.0472 55151 746.8082
2,2-Dimethylpentane 12122 5.7862 859.5095
2,3-Dimethylbutane 1.0781 55147 780.7575
3,3-Dimethylpentane 12207 5.7450 898.2748
2,2 3-Trimethylbutane 1.1277 5.7365 833.0544
Methylcyclopentane 1.0047 53020 812.6845
Ethylcyclopentane 1.1391 5.5823 919.9675
Methylcyclohexane 1.0140 52980 818.6640
Cycloheptane 1.0566 5.5096 929.9031
Cycloheptene 1.0291 54309 912.7635
Cyclooctane 1.1038 5.7669 994.6299
Cis-cyclooctene 1.1140 5.7092 1000.1158
1,1-Dimethylcyclohexane 1.1429 5.9480 910.9142
1,2-Dimethylcyclohexane 1.1483 5.9996 931.3129
1,3-Dimethylcyclohexane 1.1435 5.9626 909.7613
1,4-Dimethylcyclohexane 1.1353 59915 912.4584
2,3-Dimethyl-1-butene 1.0166 54766 753.0756
3,3-Dimethyl-1-butene 0.7767 55120 626.5361
3,3-Dimethyl-1-butyne 0.7960 54178 640.7811
Adamantine 13376 6.2852 1138.1602
Water 0.000 3.564 102.134

where, subscript g and w denote the guests and water in Tables 2 and 3, respectively.
molecules, respectively. The critical constants and the To determine the molar volume of pure water in Eq. (3),
Kihara potential parameters of hydrate formers are reported the relation proposed by Jager efal. was used [35]. The
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Table 4. Parameters for Volume of Water (m® mol™) (Eq. (12)) [35]

n=0 n=1 n=2 n=3

ai, 31.1251 -1.14154 x 10! 3.10034 x 10™ -2.48318 x 1077

oy 246176 x 107 2.15663 x 10 -6.48160 x 1072 647521 x 1077

asn 8.69425 x 107 -7.96939x 10" 245391 x 107 251773 x 1072

Ay -6.03348 x 10°® 557791 x 10%  -1.72577 x 10® 1.77978 x 102

Input Pressure and assume 1nitial value of Temperature

'

Perform two-phase P-T flash calculation to obtain the mole
fraction of components -

,

Calculate 47 (from UNIFAC)

v

Calculate fugacities (from PR EOS+WS mixing rule)

s

Calculate Langnuur constant (from Eq. 10)

i New T

Calculate 77 (fromEq. 4)

,

Calculate y# (from Eq. 2)

fE (from Eq. 3)

s
s

l Yes

Print T

Fig. 1. Flow chart of computational algorithm for calculating the dissociation temperature
of sH hydrate at a given pressure.
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Fig. 2. Predicted and experimental methane structure H hydrate dissociation conditions in the presence of
2-methylbutane.
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Fig. 3. Predicted and experimental methane structure H hydrate dissociation conditions in the presence of
2,2-dimethylbutane.
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Fig. 4. Predicted and experimental methane structure H hydrate dissociation conditions in the presence of

methylcyclopentane.
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Fig. 5. Predicted and experimental methane structure H hydrate dissociation conditions in the presence of
methylcyclohexane.
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Fig. 6. Predicted and experimental methane structure H hydrate dissociation conditions in the presence of

Cyclooctane.
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Fig. 7. Predicted and experimental methane structure H hydrate dissociation conditions in the presence of
2,2-dimethylpentane.
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parameters are reported in Table 4.

(12)

3
vk - Z(al,, +ap, P +azy,P? + ay, P° )T><10*6
n=0

where y*is in (m’ mol ™), P is in Pa and T is in K.
Molar volume of the empty sH clathrate hydrate lattice

in Eq. (4), as a function of temperature and pressure is
expressed as follows [26]:

1.5

vh = 37(12.268+ 0.697x1073(T =80)+1.33x107%(T —80)2)z

(9.997 ~0.332x1073(T =80)+4.30x107>(T — 80)2)
—30
wexp(— 1.05x1071°(P-101 325))

w

(13)

Here N, and N v’:’ represent the Avogadro's number and

number of water molecules per unit cell, respectively. In
this equation, erf is in m’ mol” and 7 and P are the system
temperature and the pressure in K and Pa, respectively.

To calculate the fugacity of the hydrate formers in Eq.
(9), the effect of the heavy components on the gas phase is
not negligible and their mole fractions should be considered
[7,26]. Also, in the ice point vicinity, the effect of the
presence of water on the hydrocarbon phase behavior is
inappreciable [20]; accordingly, to determine the fugacity of
components, (help gas + heavy hydrocarbon) Pressure-
Temperature flash calculation was performed using the
Peng-Robinson equation of state [36] and the Wong-Sandler
mixing rule [37]. Original WS mixing rule uses the NRTL
activity model, but in the current work, in order to avoid
fitting the binary interaction parameters required in the
NRTL model, we have applied the UNIFAC activity model.
The Appendix contains the Wong-Sandler mixing rule and
its details.

RESULTS AND DISCUSSION

In this study, constants of Eq. (6) for each large guest
component of sH hydrate in the presence of methane as a
help gas were obtained by regression of 40% of available
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experimental data and using the following objective

function:
NDP [ \Texp = Tear 14
g =3 |22 | (14)
n=1 exp

where T, and T, are the experimental and the calculated
dissociation temperatures of sH hydrate, respectively. The
optimized values of parameters 4, B and D are given in
Table 1.

It should be noted that in the Mehta and Sloan model,
the three parameters of Kihara potential function for each
heavy guest molecule are optimized. The Chen et al. model
also has three to six adjustable parameters per liquid
hydrocarbons and help gas in the form of Antoine equation
which are determined. Meanwhile, the present model
requires three adjustable parameters just for each system.
Furthermore, due to constant assumption of reference
chemical potential parameter, error at high pressure ranges
may be observed for activity coefficient based models.

Thus, fugacity based models as a new generation for gas
hydrates prediction, have been proposed to create the
increase of flexibility in prediction of hydrate phase
equilibrium conditions. Additionally, EOS/G" models are
capable of predicting the vapor-liquid equilibria (VLE) for
multicomponent mixtures over the entire pressure range.
Thus, the main aim of this study was to combine the
(fugacity
approach accompanied with EOS/G® model) for estimation

advantages of the two earlier descriptions

of the real phase equilibria of methane sH clathrate hydrate.

Figure 1 presents the flowchart for predicting sH
hydrates equilibrium conditions based on equality of water
fugacity between hydrate and aqueous phases. The results of
this work as well as the models of Mehta and Sloan [19] and
also Chen et al. [20] are compared with the experimental
data in Figs. 2-7.

It should be mentioned that because of numerous
experimental sH hydrate data, only some typical systems
have been depicted in these figures. The number of data
points, pressure ranges and average absolute deviations,
AAD, are summarized in Table 5. As evident from obtained
results, a good agreement between the model predictions
and the available experimental data is observed.
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Table 5. The Average Absolute Deviation Temperature (AADT) for Methane sH Hydrate Dissociation Conditions

AADT
P-Range K
Promoter No. of data (MPagi This _ Chen e(t a)l. Mehta and Data source
work 2003 Sloan 1996
2-Methylbutane 15 2.24-12.06 0.15 0.18 0.23 [41,42,43.44]
2,2-Dimethylbutane 20 1.30-7.51 0.14 0.15 0.17 [8,41,42.,45.46]
2,2-Dimethylpentane 25 2.43-9.81 021 029 0.37 [43,47,48]
2,3-Dimethylbutane 10 2.07-8.96 0.11 0.13 0.16 [9,47]
3,3-Dimethylpentane 7 1.73-7.28 0.07 0.10 0.15 [8,47]
2,2 3-Trimethylbutane 6 1.47-7.55 020 034 043 [8,47]
Methylcyclopentane 44 1.75-10.01 0.16 023 0.36 [8,47,49,50,51]
Ethylcyclopentane 6 3.59-9.13 0.11 0.26 0.29 [8]
[8,41,51,52,53,54,

Methylcyclohexane 76 1.35-11.93 0.19 029 0.42

55,56,57]
Cycloheptane 23 1.38-10.93 020 029 0.36 [8,58,59]
Cycloheptene 4 2.10-3.81 0.15 0.18 0.44 [47]
Cyclooctane 39 1.60-11.65 0.24 031 0.42 [8,49,59,60]
Cis-cyclooctene 4 2.08-3.56 0.07 0.12 0.21 [47]
1,1-Dimethylcyclohexane 20 1.07-11.50 0.16 0.24 0.27 [8,61]
1,2-Dimethylcyclohexane 24 1.57-11.32 0.15 026 0.30 [8,47,53]
1,3-Dimethylcyclohexane 10 3.07-6.35 0.10 0.19 0.25 [17]
1,4-Dimethylcyclohexane 20 1.62-9.13 0.16 - 041 [62]
2,3-Dimethyl-1-butene 4 2.53-4.80 0.06 0.07 0.11 [47]
3,3-Dimethyl-1-butene 12 2.01-6.50 0.11 0.17 0.25 [47,60]
3,3-Dimethyl-1-butyne 5 2.85-4.56 0.10 0.11 0.15 [19]
Adamantine 8 1.77-3.01 0.08 0.10 0.16 [5,42]
Overall 382 - 0.18 0.24 0.33 -

1
A4DT () =~ > (1, -

n=1
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CONCLUSIONS

A thermodynamic model based on equality of water
fugacity for methane structure H hydrate in the presence of
different heavy hydrate formers (promoters) was proposed.
The values of Kihara cell potential parameters based on the
viscosity and second virial coefficient data were obtained
directly from the correlations given in the literature. The
vapor pressure constants of the empty hydrate lattice for
various sH hydrate formers were obtained by regression of
experimental data. The fugacities of the species in all phases
were calculated using the Peng-Robinson equation of state
accompanied with the Wong-Sandler mixing rule combined
with the UNIFAC activity model. The results of the present
model were compared with the available experimental data
in the literature where an acceptable agreement is observed.
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Appendix
The Peng Robinson equation of state is as follows
[36]:

RT a(T)
P= —
V—b V>+2bV-b?

(AT)

To apply Peng-Robinson equation of state to the
mixtures, its parameters a,, and b, for mixtures can be
expressed as follows using the Wong-Sandler mixing rule
[371:

a  AE (A2)
=b i A
m ’”;x’ b 0.62323
a
Xi(b———)..
Zi:%:x’xf( RT)’J (A3)
b = a; AE
~"" b;RT ~ 0.62323RT
Here 4% is the excess Helmholtz free energy of

477

mixing at infinite pressure and can be considered equal to

the excess Gibbs free energy at low pressure [37]. To
calculate 47, the UNIFAC activity model is applied [38]:

(A4)

Iny; =In yic +In yiR

where combinational part due to differences in size and
shape of the molecules is given by [38]:

o

where x; is the mole fraction of component i, 6; is the area

2

X

(23
0.

1

4

)

i

lnﬁ+1— (AS)

X

lnyic=( +1-

fraction, and ¢ is the segment fraction which are defined as
follows [38]:

0, = qi%i (A6)
2455
J

¢i _ lel‘ (A7)

where r; and ¢; are the volumes and molecular surface areas,
respectively. These parameters are calculated using the
group contribution method [38]:

r =S VR (A8)
k

9 = Zvlff)Qk (A9)
&

where V/(ci) is the number of groups of type & in molecule i.

R, and Q; are the UNIFAC volume and surface area
parameters, respectively. These parameters are given

elsewhere, [38]. The residual term is expressed by:

In yiR = Zulg) (ln I —In l"i(i)) (A10)
k

where:
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(All)

O mic
InT, = 1-1 2] _ —mrmK
ot -0 -] St - ot

n

InT}, is the group residual activity coefficient and I rlgi) is

the residual activity coefficient of group %k in a reference
solution containing only molecules of type i [38]. 6, is the
area fraction of group m and ¥,, is the group-interaction
parameter [39]:

(A12)

Here 4, and p, ~are the parameters of main group CH-

CH,, which are given elsewhere, [39].

List of Symbols

A Parameter in Eq. (6)

Aof Excess Helmholtz free energy

a Guest core radius

a(T)  Equation of state “energy” parameter

a; Energy parameter of component i
an Energy parameter of mixture

An Interaction parameter

B Parameter in Eq. (6)

b Excluded volume

b; Excluded volume of component i
by Excluded volume of mixture

bon Interaction parameter

C Langmuir constant

D Parameter in Eq. (6)

f Fugacity

H Henry’s constant

Ny Avogadro number

N. vlj Number of H,O molecules per unit cell in sH
hydrates

k Boltzmann’s constant

P Pressure

Pc Critical pressure

P Saturation pressure

Ok UNIFAC surface area parameter
T Temperature

Tc Critical temperature

r Integration variable

R Universal gas constant

R’ Hydrate shell radius

Ry UNIFAC volume parameter

Vi Number of cavities of type per water molecule
vV Molar volume

X; Mole fraction of component i

X Mole fraction of group m

z Number of water molecules of each hydrate cage
z7  Infinite dilution compressibility factor

AuP~H Chemical potential of water difference between the

empty and filled hydrate

o Collision diameter

s Empty hydrate

w(r)  Potential function

y Activity coefficient

0. Area fraction

& Segment fraction

'd Group-interaction parameter

& Depth of the intermolecular potential well
I, Residual activity coefficient of group k in a solution
REFERENCE

[11 Sloan, E. D.; Koh, C. A., Clathrate Hydrates of
Natural Gases, Third Edition, CRC Press, Taylor and
Francis Group, Boca Raton, 2008.

[2] Katz, D. L.; Cornell, D.; Kobayashi, R.; Poettmann F.
H.; Vary, J. A.; Elenbaas, J. R.; Weinaugh, C. F.,
Handbook of Natural Gas Engineering, Chap. 5,
McGraw-Hill, New York, 1959.

[3] Ripmeester, J.; Tse, J.; Ratcliffe, C.; Powell, B., A
new clathrate hydrate structure. Lett. Nature, 1987,
325,135-136. DOI: 10.1038/325135a0.

[4] Ripmeester J.; and Ratcliffe C., Xe NMR studies of
clathrate hydrates: new guests for structure II and
structure H. J. Phys. Chem., 1990, 94, 8773-8716.
DOI: 10.1021/j100388a006.

[5] Lederhos, J. P.; Mehta, A. P.; Nyberg, G. B.; Warn,
K. J.; Sloan, E. D., Structure H clathrate hydrate
equilibria of methane and adamantane, AIChE J,
1992, 38, 1044-1048. DOI: 10.1002/aic.690380708.



(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

A Fugacity Approach for Prediction of Phase Equilibria/Phys. Chem. Res., Vol. 5, No. 3, 465-481, September 2017.

Sassen, R.; McDonald, 1., Evidence of structure H
hydtate, gulf of Mexico continental slope. Org.
Geochem.,1994,22,1029-1032.DOI: 10.1016/0146-
6380(94)90036-1.

Mehta, A.; Sloan, E. D., A thermodynamic model for
structure H hydrates. AICKHE J., 1994, 40, 312-320.
DOI: 10.1002/2ic.690400210.

M.; Behar, E., Structure H Hydrate
Equilibria of Methane and Intermediate Hydrocarbon
Molecules. GPA Convention, New Orleans, 1994.
Ostergaard, K.; Tohidi, B.; Danesh, A.; Todd, C.;
W., Gas
dimethylbutane and benzene with methane and
nitrogen. J. Trans I Chem. E, Part A, 2000, 78, 731-
738.DOI: 10.1205/026387600527914.

Mohammadi, A. H.; Richon, D., Phase equilibria of
neohexane/methyl cyclopentane + nitrogen clathrate
hydrates. Fluid Phase Equilibria, 2013, 348, 79-82.
DOI: 10.1016/5.fluid.2013.03.016.

M.; Witteman, R, C., Phase
behaviour of gas hydrates of carbon dioxide in the

Thomas,

Burgass, hydrate equilibria of 2,3-

Mooijer, Peters,

presence  of tetrahydropyran,
cyclohexane and methylcyclohexane. Fluid Phase
Equilibria, 2001, 182,97-110. DOI: 10.1016/S0378-
3812(01)00384-3.

Makogon, T.; Mehta, A.; Sloan, E. D., Structure H
and structure I hydrate equilibrium data for 2,2-

cyclobutanone,

dimethylbutane with methane and xenon. J. Chem.
Engin. Data, 1996, 41, 315-318. DOI: 10.1021/
j€950126p.

Duarte, A.; Shariati, A.; Peters, C., Phase equilibrium
measurements of structure SH hydrogen clathrate
hydrates with various promoters. J. Chem. Engin.
Data, 2009, 54,1628-1632. DOI: 10.1021/je800993w.
Hammerschmidt, E. G., Formation of gas hydrates in
natural gas transportation lines. Indust. Engin. Chem.
Res., 1934, 26,851-855. DOI: 10.1021/i€50296a010.
Gudmundsson, J. S.; Parlaktuna, M.; Khokhar, A. A.,
Storage of natural gas as frozen hydrate. Soc.
Petroleum Engin., 1994, 9, 69-73. DOI: 10.2118/
24924-PA.
Borrehaug, A.; Gudmundsson, J. S, Gas
Transportation in Hydrate Form, Proceedings
Eurogas. June 3-5, Trondheim, 1996, 35-41.

[17]

[18]

[19]

(20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

Khokhar, A. A.; Gudmundsson, J. S.; Sloan, E. D.,
Gas storage in structure H hydrates. Fluid Phase
Equilibria, 1998, 151,383-392. DOI: 10.1016/S0378-
3812(98)00338-0.
Javanmardi, J.; Nasrifar, Kh.; Najibi, S. H.;
Moshfeghian, M., Economic evaluation of natural gas
hydrate as an alternative for natural gas transportation.
Appl. Therm. Engin., 2005, 25, 1708-1723. DOL
10.1016/j.applthermaleng.2004.10.009.

Mehta, A.; Sloan, E. D., Improved thermodynamic
parameters for prediction of structure H hydrate
equilibria. AIChE J., 1996, 42, 2046-2056. DOL
10.1002/aic.690420724.

Chen, G.; Sun, C.; Guo, T. Modelling of the
formation conditions of structure H hydrates. Fluid
Phase Equilibria, 2003,204,107-117. DOI: 10.1016/
S0378-3812(02)00205-4.

Chen, G.; Guo, T., Thermodynamic modeling of
hydrate formation based on new Concepts. Fluid
Phase Equilibria, 1996, 122, 43-65. DOI: 10.1016/
0378-3812(96)03032-4.

Chen, G.; Guo, T., A new approach to gas hydrate
modeling. Chem. Engin. J., 1998, 71, 145-151. DOL
10.1016/S1385-8947(98)00126-0.

Klauda, J. B.; Sandler, S. 1., A fugacity model for gas
hydrate phase equilibria, /ndust. Engin. Chem. Res.
2000, 39, 3377-3386. DOI: 10.1021/ie000322b.
Martin, A.; Peters, C., New thermodynamic model of
equilibrium states of gas hydrates considering lattice
distortion. J. Phys. Chem. C, 2009, 113, 422-430.
DOI: 10.1021/jp8074546.

Martin, A.; Peters, C. J., Thermodynamic modeling of
promoted structure II clathrate hydrates of hydrogen.
J. Phys. Chem. B, 2009, 13, 7548-7557. DOL
10.1021/p807367].

Martin, A.; Peters, C., Hydrogen storage in SH
clathrate hydrates: thermodynamic model. J. Phys.
Chem. B, 2009, 113, 7558-7563. DOIL: 10.1021/

jp8074578.
Babaee, S.; Hashemi, H.; Javanmardi, I,
Eslamimanesh, A Mohammadi, A. H.,

Thermodynamic model for prediction of phase
equilibria of clathrate hydrates of hydrogen with

different alkanes, alkenes, alkynes, cycloalkanes or



(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Sinehbaghizadeh ef al./Phys. Chem. Res., Vol. 5, No. 3, 465-481, September 2017.

cycloalkane. Fluid Phase Equilibria, 2012, 336, 71-
78. DOI: 10.1016/j.fluid.2012.07.031.

John, V. T.; Papadopoulos, K. D.; Holder, G. D., A
generalized model for predicting equilibrium
conditions for gas hydrates. AIChE J., 1985, 31, 252-
259.DOLI: 10.1002/aic.690310212.

Tee, L.; Gotoh, S.; Stewart, W., Molecular parameters
for normal fluids, the kihara potential with spherical
core. J. Indust. Engin. Chem. Fundamentals, 1966, 5,
363-367. DOI: 10.1021/1160019a012.

Klauda, J. B.; Sandler, S. I.; 4b Initio intermolecular
potentials for gas hydrates and their predictions. J.
Phys. Chem. B, 2002, 106,5722-5732. DOI: 10.1021/
jp0135914.

Klauda, J. B.; Sandler, S. I, Phase behavior of
clathrate hydrates: a model for single and multiple gas
component hydrates. Chem. Engin. Sci., 2003, 58, 27-
41. DOI: 10.1016/S0009-2509(02)00435-9.
Bandyopadhyay, A.; Klauda, J. B., Gas hydrate
structure and pressure predictions based on an updated
fugacity-based model with the PSRK equation of
state. Ind. Eng. Chem. Res, 2011, 50, 148-157. DOL
10.1021/ie100440s.

Anderson, F. E.; Prausnitz, J. M., Inhibition of gas
hydrates by methanol. AIChE J., 1986, 32,1321-1333.
DOI: 10.1002/2ic.690320810.

Parrish, W. R,
pressures of gas hydrates formed by gas mixtures. Ind.
Eng. Chem. Process Des. Develop, 1972, 11, 26-35.
DOI: 10.1021/i260041a006.

Jager, M. D.; Ballard, A. L.; Sloan, E. D., The next
generation of hydrate prediction II. Dedicated aqueous

Prausnitz, J. M., Dissociation

phase fugacity model for hydrate prediction. Fluid
Phase Equilibria, 2003, 211, 85-107. DOI: 10.1016/
S0378-3812(03)00155-9.

Peng, D.; Robinson, D., A new two constant equation
of state. Indust. Engin. Chem., 1976, 15, 59-64. DOL:
10.1021/i160057a011.
Wong, H,; S,
equations mixing rule for cubic of state. AIChE J.,
1992, 38, 671-680. DOI: 10.1002/aic.690380505.
Magnussen, T.; Rasmussen, P.; Fredenslund, A.,

Sandier, A theoretically correct

UNIFAC parameter table for prediction of liquid-
liquid equilibriums, Indust. Engin. Chem. Process,

480

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

1981, 20, 331-339. DOI: 10.1021/i200013a024.
Holderbaum, T.; Gmehling, J.; A group contribution
equation of state based on UNIFAC. Fluid Phase
Equilibria, 1991, 70, 251-265. DOI: 10.1016/0378-
3812(91)85038-V.
Perry, R. H.; Green, D. W.; Maloney, J. O., Perry’s
chemical engineers’ handbook, 8th Edition, McGraw-
Hill, 2008.
Mehta, A.; Sloan, E. D., Structure H hydrate phase
equilibria of methane + liquid hydrocarbon mixtures.
Journal of Chemical & Engineering Data, 1993, 38,
580-582. DOI: 10.1021/je00012a027.
Hutz, U.; Engelezos, P., Measurement of structure H
hydrate phase equilibrium and the effect of
electrolytes. Fluid Phase Equilibria, 1996, 117, 178-
185.DOI: 10.1016/0378-3812(95)02951-6.
Ostergaard, K.; Tohidi, B.; Danesh, A.; Todd, A.;
Burgass, R., Equilibrium data and thermodynamic
modelling of isopentane and 2,2-dimethylpentane
hydrates. Fluid Phase Equilibria, 2000, 169, 101-115.
DOI: 10.1016/S0378-3812(00)00309-5.
Mohammadi, A. H.; Richon, D.; Clathrate hydrates
of isopentane + carbon dioxide and isopentane +
of
dissociation conditions. Oil & Gas Sci. Technol,
2010, 65,879-882. DOI: 10.2516/0gst/2010001.
Ohmura, R.; Uchida, T.; Takeya, S.; Nagao, J.;
Minagawa, H.; Ebinuma, T.; Narita, H., Phase

methane: Experimental measurements

equilibrium for structure H hydrates formed with
methane and either pinacolone (3,3-dimethyl-2-
butanone) or pinacolyl alcohol (3,3-dimethyl-2-
butanol). J. Chem. Engin. Data, 2003, 48, 1337-1340.
DOLI: 10.1021/je034086y.

Mohammadi, A. H.; Richon, D., Equilibrium data of
neohexane + hydrogen sulfide and neohexane +
methane clathrate hydrates. J. Chem. Engin. Data,
2011, 56, 5094-5097. DOI: 10.1021/je201006p.
Mehta, A.; Sloan, E. D., Structure H hydrate phase
equilibria of paraffins, naphthenes, and olefins with
methane. J. Chem. Engin. Data, 1994, 39, 887-890.
DOI: 10.1021/je00016a056.
Kozaki, T.; Takeya, S.;
equilibrium crystallographic

Phase
of

Ohmura, R,

and structures

clathrate hydrates formed in methane + 2,2-dimethyl-



[49]

[50]

[51]

[52]

[53]

[54]

[55]

A Fugacity Approach for Prediction of Phase Equilibria/Phys. Chem. Res., Vol. 5, No. 3, 465-481, September 2017.

pentane + water system. J. Chem. Engin. Data, 2008,
53,2820-2823. DOI: 10.1021/je800552k.

Makino, T.; Nakamura, T.; Sugahara, T.; Ohgaki, K.,
Thermodynamic stability of structure H hydrates of
methylcyclopentane and cyclooctane helped by
methane. Fluid Phase Equilibria,2004,218,235-238.
DOLI: 10.1016/j.fluid.2004.01.003.

Danesh, A.; Tohidi, B.; Burgass, R. W.; Todd, A.C.,
Hydrate equilibrium data of methylcyclopentane with
methane or nitrogen. Chemical engineering research
& design, 1994, 72, 197-200.

Mohammadi, A. H.; Richon, D., Phase equilibria of
clathrate hydrates of methyl cyclopentane, methyl
cyclohexane, cyclopentane or cyclohexane + carbon
dioxide. Chem. Engin. Sci, 2009, 64, 5319-5322.
DOLI: 10.1016/j.ces.2009.09.048.

Ohmura, R.; Uchida, T.; Takeya, S.; Nagao, J.;
Minagawa, H.; Ebinuma, T.; Narita, H., Clathrate
hydrate formation in (methane + water +
systems: the first
equilibrium data, J. Chem. Thermodynamics. 2003,
35,2045-2054. DOI: 10.1016/j.jct.2003.08.010.
Nakamura, T.; Makino, T.; Sugahara, T.; Ohgaki, K.,
Stability boundaries of gas hydrates helped by
methane structure H hydrates of methylcyclohexane
and cis-1,2-dimethylcyclohexane. Chem. Engin. Sci.,
2003, 58, 269-273. DOL  10.1016/S0009-
2509(02)00518-3.

Sun, Z.; Fan, S.; Guo, K. Shi, L.; Wang, R,
formation

methylcyclohexanone) phase

Equilibrium  hydrate conditions  for
methylcyclohexane with methane and a ternary gas
mixture, Fluid Phase Equilibria, 2002, 198,293-298.
DOI: 10.1016/S0378-3812(01)00806-8.

Van den Heuvel, M.; Witteman, R.; Peters, C., Phase
behaviour of gas hydrates of carbon dioxide in the
of  tetrahydropyran,
cyclohexane and methylcyclohexane, Fluid Phase
Equilibria, 2001, 182,97-110. DOI: 10.1016/S0378-

3812(01)00384-3.

presence cyclobutanone

481

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Tohidi, B.; Danesh, A.; Burgass, R. W.; Todd, A. C.,
Hydrate equilibrium data
modelling of methylcyclopentane
methylcyclohexane. Presented at 2nd International
Conference on Gas Hydrates, Toulouse, France, 1996,
109-115.

Becke, P.; Kessel, D.; Rahimian, 1., Influence of

and thermodynamic

and

liquid hydrocarbons on gas hydrate equilibrium, Soc.
Petroleum Engin., 1992, 25032, 159-166. DOI:
10.2118/25032-MS.

Kozaki, T.; Taguchi, T.; Takeya, S.; Ryo, O., Phase
equilibrium for structure H hydrates formed with
methane plus cycloheptane, cycloheptanone, or
oxacycloheptane. J. Chem. Engin. Data, 2010, 55,
3059-3062. DOI: 10.1021/je9010745.

Mohammadi, A. H.; Richon, D., Clathrate hydrate
the +

cycloheptane/ cyclooctane + water and carbondioxide

dissociation  conditions  for methane

+ cycloheptane cyclooctane+ water systems. Chem.

Engin.  Sci, 2010, 65, 3356-3361. DOL
10.1016/j.ces.2010.02.027.
Alipour, A.; Javanmardi, J.; Eslamimanesh, A.;

Mohammadi, A. H., Phase equilibria of clathrate
hydrates in (methane + cyclooctane + water), in
(methane + 3,3-dimethyl-1-butene + water), in
(methane + 2-pentanone + water), in (methane + 3-
pentanone + water), J. Chem. Engin. Data, 2013, 58,
3179-3182. DOI: 10.1021/je4006344.

Hara, T.; Hashimoto, S.; Sugahara, T.; Ohgaki, K.,
Large pressure depression of methane hydrate by
adding 1,1-dimethylcyclohexane. Chem. Engin. Sci.,
2005, 60, 3117-3119. DOI: 10.1016/
j-es.2005.01.009.

Nakamura, T.; Sugahara, T.; Ohgaki, K., Stability,
boundary of the structure-H hydrate of cis-1,4-
dimethylcyclohexane helped by methane. J. Chem.
Engin. Data, 2004, 49, 99-100. DOL 10.1021/
je034108g.



