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A new model de®eloped for predicting the dissociation pressure of gas hydrates pro-
poses that the host ] host interaction can be affected by the guest molecules, thus requir-
ing different ®alues of the reference properties, Dmo and Dho , for each gas hydrate. Wew w
presume that the primary impact of the guest is to distort the lattice, although other
factors, such as guest polarity, can ha®e an impact. Experimentally based Dmo andw
Dho ®alues for each gas hydrate show that these ®alues ®ary from guest to guest, gener-w
ally increasing with guest size. Using these experimentally determined reference ®alues,
the error between calculated and experimental dissociation pressures is reduced. A corre-

o (lation between Dm and the molecular size of the guest molecule or the Kihara hard-w
) ocore diameter ‘a’ is also de®eloped for estimating ®alues of Dm , where experimentalw

( )data are absent that is, methane in structure II hydrate with no other guests .

Introduction

Gas hydrates are of interest to the gas industry, not only
because they plug gas and oil pipelines, but also because nat-
urally occurring hydrates are a potentially abundant source

Ž .of natural gas Sloan, 1998; Smith et al., 1994 . Gas hydrates
are nonstoichiometric crystalline compounds formed by the
physical combination of water and low molecular-weight

Žgases, such as methane, propane, and isobutane Holder et
.al., 1988 , although some very large molecules can contribute

Ž .to hydrate stability Lederhos et al., 1992 . In gas hydrates,
water forms a lattice through hydrogen bonding. The result-

Žing lattice has interstitial vacancies called cavities small or
. Ž .large , which are partially filled with gases Sloan, 1998 . Their

empty lattice is not stable and does not exist in nature.
In the 1950s, van der Waals and Platteeuw developed the

statistical thermodynamic model for describing hydrate-phase
Ž .equilibrium. Subsequently, Parrish and Prausnitz 1972 gen-

eralized this model to create a systematic approach to pre-
dicting equilibria from a wide variety of gases. In these mod-

Žels, the following assumptions were used van der Waals and
.Platteeuw, 1959 :

1. The nature of the guest molecules that are encapsulated
does not affect the interaction of the water molecules of the
hydrate lattice. For this assumption to be valid, the en-
clathrated molecule cannot distort the lattice structure or
otherwise affect the molecular vibrations of the water.

Correspondence concerning this article should be addressed to G. D. Holder.

2. The number of molecules encapsulated in one cavity is
either zero or one.

3. The mutual interaction of the solute molecules is negli-
gible.

4. Classic statistical mechanics are valid.
Ž .Holder and others John et al., 1985, Zele et al., 1999

modified van der Waals and Platteeuw’s hydrate equilibrium
model in several ways. One important modification was the
development of a corresponding states correlation to predict

Žthe deviation of Langmuir constants which describe the
.affinity of a gas molecule for occupying a lattice cavity from

Ž . Ž .ideal smooth cell values John et al., 1985 . This modifica-
tion allowed the Kihara parameters obtained from virial coef-
ficient data to be used to describe the guest]host interaction.
Until this development, hydrate potential parameters were
usually experimental ‘‘fitting’’ parameters and had little rela-
tionship to potential parameters from other sources. The pri-
mary contribution of this model was to account for the devia-
tion of the guest gas molecules’ energy from that of the free
rotation, free vibration assumption of the original van der
Waals and Platteeuw model. This modification attributed all
of the differences in predicted and calculated equilibrium
pressures to this deviation.

Subsequently, Zele, Hwang, and Holder hypothesized that
guests could impact the host]host interactions in the lattice
Ž .Zele et al., 1999; Hwang et al., 1993 , invalidating the first
assumption of the van der Waals and Platteeuw model. This
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conclusion was the basis for the present model, which uses
the assumption that the lattice can be distorted due to the
size of the guest molecules that are enclathrated, although
the variable chemical potential is the core concept and if it is
caused by something other than distortion, the model still

Ž .pertains. Tanaka 1993 also considered the distortion in the
hydrate cages around xenon and carbon tetrafluoride guests.
In that work, he showed that the small xenon atoms did not
distort the hydrate cages, but large carbon tetrafluoride dis-
torted the small cages. Crystallographic data, lattice simula-

Žtions, evidence of variable thermal expansivity Zele et al.,
.1999 , and the simple recognition that the force that a guest

exerts on the cage will affect its structure all suggest that the
hydrate structure, and thus the chemical potential, will de-

Ž .pend upon the guest. Davidson et al. 1986 suggest that the
variation of lattice parameter with guest size is approximately

˚0.2 A, and that the larger variations shown by the crystallo-
graphic data may be an experimental error. However, even
small variations can have an impact on the reference chemi-
cal potential, and this is the concept most important to the

Ž .present treatment. Westacott and Rodger 1997 and Klauda
Ž .and Sandler 2000 also used a variable chemical potential to

calculate hydrate equilibria, although the latter study did this
in terms of a variable empty-lattice vapor-pressure and did
not use the van der Waals and Plateeuw model. If a guest

Žaffects the host]host interaction, the reference 273.15 K, 0
.kPa chemical potential difference between the theoretical

empty lattice and water must be modified to account for this.
In this concept, a guest-dependent reference chemical poten-
tial difference, Dmo , is necessary for predicting the equilib-w

Žrium conditions for simple and mixture hydrates Zele et al.,
.1999 . Kihara parameters from virial coefficient data are used,

thus maintaining the advantage of Holder and coworkers’
earlier approach.

Theoretical Background
At equilibrium, the chemical potentials of water in the hy-

drate and other coexisting phases are identical. If liquid wa-
Ž .ter is present van der Waals and Platteeuw, 1959 ,

mL T , P smH T , P , 1Ž . Ž . Ž .w w

LŽ .where m T , P is the chemical potential of pure liquid waterw
HŽ .and m T , P is the chemical potential of hydrate at temper-w

ature, T , and pressure, P. Using m b, the chemical potential
of an unoccupied hydrate lattice as reference state, Eq. 1,

Ž .would be Holder et al., 1988

DmLsDmH, 2Ž .w w

where

DmLsm bymL
w w

DmHsm bymH.w w

The statistical thermodynamics model for hydrate phase de-
Ž .veloped by van der Waals and Platteeuw 1959 is

2
HDm sy RT n ln 1y u 3Ž .Ý Ýw i i jž /

is1 j

where n is the number of i-type cavities per water molecule,i
and u is the fractional occupancy of i-type cavities with j-i j

Ž .type molecules. It is expressed as Holder, 1988

C fi j i
u s , 4Ž .i j 1q C fÝ i j j

j

where f is the fugacity of gas component j, and C is thej
temperature-dependent Langmuir constant. For calculating
the fugacity coefficients in the gas phase, the Peng-Robinson

Ž .equation is used. John and Holder 1981 suggested including
the contribution of more distant water molecules as ‘‘second’’
and ‘‘third’’ shells, according to their distance from the cavity
center. Because of the exponential form, the second or third
shell contribution can change C by several orders of magni-
tude. The smooth cell Langmuir coefficient can be calculated
as

1 W r qW r qW rŽ . Ž . Ž .R 1 2 32C s 4p r exp y dr , 5Ž .Hi j ž /kT kT0

Ž . Ž . Ž .where W r , W r , and W r are smooth cell potentials of1 2 3
the first, second, and third shells based upon the Kihara po-
tential function, and R is the radius of the hydrate cavity
Ž .Zele, 1994 or first shell. Since we have presumed that the
lattice is distorted by the guest, different integration radii are
used in equations when the lattice is distorted. However, this

Ž .concept is not core to the model. Zele et al. 1999 developed
an empirical correlation between the first shell radii of all
cavities and Dmo

w

Rs Aq B=Dmo . 6Ž .w

o ˚In Eq. 6, Dm is in calrmol, and R is in A. Constants A andw
B for three water shells of each type of cavity are listed in
Table 1. This correlation results in cavity radii that vary by no

˚more than 0.2 A.
The chemical potential difference, Dm , is a function ofw

pressure and temperature only and can be written as

Dm Dh DVw w w
d sy dT q dP , 7Ž .2ž / ž /ž /RT RTRT

where Dh is the molar enthalpy difference and DV is thew w
volume difference between the theoretical empty hydrate and

Table 1. Constants Used in Obtaining Cavity
Radii from D mo

w

Structure I Structure IICavity
Constants Shell 1 Shell 2 Shell 3 Shell 1 Shell 2 Shell 3

˚Ž .Small A A 3.75 6.34 7.79 3.75 6.47 7.84
˚Ž .B A molrcal 3.64 6.44 7.44 3.84 6.65 8.03

˚Ž .Large A A 4.02 6.85 8.02 4.56 7.24 8.52
˚Ž .B A molrcal 3.87 6.56 7.67 4.69 7.45 8.78

Ž .Source: Zele et al. 1999 .
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Ž .liquid-water phase. Holder, et al. 1982 provided the simple
method for calculating the effect of temperature, pressure
and composition on Dmw

Dm Dmo Dh DVT Pw w w w
s y dT q dPyln g x . 8Ž .H H w w2RT RT RTRTT 0o o

The first term is the chemical potential difference between
the theoretical empty hydrate and liquid water at its refer-

Ž .ence state 273.15 K, 0 kPa , and the second term accounts
for the change in chemical potential difference due to tem-
perature, at zero pressure. The third term accounts for the
change in chemical potential difference due to pressure, and
the last term is the correction necessary when liquid water is
present and accounts for the solubility of gas in the water or
to the presence of a dissolved inhibitor. The activity coeffi-
cient, g , accounts for the nonidealities of the solution. Thew
gas solubility in water is calculated by use of the Krichevsky-

Ž .Kasranovsky equation Holder, et al. 1988 .
In the present model, the reference chemical potential dif-

ference between the theoretical empty hydrate and liquid wa-
ter, Dmo, has different values for different guests because of
the impact of the guest on the host]host interactions. Differ-

Figure 1. Algorithm for calculating D mo .w

Table 2. D mo for Hydratesw

oCavities DmKihara wŽ .Occupied OGas Ž .Para.Guest calrmol
˚Ž . Ž .Gas Dia. A a pm Small Large Exp.

Structure I
N 4.1 34.1 O O 2662
CH 4.36 26 O O 2594
Xe 4.58 25.2 O O 194
H S 4.58 49.2 O O 4432
CO 5.12 67.7 O O 5422
C H 5.5 57.4 O 4172 6
c-C H 5.8 74.5 O 4083 6
Ethylene 6.1 53.3 O 419

Structure II
Ar 3.8 21.7 O O 248
Kr 4.0 23.2 O O 196
c-C H 5.8 65.3 O 2973 6
C H 6.28 74.5 O 3543 8
i-C H 6.5 85.9 O 4514 10

ent Dmo values are calculated from experimental vapor-pres-w
sure data for each simple gas hydrate. The value of Dmo forw
any guest is calculated based upon experimental data using
the following procedure:

1. A value of Dmo is assumed for a specific simple gasw
hydrate, such as methane gas hydrate or propane gas hydrate
at 273.15 K. Note that the experimental equilibrium dissocia-
tion pressure is available in all cases. The radii of each water
shell is obtained from Eq. 6.

2. With the radii from Eq. 6, Langmuir constants are cal-
culated for each cavity by using Eq. 5. The Kihara potential
with parameters obtained from viscosity and virial coefficient
data is used to obtain the cell potential.

3. DmH is calculated using Eq. 3 with the Langmuir con-
stants calculated from step 2.

4. The chemical potential difference between theoretical
empty hydrate and water is calculated using Eq. 8. In this
equation the second term would be zero at 273.15 K. The
activity coefficient for water, which has a minor effect, is cal-
culated by using the Krichevsky-Kasranovsky equation
Ž .Holder et al., 1988 . Constants for heat-capacity calculations
for empty hydrate and for water are obtained from the same
source.

Ž H .5. If the chemical potential difference of hydrate Dm
Ž w. oand that of water Dm are not identical, a new Dm is as-w

sumed, using an appropriate convergence method.
6. Repeat steps 2 to 5 until two chemical potentials be-

come identical. This gives the reference chemical potential
Ž .for a specific hydrate methane .

The computer program is given in Figure 1 and Dmo val-w
Žues for each simple gas hydrate are listed on Table 2 Holder

.et al., 1988 . These can be considered experimental values in
that they are obtained directly from these data. Very similar
results would be obtained with the original vdWP model.

The temperature dependence of the enthalpy term Dhw
can be given by Eq. 9.

T0Dh sDh q DC dT , 9Ž .HW W PW
To
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where, Dho is the reference enthalpy difference between thew
theoretical empty hydrate and the pure-water phase at 273 K,
and DC is the heat-capacity difference between the theo-Pw
retical empty hydrate and the pure-water phase. Both DCpw
and Dho are experimentally determined functions.w

If the reference chemical potential difference depends
upon each guest, the reference enthalpy difference will also
depend upon each guest. This means that enthalpy of the
corresponding empty lattice for each gas hydrate at 273 K, 0

Ž .kPa should have a different value Hwang et al., 1993 . It is
possible to determine whether the experimental data suggest
a variable reference enthalpy difference by using the model
to calculate the difference for different hydrate-forming
species. Equating Eqs. 3 and 8 gives

Dmo T DhTw F wFy RT n ln 1y u s yT dTHÝ ÝF i i j F 2ž / T TTo oi j

DVP w
qT dPyT ln g x ,HF F w wT0 F

10Ž .

where T is the temperature of the system, g is the activityF w
coefficient of water, and x is the mol fraction of water inw
the water-rich phase. This equation can be rearranged to give
X and Y values after carrying out the appropriate integra-
tion,

Y s a = X , 11Ž .

where

1 1
X s yž /T TF o

Dmo T DVPw F W
Y s q b ln qg T yT q dPyln g xŽ . HF o w wT T T0o o F

q R n ln 1y u ,Ý Ýi i jž /
i j

where

b
o o 2a syDh qDC T y T 11aŽ .w PW o o2

b
ob sDC y bT , g s . 11bŽ .PW o 2

ŽHere b is a constant fitted to experimental data Holder et
. oal., 1988 . Using Eqs. 11, 11a, and 11b, Dh can be obtainedw

from the slope of the graph X vs. Y. DC o and b values forpw
Ž .Eqs. 11a and 11b are from Holder et al. 1988 , and are given

in Table 3. This is a universal approach to calculating experi-
mental reference enthalpy differences; the method does not
depend upon the assumption of a variable chemical potential
difference. Values for Dho for ethane, krypton, carbon diox-w
ide, and iso-butane hydrates are shown in Figure 2. Values
for each hydrate studied is given in Table 4. The fact that
different reference enthalpies are obtained from experimen-

Ž .tal data Figure 2 and Table 4 strongly suggests that the con-
Žcept of variable reference properties is valid. Note that in

Eq. 11, two different Dho values can be obtained from ex-w
perimental data. One is the enthalpy difference between ice
and the theoretical empty hydrate, while the other is that
between liquid water and the theoretical empty hydrate. The
difference between these two values is 6,011 Jrmol ?K, the

Ženthalpy change between ice and water at 273.15 K Holder,
.1988 , so in practice the experimental data allow the determi-

nation of only one independent value for Dho for eachw
species.

Experimental dissociation pressure data for different
species at the ice point can be used to determine if a variable
reference chemical potential exists. The experimental pres-
sures suggest that it does. The slope of the experimental
pressure-temperature curve determines the reference en-
thalpy difference, as given by Eq. 10. The experimental pres-
sure temperature data suggest that a variable reference en-
thalpy difference is appropriate. A variable reference en-
thalpy can only exist if the chemical potential of the empty
hydrate depends upon the guest.

Results and Conclusion
Experimental pressure]temperature hydrate equilibrium

data give different reference chemical potential differences
and different reference enthalpy differences for each hy-
drate-forming species. This is consistent with crystallographic
data, molecular simulation, and calculated thermal expansivi-
ties that appear in the literature for these hydrates, all of
which suggest that the hydrate lattice structure is affected by
the guest species present. By using the reference chemical
potential and enthalpy differences derived from experimental
data, an accurate calculation of dissociation pressures for
simple gas hydrates is achieved. In this model, a different
Dmo value is obtained for each simple gas hydrate using thew
assumption that the lattice structure and energy is affected
by the guest molecule. Assuming that size was an important
consideration in determining the impact of a guest on the

Table 3. DC o and b Values for Structure I and II Hydratepw

T s273.15 K Structure I Structure IIo
3Ž .DV cm rmol 2.9595 3.39644w

Ž . Ž . Ž .DC calrmol ?K T )T y9.222q0.0452 T yT y9.2879q0.04324 T yTpw o o o
Ž . Ž . Ž . Ž .DC calrmol ?K T-T 0.7923q0.0289 T yT 0.2459q0.000901 T yTp w o o o

Ž .Source: Holder et al. 1988 .
UIn the liquid water region add 1.6Jrmol to DV .w
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o ( ) ( )Figure 2. D h Values: a ethane hydrate and krypton hydrate; b isobutane hydrate and carbon dioxide hydrate.w

lattice properties, an attempt was made to correlate the ex-
o Ž .perimentally derived Dm with the Kihara size s , a param-w

Ž .eters. The relationship with the energy parameters e was
Ž 2 .also examined. The correlation coefficients R values or

correlations between s , e , and a and Dmo are given in Tablew

o ( )Table 4. D h for Various Gas Hydrates T -273.15 Kw

Kihara
oCavity DhGas Para. w

Ž . Ž . Ž .Dia. A a pm Small Large calrmol

Structure I
N 4.1 34.1 O O 261.92
CH 4.36 26 O O 335.74
Xe 4.58 25.2 O O 292.2
H S 4.58 49.2 O O 346.62
CO 5.12 67.7 O O 447.52
C H 5.5 57.4 O 447.32 6
Cyclo-C H 5.8 74.5 O 407.93 6
Ethylene 6.1 53.3 O 135.7

Structure II
Ar 3.8 21.7 O O 393.6
Kr 4 23.2 O O 314.4
Cyclo-C H 5.8 65.3 O 286.33 6
C H 6.28 74.5 O 339.23 8
Iso-C H 6.5 85.9 O 394.54 10

Ž5. In this table, the core radius of the guest molecule or the
.Kihara hard-core parameter a has the best correlation with

Dmo , as shown in Figure 3. The following correlation equa-w
tions for gas hydrates structure I and structure II are ob-
tained.

Structure I:Dmo s133.39 exp 0.0213= a , R2 s0.9058Ž .w

12Ž .

Structure II :Dmo s171.91 exp 0.0101= a , R2 s0.8810,Ž .w

13Ž .

Table 5. Correlation Between Chemical Potential and
Individual Kihara Parameters

2Squared Correlation Coefficient, RCorrelating
Parameter Structure I Structure II

Cavity Diameter 0.353 0.832
s 0.073 0.898
e 0.679 0.257
a 0.905 0.881

Note: Using the equation D mo s Ae BZ, where, A and B are constantsw
and Z is the Kihara parameter.
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Figure 3. Changes of chemical potential difference at
273.15 K for various guest gases.
All experimental data used for optimization are from Sloan
Ž .1998 .

Ž .where, a is the Kihara parameter pm . By using these corre-
lations, the chemical potential of the empty hydrate appro-
priate for any guest can be estimated without experiments.

Table 6. Error Comparison

Ž .1 abs Dm yDmh WŽ .Error % s100= ÝN DmhN
U UUo oGuest Correction of Dh Constant Dhw w

Structure I
CH 1.36 1.364
Xe 0.07 5.09
H S 0.54 0.702
CO 1.01 1.092
C H 0.73 1.622 6

Structure II
Ar 1.03 1.23
Kr 1.40 1.59
N 1.47 3.012
C H 0.32 0.323 8
i-C H 0.20 0.394 10

UError calculation between experimental value and calculated value with
optimized D mo for each hydrate.

UUError calculation between experimental value and calculated value with
optimized D mo and D ho.

Figure 4. Calculation Results for Structure I and Struc-
ture II Hydrates.

Ž .All experimental data are from Sloan 1998 .

From an engineering point of view, this is valuable, for exam-
ple, in obtaining the values of Dmo in structure II for guestw

Ž .molecules that normally form structure I methane . Using
the present model, such values will be needed if equilibrium
is to be predicted from gas mixtures that contain structure I

Ž . Ž .formers methane and structure II formers propane , since
the mixture may form only one structure at most conditions.

The Dho values for each simple gas hydrate are also ob-w
tained. The value of calculation Dho from experimental dataw
is shown in Table 6. While the intention of this study is to
propose a more physically based model, its ability to predict

Ž .accurate pressures Figure 4; Table 7 suggests that the model
can be accepted for industrial applications. The greatest im-
provement in predicted dissociation pressures occurs for Kr,
N , and ethane hydrate.2
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Table 7. Error Calculation Between Experimental
Dissociation Pressure and Calculated Dissociation Pressure

Temperature Error
Ž . Ž .Guest Range K %

Structure I
N 273]282 1.72
CH 198]298 7.24
Xe 216]273 2.9
H S 251]302 7.12
CO 250]282 10.62
C H 260]285 5.32 6
c-C H 245]265, 275]285 7.63 6
Ethylene 274]297 8.1

Structure II
Ar 148]288 10.0
Kr 203]283 7.0
c-C H 265]277 2.13 6
C H 248]280 6.03 8
i-C H 241]275 4.14 10

Ž .abs P y Pexperimental calculatedŽ .Note: Error % s =100.
Pexperimental

Notation
asKihara core radius parameter, pm

C sLangmuir constant, kPay1
i j
f sfugacity coefficient
ksBoltzmann constant, erg ?Ky1

P spressure, kPa
Rsgas constant
T stemperature, K

X smol fraction of waterw
W , W , W scell potential for first, second, and third cell, kj ?moly1

1 2 3

Greek letters
Dho smoral enthalpy difference between the empty hydratew

lattice and pure water at 273.15 K and 0 atm, Jrmol ? l
Dmo sdifference of chemical potential of water and theoreticalw

empty hydrate at 273.15 K and 0 pressure, Jrmol
DmL sdifference of chemical potential of water in the unoccu-w

pied hydrate lattice and in the water, Jrmol
DmH sdifference of chemical potential of water in the unoccu-w

pied hydrate lattice and of occupied hydrate, Jrmol
DC smolar heat-capacity difference between the empty hy-P w

drate lattice and pure water phase, Jrmoly1 ?Ky1

e sKihara intermolecular well-depth parameter, Jy1

m schemical potential of water in the unoccupied hydrateb

lattice Jrmol
g sactivity coefficient of waterw
n sratio of small or large cavities to water molecules in ai

unit cell

u sfraction of i-type cavities occupied by a j-type gasi j
molecule

s sKihara core-to-core distance parameter, pm
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