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Abstract—Several models have been proposed to investigate the kinetics of gas hydrate formation. The main differ-
ences between the proposed models are the definition of the driving force, thermodynamics approach and the number
of resistances to study the gas consumption by the hydrate phase. This paper concentrates on gas hydrate formation
from multicomponent mixture, which has not been much studied before. In the present research, chemical potential
has been considered as the driving force and, consequently, a new resistance coefficient was introduced. A complete
discussion and reasonable assumptions has been provided to support this modelling.
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INTRODUCTION

Gas hydrates are a set of clathrates formed from the combina-
tion of water and certain gases under conditions of high pressure
and low temperature. The hydrate structure is stabilized when gas
molecules occupy “cages” formed by hydrogen-bonded water mol-
ecules. Interest in these compounds has risen in recent years due
to the discovery of large deposits below the ocean floor and in
permafrost regions [1]. Hydrates have important applications in
many areas, including flow assurance of oil and gas lines, poten-
tial sources of natural gas (mostly methane) from permafrost and
deep-sea hydrate deposits, and energy storage and transportation
[2]. Hydrate formation is a major issue as far as the flow assur-
ance of oil and gas lines is concerned. The oil and gas industry
spends over $200 million annually to prevent hydrate formation
and maintain flow assurance [3]. Today, several applications have
been proposed that have rendered the gas hydrate phenomenon as
a novel technique. The application of gas hydrates in carbon diox-
ide sequestration, separation processes, and natural-gas storage
and transportation has intrigued many researchers over the past
years [4]. Moreover, huge sources of natural-gas hydrate have been
discovered, and considerable efforts have been made towards the
production of this type of resource [5]. Understanding the kinet-
ics of hydrate formation is necessary insofar as the mentioned
applications are concerned. Several researchers have attempted to
discover and predict hydrate formation. Vysniauskas and Bishnoi
were the first to measure the rate of methane hydrate formation
[6].

Based on crystallization kinetic and mass transfer effect, Englezos
et al. developed a model to predict the formation kinetics of meth-
ane and ethane hydrates [7]. Gillard et al. proposed an empirical
correlation based on the work by Englezos et al [8]. Monfort et al.
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also proposed a semi-empirical model with fugacity and driving
force taken from Englezos et al. and Vysniauskas and Bishnoi,
respectively [9]. According to Clarke and Bishnoi, the model by
Englezos et al. is only valid for low supersaturating systems due to
the assumption of negligible primary crystallization after nucle-
ation [10]. Zhang et al. used the proposed model by Englezos et al.
and applied it for methane hydrate formation in the presence of
sodium dodecyl sulfate [11]. Skovberg and Rasmussen simplified
Englezos’ model to mass transfer limited model, where they assumed
that the most important step in gas diffusion through water is gas-
liquid interface mass transfer, which controls the hydrate forma-
tion kinetics [12]. Most of the theoretical and experimental stud-
ies were carried out to reveal that hydrate formation and growth
mechanism were inherently system-dependent.

Depending on the approach to model the behavior of the gas
hydrate formation (or dissociation), the appropriate driving force
has been selected by researchers. In this paper, the mass transfer
approach was employed to model multicomponent gas hydrate
formation. In this manner, chemical potential was selected as the
driving force [13], and was implemented for the case of multicom-
ponent mixture. A complete discussion and reasonable assump-
tions has been provided for this purpose.

APPROACHES TO PREDICT GAS HYDRATE
KINETICS

As the gas hydrate formation (or dissociation) process deals with
heat and mass transfer, including several resistances, most research-
ers prefer to emphasize one or some of these resistances and ap-
proaches. As the temperature is kept constant in most of the exper-
iments, thermal resistance is ignored in many studies, although
there have been some considerable attempts to assume the gas hy-
drate formation (or dissociation) as the thermal process. In the
current study, an isothermal process was assumed. Consequently,
thermal resistance was omitted. Three main approaches are avail-
able in the literature as briefly described here.
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1. Bishnoi and Vysniauskas’ Semi-empirical Model

Bishnoi and Vysniauskas analyzed methane hydrate formation
in a stirred semi-batch reactor operating at constant pressure. A
three-step reaction mechanism was postulated and subsequently
utilized for the formulation of a semi-empirical equation for com-
puting the methane consumption rate [6]:

E a

(dn/dt)=axA,_xe RT T s p7 1)

where, ¢, a, b, E,, and yshould be experimentally determined.
2. The Intrinsic Model by Englezos et al.

Englezos et al. conducted some experiments about the forma-
tion of methane and ethane hydrates and developed a combined
model of mass transfer and crystallization [7]. According to their
model, hydrate formation is composed of three steps:

1. Diftusion of guest molecules from gas-liquid interface to lig-
uid bulk,

2. Diffusion of guest molecules from the liquid bulk to hydrate-
solution interface,

3. Reaction of water and guest molecule at the hydrate-solid
interface.

The driving force for hydrate formation was defined as the dif-
ference between the fugacity of the dissolved gas and the equilib-
rium fugacity at the experimental temperature [7].

(dn/dt)Particlc: K*AParticIe(f_ fEQ) (2)

3. The Model of Skovberg-Rasmussen-mass Transfer Approach

Based on their analysis of the model by Englezos et al. [7],
Skovberg and Rasmussen [12] proposed its simplification, remov-
ing PBE and assuming that all resistances to mass transfer during
hydrate formation lay in the diffusion of the dissolved gas from
the gas-liquid interface to the liquid bulk [14]. Thus, in their for-
mulation, the gas consumption rate is given by:

dn/dt=k; Ay Cy(x—x5) 3

Mohebbi et al. utilized the concept of Skovberg and Rasmussen's
model, which can predict the current experimental data in CSTR
reactors [15]. They did several experiments on methane to prove
their idea. They also used the concentration as the driving force.
The main difference between their model and that proposed by
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Fig. 1. Schematic diagram of constant gas conumption rate.

Skovberg and Rasmussen is that they assume that the solubility in
the bulk of the liquid is at equilibrium pressure and operating tem-
perature.

There are two explanations to evaluate the mass transfer approach
models:
3-1. Constant Rate of Gas Consumption

Table 1 shows the previous works in which the rate of gas
uptake is constant. A schematic illustration is presented in Fig. 1.
The gas consumption rate is conserved at an initial stage of gas
hydrate formation. After this stage, considerable amount of solid
hydrates is accumulated in the interface which reduces the con-
tact area and increases the diffusion resistance considerably. The
decrease in contact area and increase of mass transfer resistance
may be responsible for the reduction of gas consumption rate as it
was previously measured by Lee et al. and Zhang et al. [11,16].

Because all physical parameters of experiments are kept con-
stant during experiments (initial stage) and only parameters related
to hydrate growth vary with time, it is reasonable to ignore the
changing parameters in comparison with mass transfer in the gas-
liquid interface.
3-2. Constant Gas Mole Fraction in the Aqueous Phase

In the mass transfer approach, it is assumed that the kinetic of

Table 1. Previous works in which the gas consumption has linear trend with respect to time

Researchers (s) Component Reference
Vysniauskas and Bishnoi Methane (6]
Englezos et al. Methane, Ethane [7]
Chum and Lee Carbon Dioxide [17]
Malegaonkar et al. Methane, Carbon Dioxide [18]
Bergeron and Servio Propane [19]
Bergeron et al. Methane [20]
Lee et al. Methane (in sodium dodecyl sulfate solution) [16]
Zhang et al. Methane (in sodium dodecyl sulfate solution) [11]
Zhang et al. Carbon Dioxide [21]
Mohebbi et al. Methane [15]
Naseh et al. Ethane [22]
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Fig. 2. Constant mole fraction of gas compounds in the aqueous
phase during hydrate formation.

gas hydrate particle is negligible compared to the mass transfer in
the gas-liquid interface. This means that all liquid properties, includ-
ing guest molecule composition in the bulk of liquid are constant
(as demonstrated by Fig. 2). There are some reports experimen-
tally stating the mole fraction of soluble gas in water during hydrate
formation [23,24].

The advantage of the mass transfer approach (which has been
applied in this study) is extensibility for multicomponent systems
by the following expression:

dn/dt=A, ,Cy X K (X;—Xp) @
DRIVING FORCE

1. Previous Works

Driving force is essential to transfer component(s) from one
phase to another. Consequently; at equilibrium conditions, there is
no driving force between the phases. The mass transfer coefficient
is defined as the ratio of mass transfer rate and the driving force.

Different types of the driving force have been introduced to
study the formation (dissociation) of gas hydrates. Vysniauskas and
Bishnoi utilized the difference between temperatures at experimen-
tal and equilibrium conditions as the driving force [6]. This type of
experiment has by Izadpanah et al. [25]. In addition, Peng et al.
used the degree of subcooling as the driving force to study the
hydrate film growth on the surface of a gas bubble suspended in
water [26]. Englezos et al. used the fugacity as the driving force as
the first time [7]. This driving force was used by some researchers
later [27,28]. Skovberg and Rasmussen used the concentration
(mole fraction) in their work [12]. Sloan and Christiansen assumed
the Gibbs free energy as the driving force [29], while Firoozabadi
and Kashchiev used the chemical potential function [13].

To have a better concept of the driving force, it is worth intro-
ducing two types of process, isothermal and isobaric. The idea of
isobaric and isothermal approaches was cited before by Kashchiev
and Firoozabadi [13]. They did a comprehensive study on the driv-
ing force in case of single component gas hydrate formation. The
present work is concentrated on the multicomponent systems
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Fig. 3. Isobaric and isothermal process during gas hydrate forma-
tion.

while introducing a new mass transfer coefficient that is indepen-
dent of the composition in the gas phase.

In the isobaric regime, it is assumed that the system condition
(S) is compared to its corresponding equilibrium point (B) at con-
stant pressure (see Fig. 3). Similarly, in the isothermal process, the
driving force is varied by changing the pressure. In this regime, the
experimental point varies in line AS, and the driving force is de-
fined based upon the difference between points A and S.

According to selection of one of these two concepts, MTC k;
can be determined straightforwardly. If an isobar process is as-
sumed (SB), the bulk liquid concentration (CB) is defined at point
B. Otherwise, if an isothermal process is chosen, CB is defined at
point A. In both approaches, the liquid phase concentration changes
rapidly to its corresponding state at equilibrium conditions as
hydrate formation occurs. The isothermal process was used in the
current study.

2. Comprehensive Analysis

As previously stated, the difference between mole fractions of
guest molecules was defined as the driving force to form or disso-
ciate gas hydrate. From the viewpoint of thermodynamics, the dif-
ference between chemical potential between phases is responsible
for formation or dissociation. In a general case, the guest mole-
cules diffuse from the gas phase and form solid phase (we have
assumed that the guest molecules are present in the gas phase in

GAS G

LIQUID KL

HYDRATE - SOLID' Hu

Fig. 4. Representative of gas diffusion direction.
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the contact of the aqueous phase in this study). Fig. 4 indicates the
conceptual contacts of three phases.

Mo M, and g4 are chemical potentials in gas, liquid (aqueous
phase), and hydrate, respectively. Therefore, the general driving force
can be written as:

Api= = &)

In this research, we have considered four approaches to investi-
gate the driving force:

1. Equilibrium between liquid and hydrate, while no equilibrium
exists between gas and liquid.

2. Equilibrium between gas and liquid, while no equilibrium is
present between liquid and hydrate.

3. No equilibrium is observed between all phases.

4. Existence of hydrate in non-equilibrium conditions (no move-
ment from point B to A in Fig. 3).
2-1. Equilibrium between Liquid and Hydrate

Assume that there are equilibrium conditions between liquid
and gas hydrate phases. Thus, the driving force (Eq. (5)) can be
rewritten as:

Api=pi— ©)

If there are “m” components in the gas phase (excluding water),
the total chemical potential for the gas phase in the operating tem-
perature and pressure is:

/’lG:/'l%-i- RTZZlyilnfé @)

It is supposed that the mixture of liquid (water) and gas hydrate
moves from super-saturation to equilibrium conditions (operating
temperature and corresponding equilibrium pressure). Accordingly;
the liquid chemical potential can be presented by:

M=+ ', ®)
or

0 mo_i i m_is P wo
,uL:,uL+RTZi:1xpEanfG'pm+(l—Z,~:1x)j v dP )
0

where, X;,, and v are mole fractions of component i in water at
equilibrium pressure and water molar volume, respectively. The
equilibrium pressure can be predicted, using an appropriate ther-
modynamic model (Appendix A). Substitution of Egs. (7) and (9)
in Eq. (6) yields:
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Fig. 5. Methane solubility in water at 273.2K.
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Fig. 6. Total solubility of a natural gas mixture in water at 273.2K.

Table 2. Composition of natural gas mixture used in Fig. 6

Mole percent Material
75 Methane
12 Ethane
8 Propane
5 i-Butane

Ap=pig—p +RTE] y Info—RTEY x, Infgp

m i KW ' (10)

7(172,-:1)()_'} v dP’
0

Since the solubility of guest gases in water is very low, it is reason-
able to ignore the gas solubility in water. To show this idea, the sol-
ubility of methane and a gas mixture in water at 273.2 K is illustrated
in Figs. 5 and 6. The composition of the natural-gas mixture is
tabulated in Table 2. Henry’s law has been used to predict the sol-
ubility at low temperatures [30].

Thus, Eq. (10) is expressed as:

0 0 m i i Pro W ' m i i
Ap=pig— 1 +RTZ .y lnfG—_[ v dP'-RTE_xp Infsp ~ (11)
0 ;

At equilibrium pressure, the driving force is equal to zero, and the
above equation is converted as follows:

. . P, , .
0=pig— i +RTEL yInfGp —[ v dP'~RTE x, Infe,,  (12)

- 0

Subtracting these equations yields:
Ap=RTE! y'Inf/fGp, (13)

The general mass transfer coefficient (GMTC) can be defined ac-
cording to Eq. (13):

K, =(dny/dt)/A, RTZY y'Info/fG (14)
and the total gas consumption can be predicted as:
dng/dt=Ay K RTZ y'Inf/f; (15)

GMTC can be determined experimentally. If f}; is relatively close
to £, the above equation will be approximated as:

dny/dt=A, K RTS! Y (fo/fep, 1) (16)

or

Korean J. Chem. Eng.(Vol. 34, No. 3)
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Fig. 7. The ratio of Henry’s law constant: (a) Methane at 275K, (b)
ethane at 285 K, (c) propane at 285 K.

dny/dt=A, K RTZLy'(H'X /HpXpo—1) (17)

where H is Henry’s law constant and H' and Hj, are both at oper-
ating temperature, but the former is at operating pressure, and the
latter is at the corresponding equilibrium pressure. Henry’s law
constant depends on temperature and is a weak function of pres-
sure. Consequently, H/Hy, is relatively close to unity. Fig. 7 illus-
trates that this assumption is valid.

Eq. (17) can be represented as follows:

dng/dt=Ay_; Cpy 2 (K, RTy'/CyXpo) (X' —Xpo) (18)

which is similar to Eq. (4). The mass transfer coefficient for each
component can be determined according to the following relation:

k; =K,RTy'/Cyyxpq (19)

2-2. Equilibrium between Gas and Aqueous Phases
In this approach, we assume that the gas and aqueous phases are

March, 2017

in equilibrium, and the reason for mass transfer is the difference
in chemical potential between the aqueous and hydrate phases,
which can be described as follows:

Ap=p" + 0y — iy (20)

where, ny, is the hydration number. It has been assumed that the
hydrate phase can move from super-saturation condition to iso-
thermal equilibrium conditions. Thus, Eq. (20) can be well pre-
sented by:

G w
Ap=pip + DyHy p= Hpp,, @D
where,
Hip=Hep=pg " +RTE Y Inf, (22)
P
prp=p [ Vi AP’ (23)
Hup,,= /1?{ + _[:w vydP’ (24)

Substituting Eqgs. (22)-(24) in Eq. (21) yields:

Gas.0

Ap=pu;  + RTEZlyilnf&P+ nw(yrm +fpvx/dP)
’ 25)
0 (P /
— - _[0 vydP
In equilibrium conditions, Az approaches zero and we have:
Gas.0 m i i w.0 R-Ww '
O=x; +RTZ_ )y lnfG}PernW(,uL +J’P \/ dP)
‘ ’ (26)

0 EQ '
7,uH7J': v, dP

By subtracting Eq. (26) from Eq. (25), the driving force in this method
can be expressed by:

Ap= RTZZlyilnféP/fé;.Pm +ny vy (P— Pro) 27)

There are two terms contributing in the above equation, gas and
water terms. In the following examples, the magnitude of the water
term in the driving force will be explained.

2-2-1. Example 1: Methane Hydrate Formation

Assume methane hydrate formation process in 273.2K. The
equilibrium pressure at this temperature is close to 27 bar. The
operating pressure varies from 27 to 105 bar, and the driving force
is plotted against the pressure in Fig. 8. The continuous curve
presents the dimensionless driving force by considering the effect
of water term (the second term on the right side of Eq. (27)),
while the dashed curve is the driving force, which ignores the effect
of water in the definition of the driving force. In the current study,
SRK EOS [31] was implemented to estimate the fugacity (fugacity
coefficient) and compressibility factor. In the case of gas mixture,
the binary interaction coefficients are reported in the Appendix
(32].

As can be seen, the importance of the ‘water ternt in the driv-
ing force is negligible close to equilibrium pressure, and the mag-
nitude of this term will rise by increasing the pressure. In most
situations, there is a difference between operating and equilibrium
pressures that is not so considerable. Consequently; it is reason-
able to ignore this term in comparison to the gas term.
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Fig. 8. Driving force during methane hydrate formation with and
without water term (Eq. (27)) at 273.2K.
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Fig. 9. Driving force during gas mixture hydrate formation with
and without water term (Eq. (27)) at 280 K.

2-2-2. Example 2: Hydrate Formation from a Gas Mixture

The natural-gas mixture (Table 2) is investigated at 280 K in this
part. The pressure differs between equilibrium and dew-point pres-
sures (8.6 to 35.4bar). Fig. 9 shows the chemical potential varia-
tion with pressure. The continuous curve illustrates the dependency
of chemical potential on pressure by considering the effect of the
water term, whereas the dashed curve ignores this dependency. The
difference between the two assumptions can be ignored at pressure
close to equilibrium pressure. At elevated pressure, this difference
is considerable. Thus, the water term can be ignored at a pressure
close to equilibrium pressure.

Accordingly, at pressure close to equilibrium pressure, the driv-
ing force can be written as follows:

Ap=RTE y'InfG p/fep, (28)

Similar to Eq. (18), the equation of gas consumption with the hy-
drate phase is:

dng/dt=Ay K RTS y'Infg p/fp,

m i VR (29)
= Avaszm(KyRTY 1CwXp) (X —Xgqo)
Comparing the above equation and Eq. (4) yields:
k; =K, RTy"/Cyyxpq (30)

2-3. Non-equilibrium Conditions between All Phases

In previous sections, we assumed that there may be equilibrium
conditions between the two phases. Now we assume no equilib-
rium between phases. In this case, the driving force can be selected
as the difference between initial compounds (gas and water mole-
cules) and hydrate phase:

Gas w
A/U = Hpeactants ~ Mproduct = HG.p + 0wy p— /lH.PE() (3 1)
or
Gas.0 m i i w.0 w ’
Ap=pg  +RTZ_yInf;+ nw(/lL +.[PVL dp )
' (32)
0 EQ ,
~Hu _J’: vudP
In equilibrium point:
. . Py
0= #gm‘o + RTZZly’Inf&Pm + nw('uzv.o +_[ ‘v/dp )
' (33)
0 Pre '
— iy — IO v,dP
Subtracting the above two equations yields:
Ap= = py= RTZilyiln f&P/ fé}.Pm (34)

which is similar to Eq. (28).
2-4. General Approach

Earlier, we assumed that the hydrate phase moves from super-
saturation conditions to equilibrium conditions. In the current ap-
proach, this assumption is no longer valid. Thus, the gas hydrate
point does not move from its initial point to point S (see Fig. 3).
Similar to the aforementioned modelling, the driving force can be
written as:

Gas.0

Ap= g +RTZ£1y'lnfé}P+nW(y,“A/'0+j vr/de
0

. P (35)
—yH—IO vydP’

At equilibrium point we have:
0= ,ugm'o +RTZ 1yilnf(i;_ Pt nw(,uz\/'o +J':m V‘LNdP j
Subtracting the two above equations yields:
Au=RTZ y'Infy/ fé;.P,Q +n WJ.;) vy dP'- fi}_o vydP’ (37)

If the functionality of specific volume of water and hydrate on pres-
sure is negligible, we have:

Au=RTE Y Infg p/fe p + (v, —vi)(P=Ppo) (38)

Similar to previous approaches, the second term in the right side
of Eq. (38) can be ignored compared with the first term.

Korean J. Chem. Eng.(Vol. 34, No. 3)
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Fig. 10. Driving force during gas hydrate formation of methane at
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Fig. 11. Driving force during gas hydrate formation from gas mix-
ture (Table 2) at 280 K.

Ap=RTE y'InfG p/fGp, (39)

Similar to section 3.2.2, Eqgs. (38) and (39) were compared to the
case of methane and natural-gas mixture (Table 2). Figs. 10 and 11
present both equations for methane and gas mixture at 273.2K
and 280K, respectively. As it was predictable, the difference be-
tween the equations is negligible in the pressure close to equilib-
rium pressures. Hence, selecting Eq. (39) as the driving force is
acceptable.

Similar to Eq. (14), the general mass transfer coefficient can be
defined as:

K,=(dny/dt)/A,  RTZ! y'Info/fgp (40)

2-5. Other Types of Driving Forces
Eq. (39) can be converted to the following equation in the case
of single component:

Au=RTInfgp/fp,, (41)

March, 2017

If the fugacity ratio is relatively close to unity, the driving force will
be:

RT
. (fop—fop,)=alfcr—1fep,) (43)
GPy

Au=RT(f;pl/tGp,,~1)=

where, ¢ is constant at fixed temperature. The above equation
indicates that the fugacity can be used as an alternative of chemi-
cal potential, which has been used by several researchers [7,17,18].

The fugacity is the multiple of pressure and fugacity coefficient.
Thus:

Ap=oa(fgp- fG.PEQ) = @6pP~ 96, Pro) (44)

where, @p and @gp,, are fugacity coefficients in operating and
equilibrium pressures, respectively. Once again, if operating and
equilibrium pressures are not so much different, it is reasonable to
assume that both fugacity coefficients are the same and we have:

Ap= a(/’G,PEQ(P —Pr)=B(P—-Pr) (45)

Eq. (45) introduces the pressure as the driving force. Although this
type of driving force has been obtained with several simplifications,
it is a sensible and measurable variable.

PARAMETER EVALUATION

There are several studies in literature about gas hydrate kinetics
from single component. Eq. (4), which is based on the mass trans-
fer approach, can predict the rate of gas consumption by the hy-
drate phase adequately. However, in the present study, we used the
research results of Mohebbi and Behbahani, which are about the
gas hydrate formation from a natural-gas mixture [33]. The mix-
ture consists of methane, ethane, propane, and isobutene mixture as
they contribute during hydrate formation. Temperature and pres-
sure changed from 275.15K to 287.25 K and 1.1 MPa to 5.4 MPa,
respectively. As all experiments were carried out under isothermal
conditions, they used the difference between the operating pres-
sure and equilibrium pressure as the driving force. A summary of
the experimental data is given in Table 3. In this work, Egs. (4)
and (14) have been used to evaluate general and component mass
transfer coefficients, respectively.

Table 3. General conditions of experimental data [33]

Experiment Temperature/K Initial and final pressures/100 kPa

1 275.15 11.7-11.0
2 275.15 15.7-15.0
3 275.15 19.8-19.3
4 278.15 14.0-12.9
5 278.15 14.0-13.0
6 278.15 18.2-17.3
7 278.15 24.5-24.0
8 282.95 20.1-19.3
9 282.95 23.7-22.7
10 287.25 39.5-38.8
11 287.25 45.1-44.2
12 287.25 55.5-54.7




A new approach for modeling of multicomponent gas hydrate formation 713

Table 4. Unknown parameters of Eq. (4)

Component/Parameter a b c d e R-square

CH, 13.6 —-0.05108 1.217 —0.004063 —0.0001888 0.92

C,Hq 19.36 -0.07274 0.4229 —0.001185 —0.0005409 0.92

C;H; 52.72 —-0.196 0.7195 —0.001945 6e-5 0.96

i-C,H,o 168.6 —-0.628 2.282 —-0.006123 -0.001715 0.88
We found that the component mass transfer coefficient depends Table 4.

on both pressure and temperature. The component mass transfer
coefficient (k;) can be directly determined at different pressures
(Eq. (4)). To reduce the number of figures, only three data results
of the mentioned experiments are illustrated here. Twelve sets of
experimental data were available. Each experiment was executed
in isochoric and isothermal conditions. As the pressure varied during
experiments, three gas consumption rates were selected and, there-
fore, 36 sets of data were available. Previously, Mohebbi et al. showed
that the kinetics of gas hydrate in isochoric and isobaric experi-
ments has the same behavior [15].

Accordingly, a polynomial correlation was introduced which well
presents this dependency.

K, =10"*('+b'T+c'P+d'TP+€'(P)’)m/s (46)

The unknown parameters for each component are tabulated in
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Fig. 12. Comparison between predicted and experimental k; for
methane.
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Fig. 13. Comparison between predicted and experimental k; for
ethane.

R-square values in Table 4 are determined by the following equa-
tions:

R-square' =1—SSR'/SST' (47)
SSR1 = 2?:1 (ki‘mkuluml - kimm)z (48)
SST'=3L,(k;_~kj )’ (49)

Figs. 12 to 15 illustrate the comparison between calculated (from
Eq. (4)) and experimental k;.

The general mass transfer coefficient is determined using Eq.
(14). Note that this equation can be converted to the following
expression, provided that the difference between experimental and
equilibrium pressure is not too large. The benefit of using general
mass transfer coefficient is that it is independent of component.
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Fig. 14. Comparison between predicted and experimental k; for
propane.
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Fig. 15. Comparison between predicted and experimental k; for i-
butane.
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Table 5. Parameters of Eq. (51)

a b c d e R-square

139.1 -0.5537 18.61 —0.06146 —0.002092 0.97
3.E-06 "’,

3 »

5 Pl

b ?

£ 2506 e

" -’

= Pl

A3 »

-é 1606 Ak A

= F
0.£+00 122 : : .

0.£+00 1E-06 2.E-06 3.E-06

Kp mole?s/m*kg - Experimental

Fig. 16. Comparison between predicted and experimental general
mass transfer coefficient-Eq. (51).

dng/dt=Ay_; Cy 22 K RTY/Chyxpo(X —Xg) (50)

K RTy/C,Xj part is exactly the component mass transfer coeffi-
cient (k-see Eq. (4)). A second-order (with respect to pressure)
polynomial correlation (Eq. (51)) has been assumed, which its
parameters calculated and tabulated in Table 5. A comparison be-
tween predicted and experimental values is illustrated in Fig. 16.
The absolute average deviation (AAD% - Eq. (52)) of experimen-
tal and calculated data (Eq. (51)) is 7.26% which shows acceptable
results of the discussed theory.

K,=10"(a+bT+cP+dTP+eP?) (51)

1
AAD%=13|(K,, K

! /’tCu/Lu/rm'd) / K/'tb(pcrlmx'nmj (52)

Fig. 17 shows the dependency of K, on pressure at different
temperatures according to Eq. (51). As was predictable, K, is con-
siderably pressure- and temperature-dependent.

From Tables 4 and 5, the component and general mass transfer
coefficients decrease with increase in temperature, which seems to

100
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10 4

0 -

Ky, % 10-7 mole?s/m*kg

Pressure/ 100 kPa

Fig. 17. Dependency of GMC (K,) on pressure and temperature.
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be in controversy with molecular diffusion dependency on tem-
perature [34]. This controversy can be explained as follows.

The calculated k; and K, (in this work) are influenced by two
mechanisms, molecular transfer and hydrate formation reaction.
Although the molecular diffusion (and consequently mass trans-
fer coefficient) is proportional to temperature, the rise in tempera-
ture can reduce the reaction rate. Thus, the calculated mass transfer
coefficient has been enhanced by the hydrate formation in the
interface of the gas-liquid. As a result, the reported k; and K, can
be called enhanced mass transfer coefficients [35], which shows
the contribution of hydrate reaction.

CONCLUSION

The current study concentrated on gas hydrate formation from
a multicomponent mixture. The chemical potential was introduced
as the prime driving force. Several assumptions, including equilib-
rium and non-equilibrium, were made, and we concluded that the
logarithm of the fugacity ratio between experimental and equilib-
rium conditions can predict the driving force. In addition, the
mass transfer approach was used to predict the gas consumption
with the hydrate phase. Based on the definition of driving force and
the applied approach, a new mass transfer coefficient was intro-
duced. Because the new parameter is independent of the composi-
tion and can be employed in a wide range of compositions, it is
called the general mass transfer coefficient (GMTC). The depen-
dency of GMTC on the temperature and pressure was experimen-
tally measured and reported. Results showed that the general mass
transfer coefficient increases by increasing the pressure and
decreasing the temperature.
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APPENDIX A-ESTIMATION OF EQUILIBRIUM GAS
HYDRATE PRESSURE

Van der Waals and Platteeuw [36] introduced the chemical poten-
tial of water in hydrate phase (/") by:

p =P+ RTE v In(1-27,6,) (A1)

where, ,uﬁ refers to the chemical potential of water in the hypo-
thetical (empty) hydrate lattice, v, is the number of cavities of type
a per water molecule in the lattice, and 6, is the fraction of cavi-
ties of type a occupied by gas component i. The fractional occu-
pancy is defined by the following Langmuir expression:

C,f;

[ A2
1+ 2,.Cufy (42)

Table 6. Binary interaction of SRK EOS [32]

Methane Ethane Propane i-Butane
Methane 0 —0.0078 0.008 0.0241
Ethane —0.0078 0 0 0.001
Propane 0.008 0 0 0
i-Butane 0.0241 0.001 0 0

Table 7. Parameters to estimate the Langmuir constant Eq. (A5)

(38]
Cavity Small Large
Name/Parameters Ajj Bij Ajj Bijj
Methane 0.0002207 3453  0.0076068 1916
Ethane 0 0  0.0040818 2967
Propane 0 0 0.0012353 4638
i-Butane 0 0 0.001573 3800

where, C;; is the Langmuir constant, and f; is the fugacity of com-
ponent i which is calculated by SRK EOS [31] in this work (Eq.
(A3)).

t=yPe (A3)
with

1n(¢i):%(z—1)—1n(Z—B)
(A4)

A 22’:1y. faa(1-k;) tﬁ g)
- B|:——i——-L-——-L———La - b:|ln(1+

In the present model, the Langmuir constants are temperature-de-
pendent according to Eq. (A5).

C .=

B,
Aai T
W=

(A5)
The values of A, and B, are reported in Table 7. On the other
hand, the difference in chemical potential of water in the empty
hydrate lattice and that in the pure liquid state at the system tem-
perature and equilibrium pressure is:

_L A T P

gl My T Ab gAY

=TT RT IT“RTzd”IoRTdT (A6)

Ah=AR’+]' (ACS+AT—Ty))dT (A7)
Ty

The values of Az, Ah, Ay, ACp, and Sare listed in Table 8 for the
hydrate structure II. At equilibrium conditions, the chemical poten-
tial of water in hydrate and pure water is equal. Thus, the combi-
nation of Egs. (A6) and (A7) gives:

A

e W g

RT 1o RT T=-2Z,_v,In(1-2_,6,)+Iny,x, (A8)

Ln(xyxy) is added to Eq. (A8) to consider the effect of non-ideal-
ity of water phase. This term can be omitted as the hydrocarbon

Table 8. Values for thermodynamic reference parameters of struc-

ture IT of gas hydrates [38]
Parameter Value Unit
Ay, J/mole 883
Ah J/mole —5203.5
Av m’/mole 34x10°°
AC) J/mole.K -38.13
B J/mole-K* 0.141

Korean J. Chem. Eng.(Vol. 34, No. 3)
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components dissolution in water is negligible. The above equation the equilibrium pressure. The initial pressure guess was estimated,
is a non-linear equation that should be solved to calculate the equi- using distribution coefficient method [37].
librium pressure. Newton-Raphson method was used to evaluate
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