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ABSTRACT: Based on driving force for crystallization of one-component gas hydrate, in this
report an expression for the supersaturation for crystallization of multicomponent gas hydrate is
derived. Expressions for the supersaturation are obtained in isothermal and isobaric regimes. The
results obtained are applied to the crystallization of hydrates of mixtures of methane plus ethane
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and can apply to other mixtures.
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INTRODUCTION

Gas hydrates are crystalline compounds that can be
formed when light gases, such as methane come into
contact with water at atemperature close to freezing point
of water and at high pressure. The light gases may enter
into the lattice of water molecules and stabilize it,
resulting in a three dimensiona framework containing
large and small cavities. Such cavities can be occupied by
certain gas molecules whose diameters are less than the
cavity diameter. Time-dependent hydrate phenomena are
substantially more challenging than time-independent
hydrate phenomena such as structure and thermo-
dynamics. Today, gas hydrates have drawn much
attention, not only as a new natural energy source [1, 2],
but also as a new means for natural gas storage and
transportation [3, 4]. Moreover, new ideas have been
offered in order to avoid hydrate formation by controlling

the parameters that have an effect on the rate of hydrate
formation. Therefore, considering these developments, it
is necessary to pay specific attention to hydrate formation
kinetics and its effective parameters.

One of the effective parameters in gas hydrate
formation is the driving force, which is aso known as
supersaturation [5,6]. The driving force necessary for
hydrate crystallization is the difference between the
Gibbs free energies of the solution and crystal phases.
Onthis basis, a number of driving forces for the nucleation
and growth process of hydrate crystallization have been
introduced in the literature [7-10]. In the present report,
the driving force for crystallization of one-component gas
hydrate [11] is extended to gas mixtures and the driving
force is obtained based on the difference between the
Gibbs free energies of the solution and crystal phases.
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GENERAL ANALYSIS

Let's consider a three-phase system consisting of:
(i) a multicomponent gas, (ii) an agueous solution of the
gases, and (iii) a solid crystalline hydrate composed of
water and the guest gases (Fig. 1). The gas phase is
considered to be water-free because the partial pressure
of water vapor in it is often negligible at the hydrate
crystallization temperatures. The system is held at
conditions of fixed pressure P, temperature T and
composition z . The hydrate phase is formed as a result of

the following precipitation ‘‘reaction”” occurring in the
solution [2]:
nh

an G +NyH,0= (1)
i=1

(n1G1.02G5..n 1 Gy N H,0

In this equation, n; is the number of gas molecules that
occupy the cavities. N,y is the number of water molecules
in the sl and sl hydrate unit cells (i.e, 46 and 136,
respectively). By dividing the above equation by N, the
number of cavities that can be occupied by the guest gas
molecules in the hydrate unit cell, this newly developed
equation becomes:

" n

a Gi +nyH,0=— 2
i=1 Cav
B g N2 g, Nmg 2 Ho

chav N cay N cay (%]

where ny, is the number of water molecules per cavity
number that can be occupied by the guest molecules. In
one-component gas hydrate, we have one molecule of
dissolved gas, and n,, water molecules of the solution
which form one building unit of the hydrate crystal [11].

nh
In this work, éni/Nca, molecules of the dissolved
i=1
gases, and n,, water molecules of the solution,
form one building unit ((n;/Ncy)G1(ns/Ney )Go...
(N /N o )G -NwnH,0 of the hydrate crystal. For a

nh
stoichiometric hydrate crystal we have é Ni /New =1.
i=1
Although, the number and types of cavities in the
hydrate structure is known and determined, different

|zadpanah, A. A., et al.

Vol. 26, No.2, 2007

molecules occupy different cavities. Thus, for different
hydrate structures and components N, will vary.
For example: (i) in a mixture of methane and ethane that
form gl structure, Ngy, = 8 (i.e.: 2+6=8), (ii) in a mixture
of propane and methane that form sll, N, = 24
(i.e.. 16+8=24), and (iii) in a mixture of propane and
ethane that form sll, Ny, = 8 (i.e.: 0+8=8).

For the reaction shown in Eq. (2), applying the
constraint of chemical equilibrium [12], we derive the
following expression for the chemical potential m of
a hydrate building unit in the solution:

_8 n
mns_a_mgsi + Ny My (3)

i=1 Nca\/

where my, and m, are the chemical potentials of the gas

and water molecules in
respectively.

Having determined the chemical potential of a hydrate
building unit in the solution, the driving force for
crystallization, which is the difference between the
chemical potential of the given substance in the solution
and in the crystal, is derived. The driving force for
crystallization, also called supersaturation, is commonly
denoted by Dm and is obtained from the following
equation [5, 6]:

the agueous solution,

Dm=mys - m, 4)

where, m, is the chemical potential of a building unit
nh

(é_ n; /N¢y gas molecules and n,, water molecules) in
i=1

the hydrate crystal. Substituting Eq. (3) in Eq. (4), we

obtain:

nh
n.
Dm= g =M, + Ny M, - (5)
i=1 Ncav

Nucleation and/or growth of hydrate crystals are
possible only when the solution is supersaturated
(i.e., Dnp0).

By using the definitions that were considered in Ref.
[11], and recalling that n; is a function of P and T [2],

we can express Dmin terms of the actual concentration
Ci[m®] of dissolved gasesin the aqueous solution as:
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Gas phase : nc components T,P

My,

Hydrate: Water +nh components
m

Fig. 1: Three-phase system of multicomponent gas, agqueous
solution of the gases and gas hydrate.

Dn = (6)
gh ni (T,P)
izt Nea

Nun My (T,P) - M (T,P.x)

[m;Si (T,P)+kT In[g; (T,P,C;) C; uy ] ]+

This general equation gives the dependence of Dmon
G in crystallization of gas hydrates in aqueous solutions
of multicomponent gas.

Chemical equilibrium between solution and gas phases

In this case, the agqueous and gas phases must be in
contact with each other for a long time in order for
the system to reach equilibrium. The equilibrium
concentration C; is then determined by the following
condition:

nbsi = rrbgi (7)

where my, (T,P, X) is the chemical potential of a gas

molecule in the gas phase (Fig. 1). Eq. (7) impliesthat in
the case of solution/gas equilibrium, we can replace
My, in Eg. (5), or the first two summands on the right-

hand side of Eg. (6), by m,,, . Hence, we can eliminate the

gas concentration C; and obtain Dmin the form:

nh
Dm= é_ Mn’bgi (T’P'X)+ (8)
i=1 cav

Nun My (T.P) - (T, P.x)

This general formula reveds that in the case of
solution/gas chemical equilibrium, supersaturation (Dm)
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Fig. 20 Three- phase equilibrium curve for gas, solution
and hydrate.

depends on P, T, the gas phase composition y, and

the hydrate phase composition x. Eg. (8) allows
determination of the supersaturation in an arbitrary
regime of variation of P, T and y.We shall now consider

the two important regimes of isothermal and isobaric
variation of Dm

I sothermal regime

This regime is illustrated in Fig. 2 by a vertical line
from point A to point S. In this regime, Dmis varied
by changing P at constant T and y. As known from

thermodynamics [13], for this regime we can write:

Mg, (T.P.y) = Mg, o(T) +KTIN[F (T,P,y )y P 9)
My (T,P) =My o(T) + ¢ U (T, P)dP (10)
My (T.P.x) =y o(T) + ) Un (TP X)oP (1)

where f; is the fugacity coefficient of component i in the
gas phase, u, [m’] is the volume of a water molecule in
the solution, and uy, [m?] is the volume of a building unit
in the hydrate crystal. my o0, Myo and m,, ae
reference chemical potentials depending only on T.
Substitution of the above equationsin Eqg. (8) yields:

Dm= kT;[’;lh Wm[fi(tp,x)yi P+ (12)
i=1 cav
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gh n; (T,P)

i=1 Ncav

mggi,o(T) +Nyp My 0(T) - Myo(T) +

Nwh qpuw (T,p')dP - qpuh (T,P,x)dP

As we know, the phase equilibrium between solution
and hydrate is characterized by Dm= 0. At the chosen
temperature T, there is an equilibrium pressure P, (T),
corresponding to point A in Fig. 2, point a which the
supersaturation becomes zero. The P, (T) function can be
obtained from the expr on:
|S| |n[f (r.Py)yi P+ (13)

cav

kTa

U )”bg. (T)+ N Mo (T) - o (T) +

i=1
Pe Pe
nwhq Uy (T,p)dP - Q up (T,P',x)dP

This expression alows elimination of the reference
chemical potentias n, m, o(T) and m, o(T) in Eq. (12)

and representation of Drr in the form of:

ni (T.P.)u

nh 4.
om=§ §nTP) LR ). (14
i=1€ cav cav U
nh
KT & Wm[f (T.Py)yiPl-

i=1 cav

kT 8 @m[f TPy R ]+

i=1 cav
é.P , : P , U
Nwh QQ Uy (T,p)dP - Q UW(T,p)dPg-
P P,
Q Un(T.P.x)dP'+ Q" un(T.P.x)dP

This is the general formula for Dm in isothermal
regime provided that the solution is in equilibrium with
the gas phase. It can be simplified with the help of the
following approximations:

N (T.P)»ni(T,Ps), up »up(T,Pe,x)»up(T,R.) and
Uy » Uw(TaPe)

For P close enough to P, the above relations imply
negligible pressure dependence of: (i) the number of gas
molecules that occupy the cavities; (ii) the compressibility
of the agueous phase; and, (iii) the compressibility of the
hydrate phase. Their usein Eq. (14) resultsin:
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Dm kTé_h i(T'P)Inéf (TP ) a+ (15)
i=1 Ncav éfl(T,Pe,)_/ e g
Due(P' Pe)
where:
Due(T): Nwh UW(TaPe)' uh(TaPe) (16)

and n; (T,P.)/Nca
cavities by moleculei.

The fractional occupation of a cavity of typej by a
molecule of typei, is obtained [2]:

_ Cifi
Qj =——p (17)

1+3 Cyfy
k=1

is the total fractional occupation of

where C;; is the Langmuir constant of molecule i in cavity
of type j and f; is the fugacity of component i. By using
this equation, we can calculate total fractional occupation
of cavities as:

n; (T,Pe) _ 9iaNews +9i2Neavo
Ncav Ncav

(18)

where 1 and 2 are the types of cavities (i.e., small and
large cavitiesin sl and sll).

In the case when N, is the number of cavities that
can be occupied by gas molecule in unit cell of the
hydrate crystal lattice, which its volume is U, We can
calculate uy, by using the relation:

Ucell
Up =—— (19
Ncav

combining Egs. (16) and (19), leads to:

u
Due =Nwh Uy - = (20)
Ncav

Eqg. (15) differs from that of Gnanendran et al. [14] in
which they used the water free mole fraction of gaseous
components in hydrate phase, x[}1 , While in this work, the

total fractional occupation of cavities by molecule i, was
considered.

I sobaric regime
In this regime Dmis varied by changing T at constant
Pand y. This is shown in Fig. 2 by ahorizontal arrow
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from point B to point S. From thermodynamics [13], in
isobaric regime myg, , M, and m, are given by:

Myg, (T’ P, X): ”{ygi (P)- QT Sgg, (T" P, X)dT' (21)
m, (T.P) =i, (P)- . 8w (T"PAT (22
my(T.P.x) =} (P)- (3.5 (T P.x)dT’ (23)

Here, sy, , Sv and s, are the entropies per gas
molecule in the gas phase, per water molecule in the
solution and per hydrate building unit in the hydrate
crystal, respectively. my, , m, and m, are reference
chemical potentials depending only on P, and T is a
reference temperature. Using the above equations in the
general expression forDm Eq. (8), resultsin:

nh . )
om=& " i (8) i () 4
i=1 cav

g n(T,P) .7
"0 g s romylr

Nun ). Sw (TEP)AT - i, (P) +
&sh (T',P,x)dT"

At the chosen pressure P, there exists an equilibrium
temperature T¢(P) at which the solution and the hydrate
phase can coexist. It corresponds to point B in Fig. 2 and
isthe solution of the following equation:

g ni(Te,P)

N cay

Myg, (P) + Ny M, (P)- (25)

ni (Te.P)

\Te
{80 i s
i=:

Te *
Nun Q)-Sw (TEP)AT - m, (P) +
Te
Q- sn(T",P.x)dT

Employing Eq. (25) to eiminate n,,m,(P) and
m, (P) from Eq. (24), we get:
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_¥ai(TP) ni(Te.P)o . i
m=a e N g ) (20

g n(T,P) .7
a 2 ). Sgg, (TP y)dT +
N o Q gg( _)

) Te
T O S, (TGP, T -
\T \Te
Nwh Q* Sw (T¢P)dT T Nyh Q Sw (T¢P)dT +

T Te
Q-5 (T"P.X)dT' - /s (T, P.x)dT"

This is the general formula for Dmin isobaric regime
when there exists equilibrium between the solution and
the gas phases. It can be simplified by means of the
following two approximations:

(i) Approximationn; (T,P)» n;(T,,P): This approxi-
mation ignores the temperature dependence of the
number of gas molecules that occupy the cavities for T

close enough to T, and results in elimination of m*agi and

T from Eq. (26). This equation thus becomes:

Dm= QT Ds(T',P,z)dT' (27)
where:
8 ni(T.,P)
Ds(T.P,z) =@ — "5 (T’PvX)Jf (28)
i=1 Ccav

Nwh Sw (T1 P)' Sh (T,P,ﬁ)

And Ds is the hydrate dissociation entropy per hydrate
building unit at the given P and T. That is, the entropy

nh
changes due to the transfer of é n; /Ney gas molecules
i=1
from the hydrate crystal into the gas phase and transfer of
n., water molecules from the hydrate crystal to the
solution.

(i) Approximation resulting from Taylor series
truncation:  According to thermodynamics [12], the
entropy s and the heat capacity ¢, at constant pressure are
related by ds:(cp /T)dT. For that reason Dm from

Eq. (27) can be expanded in the following Taylor series
about T=T, [5]:
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Table 1: Hydrate crystal structure and values of water molecules per cavities that can be occupied by gas molecules,
number of cavities that can be occupied by gas molecules per unit cell of hydrate crystal,
volume of hydrate building unit” up,, volume difference Dus.

é Gas Hydrate Structure Nwh Neav up (nmd) Du, (nm?) h
CH,4 sl 23/4 8 0.216 -0.0435
CoHs sl 23/3 6 0.288 -0.058
c-CsH, sl 23/3 6 0.288 -0.058
CsHs sll 17 8 0.647 -0.137
i-CaHio sll 17 8 0.647 -0.137
CH.+ CoHs sl 23/4 8 0.216 -0.0435
CH+ CoHs sll 17/3 24 0.216 -0.046
CHu+ CaHs sll 17/3 24 0.216 -0.046
CHe+ CsHs sll 17 8 0.647 -0.137

Y CsHg+ i-C4Hao sll 17 8 0.647 -0.137 )

aDCpe O 5 CALCULATIONS AND RESULTS
Dm=- DSe(T ) Te)' g T, _B(T ) Te) ) (29) Table 1, shows the number of water molecules per

é T Dcfie - Depe U
— be S (T- Te) -
é 6T u

where Ds, and Dc,. are the differences between the
entropies and the heat capacities of the old and the new
phases, respectively, at T=T, and, Dcfe =dc,/dT, a

T=T.. Since the second and the third terms have
negligible contribution in Eqg. (29) [11], we can ignore
them. Then we can write:

Dm=Ds, DT (30)
here DT (K), isdefined as:
DT=T.-T (31

and the quantity Ds, (JK), isgiven by:

nh
Dse(T'P’Z) = é Msggi ( exP!)_/)+ (32
i=1 cav

Nuh Sw (Te,P)- Sh(Te,P.X)

From basic thermodynamic relations [13], TeDs,=Dh,
where Dh, is the enthalpy or latent heat (per hydrate
building unit) of dissociation of the hydrate crystal into
gaseous phase and liquid water at T=T..
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cavity that can be occupied by the guest molecules and
the number of cavities that can be occupied by the guest
molecules in the cubic structures of hydrate crystal, sl
and sll [1, 2]. The values of u}p, and Du, calculated from

Egs. (19) and (20) for a number of gas hydrates are listed
intable 1.

The calculations are based on Uy =dj =1.73and

5.18 nm? for the cubic structures | and 11, respectively,
Uy, = 0.03 nm?® and the N, and n,,, values listed in table 1
(do=1.2 and 1.73 nm s the lattice parameter of the sl and
sll hydrate crystals[2]).

The curves in Figs. 3 and 4 depict the Dn{P,X)

(Eg. (15)) for three different mixtures of methane and
ethane hydrates at T=275.15 K, the compositions of
which are 25 %, 50 % and 75 % methane (mole fraction),
respectively. Mixtures of methane and ethane can form sl
and sl hydrate.

In this work, the mixture containing 25 % and 50 %
methane forms sl and the mixture containing 75 %
methane forms sl hydrate, at T=275.15K. The curves
were drawn with the aid of P, = 0.7, 0.88 and 1.27 MPa
for mixtures containing 25 %, 50 % and 75 % methane,
respectively. For mixtures containing 25 % and 50 %
methane, the fractional occupation of cavities by methane
is 0.0990475 and 0.1981975, for ethane is 0.7149675
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and 0.668775, and total fractional occupation is 0.814015
and 0.8669725, respectively. For a mixture containing
75 % methane, the fractional occupation of cavities by
methane is 0.433447, for ethane is 0.31482, and total
fractional occupation is 0.748267. These equilibrium
pressures and the fractional occupation of cavities have
been determined using the model of van der Waals and
Platteeuw [15] with Kihara parameters obtained by Soan
[16]. The parameters that were considered in these
calculations included, Du, from table 1 (represented by
curvel, in Figs. 3 and 4), Du, =0 (represented by curve 2,
in Figs. 3 and 4), and f; values which were obtained by
using the Peng-Robinson equation of state [17], with
kij=0.0026. The difference between curves 1 and 2
illustrates the appreciable contribution of the Du, term,
in Eq. (15), to the supersaturation at high pressure.

The isobaric Dn{T,y) given by Eq. (30) isillustrated

in Fig. 5 for mixtures of methane and ethane containing
75 % and 25 % methane at P=7.89 and P=4.55 Pa,
respectively. For both mixtures the equilibrium
temperature is 290.0 K. The enthalpy of dissociation has
been calculated by Clapeyron equation. The equilibrium
temperature and pressure for these mixtures have been
determined using the model of van der Waals and
Platteeuw [15] with Kihara parameters obtained by Sloan
[16]. At T, = 290.0 K, for mixtures containing 75 % and
25 % methane, the enthalpies of dissociation are 80083.0
and 76239.0 Jmol which vyielded Ds=33.2k and
Ds.=31.6k, respectively.

CONCLUSIONS

In this work we have derived a genera expression
for the supersaturation for nucleation of multicomponent
gas hydrates. We have assumed that the number of gas
molecules that occupy the cavities is a function of
temperature and pressure. Consequently, this analysis
provides two formulas at isothermal and isobaric regimes
for driving force for nucleation of hydrates of
multicomponent gas in aqueous solutions (Egs.(14, 26)).

In isotherma regime, the general formula for
supersaturation was simplified (Eq. (15)), by ignoring the
effect of pressure on: (i) the number of molecules that
occupy the cavities, (ii) compressibility of aqueous, and
(iii) compressibility of hydrate phase for pressure close to
equilibrium pressure.

In isobaric regime, the genera formula for

Driving Force for Nucleation of ...

Vol. 26, No.2, 2007

12}

X 25% Cl
B [
06t 509% Cl

Dm/ kT

Dew point pressurefor mixture
containing 25% methane

4

o 1 2 3 4 s
P (MPa)

Fig. 3: Pressure dependence of the supersaturation for
crystallization of 25 % and 50 % methane mixtures at
T=275.15 K. Curve 1 and 2 Eq. (15) with Du, = -0.0435 nm®
and Du, =0, respectively.

14 ¢
12;

1t
0.8

Dm/ kT
o
o

P (MPa)

Fig. 4: Pressure dependence of the supersaturation for
crystallization of 75 % methane and 25 % ethane mixture at
T=275.15 K. curve 1 and 2 Eq. (15) with Du, = -0.046 nm®
and Du, =0, respectively.

25

75% Cl

273 278 283 288
T (K)

Fig. 5. Temperature dependence of the supersaturation for
crystallization of mixtures of methane and ethane. Solid lineis
for mixturecontaining 75%methaneat P=7.89MPa, and dashed
lineisfor mixture containing 25 % methane at P=4.55 MPa.
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supersaturation was also simplified, (Eq. (30)) assuming
the effect of temperature on the number of molecules that
occupy the cavities is negligible for temperature close to
equilibrium temperature.

Nomenclatures

C Concentration
Co Heat capacity
G Langmuir constant of moleculei in cavity of typej
f Fugacity
G Gas molecule
H Enthalpy or latent heat of dissociation
k Boltzmann’s constant
n Number of gas molecules that occupy the cavities
nc Number of component
nh Number of hydrate former component
Nyh Number of water molecules per occupied
cavitiesin hydrate crystal unit
Neay Number of cavitiesthat can occupy by gas
moleculesin cubic structure of hydrate crystal
Nuwh Number of water moleculesin the unit
structure of hydrate crystal
P Pressure
S Entropy
T Absolute temperature
Vv Volume of solution
u Volume of molecule or building

unit of hydrate crystal

X Vector of hydrate phase mole fraction
y Vector of gas phase mole fraction
z Vector of composition
Greek letters
i Gas phase fugacity coefficient
g Activity coefficient
m Chemical potential
0 Fractional occupation of cavity of typej
by moleculei
Subscripts
0 Reference property
e Equilibrium condition
ag Gas phase
gs Aqueous solution of gas
h Hydrate phase
hs Aqueous solution of hydrate
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i Gaseous component
j Type of cavity
w Water
Superscripts

* Reference property
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