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4.1 Introduction

Since the first announcement by Hammerschmidt regarding the blockage of trans-
portation pipelines by gas hydrates, the attempt to overcome the situation was looked
into [1]. The first exercises were to utilize the anti-freezing agents, such as methanol
or ethylene glycol as additives to prevent the hydrate formation [2]. The presence of
these chemicals in the solutionwas to shift the equilibriumphase boundary conditions
of the gas hydrates to much lower temperatures and higher pressure. The addition
of methanol to the solution shifted the gas hydrate phase boundary to the left, where
gas hydrate formed at much lower temperatures and higher pressure conditions.
This behaviour was due to the hydrogen bonding between the water and methanol
molecules, which decreased the water activity and the tendency to form hydrate
cages [3]. This group of chemicals was referred to as thermodynamic inhibitors.
Thermodynamic inhibitors have been widely used in the oil and gas industry for the
prevention of gas hydrate formation and blockage in the pipelines and cold processes
[4]. On the other hand, some chemicals enhance the hydrate formation by shifting the
phase boundary to the right. These additives are thermodynamic promoters. Thermo-
dynamic promoters are normally captured in the hydrate crystalline structure along
with the gas molecules. These molecules help to stabilize the hydrate structure at
a higher temperature and/or lower pressure. In 1991, Dyadin et al. summarized the
hydrate equilibrium temperature of few cyclic esters, such as trimethylene oxide,
ethylene oxide, 1,3- and 1,4-dioxane, 1,3-dioxolane, and tetrahydrofuran, at low and
high pressures. They claimed that these chemicals, which can form sII under atmo-
spheric pressures, are also able to form hydrates at higher pressures with the help
of small gases [5]. These stabilizing chemicals might be effectively used for storing
natural gas in solid hydrate state because of their effect on the shift of hydrate forming
equilibrium temperature and pressure to milder ones and the large increase in storage
capacity. The attempt of predicting the impact of these additives on the gas hydrate
phase boundary started with Hammerschmidt in the 1930s. It was very important for
the oil and gas industries to predict the proper amount of inhibitors that was required
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to eliminate the risks of pipelines’ blockage with gas hydrate. The Hammerschmidt
formula was based on the suppression of the hydrate formation temperature in the
presence of inhibitors, as shown in Eq. (4.1).

�T = kHW

M(100 − W )
(4.1)

Although the thermodynamic-based approaches were developed in the 1950s, the
suppression temperature method is still practiced due to its simplicity and acceptable
accuracy. The suppression temperature is the reduction of the equilibrium temper-
ature as a result of additives, and thus, its accuracy is tied in with the accuracy of
hydrate equilibrium temperature estimation in the presence of pure samples. On the
other hand, the thermodynamic models are mainly based on the equality of chemical
potentials of each component in all phases. Hence, any additive to the mixture could
also be included in the calculation, if required parameters for prediction of chemical
potentials are available. In the following pages, the recent advances on both methods
are collected and discussed.

4.2 Classic Thermodynamic Model

The first research for determining the properties of gas hydrate using a statistical
thermodynamic approach was done carried out by Barrer and Stuart at 1957 [6].
With the knowledge of the crystal structure of hydrates and using a similar approach,
a statistical thermodynamic model of hydrate phase equilibria was conceived by van
der Waals and Platteuw at in 1959 [7]. In their work, expressions for the chemical
potential of water in sI and sII hydrate structures were developed using an approach
analogous to the Langmuir gas adsorption.

The classic van der Waals and Platteeuw (vdWP) model was based on the dif-
ference between the chemical potential of water in the hydrate phase μH

w and a
hypothetical empty lattice hydrate phase (μ

β
w) as shown in Eq. (4.2).

�μH
w

RT
= μ

β
w − μH

w

RT
=

2∑

m=1

υm ln

(
1 +

nc∑

i=1

Cmi fi

)
(4.2)

where υm is the number of cages of type m in the crystalline structure, Cmi is the
Langmuir constant of hydrate former i in the type m cage of the crystalline structure,
and f i is the fugacity of hydrate formers.

The vdWP model led Saito et al. [8] and Parrish and Prausnitz [9] to predict the
gas hydrate equilibria by equating the chemical potential of water in hydrate, with
that in the aqueous (or ice) phase and introducing an algorithm in a form suitable for
use on a computer. The expression of the chemical potential of water in an aqueous
or ice phase has been simplified by some researchers such as Holder et al. [10] and
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John et al. [11] as shown in Eq. (4.3).

�μα
w

RT
= μ

β
w − μα

w

RT
= �μ0

w

RT
−

T∫

T0

�hw
RT 2

dT +
P∫

P0

�vw
RT

dP − RT ln
(
aα
w

)
(4.3)

where α denotes liquid water or ice phase, and 0 superscript/subscripts stands for ref-
erence condition.�hw and�vw are enthalpy change and volume difference between
the empty hydrate lattice and water in α phase, respectively. The parameters for
Eqs. (4.2) and (4.3) are provided in Tables 4.1 and 4.2.

The impact of any additives in the mixture can be seen on three parameters of
Eqs. (4.2) and (4.3), i.e. fugacity, activity of water, and Langmuir constant. The first
parameter is fugacity of components in Eq. (4.2). Addition of any extra component
in the mixture will change the phase equilibria, and consequently the fugacity of
each component in the mixture. In the calculation of fugacity in the vdWP model,
it commonly assumed that at equilibrium, the amount of hydrate particles is very
small, and the system mainly consisted of two phases of vapour and liquid/solid
water. Therefore, any VLE or VSE calculation with proper mixing rule could lead to
an acceptable prediction of fugacity. Thus, the most critical task in the calculation of
fugacity is a selection of suitable equation of state and mixing rule.While EOSs such
as Peng–Robinson [12] or Soave–Redlich–Kwang [13] with van der Waals mixing

Table 4.1 Geometry of different hydrate structures and parameters used in Eqs. (4.2), (4.5), and
(4.6)

Hydrate structure Structure I Structure II Structure H

Small Large Small Large Small Medium Large

Cavity name 512 51262 512 51264 512 435663 51268

Average radius (R) (Å) 3.91 4.33 3.9 4.68 3.94 4.04 5.79

Coordination number (z) 20 24 20 28 20 20 36

Cavities/unit cell 2 6 16 8 3 2 1

Cavities/H2O (υm) 1/23 3/23 2/17 1/17 1/12 1/18 1/36

H2O/unit cell 46 136 36

Crystal type Cubic Cubic Hexagonal

Lattice constant (m) 1.20 × 10−11 1.72 × 10−11 a = 1.22 × 10−11

c = 1.01 × 10−11

Table 4.2 Thermodynamic
properties of the empty
hydrate lattice relative to
liquid water, Eq. (4.3)

Parameter Structure sI Structure sII

�μ◦
w (J/mol) 1263.6 882.8

�h◦l
w (J/mol) −4858.9 −5202.2

�vlw (cm3/mol) 4.6 5.0

�CPw (J/mol K) −38.12 + 0.141(T − 273.15)
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rule can be used for hydrocarbon systems, for more complex systems, including
electrolytes or very polar components, a more advanced equation of state, such as
Valderrama–Patel–Teja [14], Nasrifar–Bolland [15], CPA [16], or statistical associat-
ing fluid theory (SAFT) equations of state [17], leads to better prediction. Moreover,
the G-excess mixing rules such as MHV1 [18] or MHV2 [19] would increase the
accuracy of fugacity calculations.

The second parameter is the activity of water, which is presented in Eq. (4.3).
The water activity will change significantly in the presence of additives, especially
thermodynamic hydrate inhibitors. Therefore, to predict the impact of these additives
on the hydrate equilibria, it is important to calculate the water activity quite accurate.
This is not an easy task, as hydrate equilibrium involves multicomponents system
at high-pressure and low-temperature conditions and most of activity models are
designed for lowpressures and binary systems.However, combiningVLEcalculation
with G-excess mixing rules and exploitation of a predictive activity model such as
UNIFAC or UNIQUAC could lead to reasonable accuracy in calculation of water
activity in the liquid phase.

The third parameter, which is the Langmuir constant, is more important for sys-
tems containing thermodynamic promoters. While the majority of thermodynamic
inhibitors are not involving in the crystalline structure of gas hydrate, some of the
promoters either work as hydrate formers (e.g. tetrahydrofuran, acetone, 1-4 diox-
ane [20]) or as part of crystalline building blocks (e.g. tetra-n-butyl ammonium
bromide [21]). While prediction of hydrate formation condition in the presence of
second group is needed more complicated modelling, the first group, i.e. that work as
hydrate formers, can be predicted by considering as a hydrate former. This includes
calculating fugacity, activity, and Langmuir constant for these chemicals.

To calculate the Langmuir constant, two methods are generally used in literature.
The first and easier method was developed by Parrish and Prausnitz [9] which is a
correlation suitable for the temperature range of 260–300 K, as shown in Eq. (4.4)

Cm,i(T ) = (
Am,i/T

)
exp

(
Bm,i/T

)
(4.4)

The values for Am,i and Bm,i parameters are given for each hydrate former i that filled
cavity type m in either structure sI or sII by Parrish and Prausnitz [9] and presented
in Table 4.3.

The more accepted method is based on the intermolecular interaction between
hydrate former and water molecules in a hydrate cavity, Van derWaals and Platteeuw
by using Lennard–Jones–Devonshire cell theory to calculate the Langmuir constant,
as shown in Eq. (4.5).

Cm,i(T ) = 4
π

kT

Rm−2ai∫

0

exp

[
−ωm,i(r)

kT

]
r2dr (4.5)
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Table 4.3 Parameters for calculating Langmuir constants by Eq. (4.4) between 260 and 300 K

Guest Structure I Structure II

Small (K) Large (K) Small (K) Large (K)

Am,i ×
103

Bm,i ×
10−3

Am,i ×
103

Bm,i ×
10−3

Am,i ×
103

Bm,i ×
10−3

Am,i ×
103

Bm,i ×
10−3

Nitrogen 3.8087 2.2055 18.42 2.3013 3.0284 2.175 75.149 1.8606

Carbon
dioxide

1.1978 2.8605 8.507 3.2779 0.9091 2.6954 48.262 2.5718

Methane 3.7237 2.7088 18.372 2.7379 2.956 2.6951 76.068 2.2027

Ethane 0 0 6.906 3.6316 0 0 40.818 3.0384

Propane 0 0 0 0 0 0 12.353 4.4061

Isobutane 0 0 0 0 0 0 1.573 4.453

Ethylene 0.083 2.3969 5.448 3.66638 0.0641 2.0425 34.94 3.1071

Propylene 0 0 0 0 0 0 20.174 4.0057

Hydrogen
sulphide

3.0343 3.736 16.74 3.6109 2.3758 3.7506 73.631 2.8541

where k is the Boltzmann constant, ω(r) is the spherically symmetric cell potential
that is a function of cell radius, r, and T is the absolute temperature. Rm is the type
m cavity radius and ai is the hydrate former i core radius. Parrish and Prausnitz
recommend the Kihara theory for calculation of cell potential, as shown in Eq. (4.6).

ωm,i(r) = 2zmεi

[
σ 12
i

R11
m r

(
δ10 + ai

Rm
δ11

)
− σ 6

i

R5
mr

(
δ4 + ai

Rm
δ5

)]
(4.6)

where εi is the minimum potential, σ i + 2 ai is the collision diameter, zm is the
coordination number of each cavity, and δN is calculating with Eq. (4.7) for N equals
to 4, 5, 10, and 11.

δN =

[(
1 − r

Rm
− ai

Rm

)−N −
(
1 + r

Rm
− ai

Rm

)−N
]

N
(4.7)

εi, σ i, and ai are the Kihara potential parameters that are optimized with hydrate
equilibrium data and given for each hydrate former. The values for common hydrate
formers are given in Table 4.4. The zm and Rm values also given in Table 4.1.
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Table 4.4 Kihara parameters
of common hydrate formers
and thermodynamic
promoters [22]

Component a (Å) σ (Å) ε̄
/
k (K)

Nitrogen 0.3526 3.0124 125.15

Carbon dioxidea 0.6358 2.9681 169.09

Methane 0.3834 3.1650 154.54

Ethane 0.5651 3.2641 176.40

Propane 0.6502 3.3093 203.31

Isobutane 0.8706 3.0822 225.16

Ethylene 0.4700 3.2910 172.87

Propylene 0.6500 3.2304 202.42

Hydrogen sulphide 0.3600 3.1530 204.85

THFa 0.8830 3.0020 301.95

Acetonea 0.96785 2.9297 283.62

aOptimized values [23]

4.3 Suppression Temperature Models

As mentioned before, the hydrate equilibrium temperature gradually reduces in the
presence of inhibitors due to the intermolecular interaction between these chemi-
cals and water molecules. From a thermodynamic point of view, these interactions
reduce the water molecule’s activity. Pieroen [24] formulated a relationship between
enthalpy of hydrate formation, water activity, and suppression temperature, as shown
in Eq. (4.8).

ln(aw) = −�H d

nHR

(
1

T
− 1

Tw

)
(4.8)

In this equation, aw is the water activity in the presence of additives, nH is the
hydration number and �Hd is the enthalpy of hydrate dissociation, and T and Tw

are the hydrate equilibrium temperature in the presence of additives and pure water,
respectively. Since the values of aw, nH, and�Hd cannot be easily calculated, Pieroen
showed that by a good approximation, this equation could be simplified to calculate
the suppression temperature, as shown in Eq. (4.9).

�T = −nHRT 2
0

�H d

18W

M(100 − W )
(4.9)

Equation (4.9) is very similar to Eq. (4.1) that was developed by Hammerschmidt
based on the experimental data. Later, Maddox et al. [25] used the Pireroen formula
to calculate the hydrate equilibrium temperature in the presence of alcohols. They
suggested using Margules’s equation for calculating the activity coefficient of water,
as shown in Eq. (4.10). Additionally, they developed a model to calculate �Hd/nHR,
as presented in Eq. (4.11).
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ln(γw) = (1 − xw)2[B + 2xw(A − B)] (4.10)

�H d

nHR
= −2063

α + βP
1000 + δ ln P

(4.11)

In these equations, A and B are the Margules constant for each electrolyte or alcohol,
xw is the mole fraction of water in the solution, and α, β, and δ are the coefficients
that encounter the pressure dependency of enthalpy of hydrate dissociation. Later,
Javanmardi et al. [26] modified the enthalpy equation and included the ionic strength
of solution in order to use this method for electrolytes system.

�H d

nHR
= e1 I e2

1 + e3P + e4 ln P
(4.12)

In this equation, I is ionic strength and e1 to e4 are global constants. Javanmardi and
his co-workers [26, 27] calculated the coefficients’ value by fitting the equilibrium
data of different gas hydrate system in the presence of various electrolytes. Later,
Nasrifar et al. [28] optimized the parameters of Eq. (4.12) by increasing the database.
Partoon et al. [29] also extended the model to ionic liquid systems. However, they
provided another set of parameters for ionic liquids. The coefficients of Eq. (4.12)
are presented in Table 4.5.

Javanmardi et al. suggested to usemore complicatedmodel of Pitzer andMayorga
[30], as shown in Eqs. (4.13)–(4.17).

ln aw = −vmMw

ϕ
(4.13)

−1 = ∣∣z+z−∣∣ f ϕ + m

(
2v+v−

v

)
β

ϕ
MX + m2

⎛

⎝2
(
v+v−) 3

2

v

⎞

⎠Cϕ (4.14)

f ϕ = −Aϕ

I
1
2

1 + bI
1
2

(4.15)

β
ϕ
MX = β(0) + β(1) exp

(
−aI

1
2

)
(4.16)

Table 4.5 Parameters of Eq. (4.12)

Parameter Electrolytes [26] Electrolytes [28] Ionic liquids [29]

e1 597.33 1000.0 222.24

e2 −4.090 × 10−2 1.237 × 10−2 −7.796 × 10−2

e3 2.270 × 10−5 −1.205 × 10−2 3.854 × 10−5

e4 −7.510 × 10−2 4.073 × 10−2 2.530 × 10−2



74 4 Gas Hydrate Models

I = 0.5
∑

mi z
2
i (4.17)

In these equations, ϕ is the osmotic coefficient, Mw is water molecular weight,
v+ and v− are number of ions in the salt formula, and z+ and z− are number of
cation and anion charges, respectively. Also, v = v++ v−, m is the conventional
molality of each ion (anion and cation) and zi is the number of each cation and
anion charges. As suggested by Pitzer and Mayorga, a = 2 and b = 1.2 for all
electrolytes. β(0), β(1) and Cϕ are model parameters that are available for each
electrolyte. The parameterAϕ is the Debye–Hückel coefficient. Javanmardi et al. [26]
used a value of 0.392 for water at 25 °C in their study; however, Aϕ is a weak function
of temperature. Therefore, Partoon et al. [29] suggested to use the temperature-
dependent Debye–Hückel coefficient, as presented in Eq. (4.18) [31], for calculating
the activity coefficient.

Aϕ = 0.3769 + 0.0005(T − 273.15) + 0.000004(T − 273.15)2 (4.18)

The described method, however, is limited to a single additive. For a mixture
of electrolytes, Nasrifar et al. [28] suggested to use Patwarthan and Kumar’s [32]
mixing rule for activity coefficient, as shown in Eq. (4.19).

ln aw =
∑

k

(
mk/m

0
k

)
ln a0w,k (4.19)

In addition, Nasrifar et al. [28] suggested another mixing rule for a mixture con-
taining both electrolytes and alcohols, as it is the most probable case for real applica-
tion of inhibitors in the oil and gas transportation pipelines. First, for calculating the
water activity, Nasrifar et al. [28] suggested that the non-idealistic reasoning to sup-
press water in the presence of electrolytes and alcohols are independent. Therefore,
the total non-idealistic factor is cumulative, as shown in Eq. (4.20).

ln aw,mix = ln aw,el + ln aw,al (4.20)

where aw,mix the is calculated be Eq. (4.14) and aw,al is calculated by Eq. (4.10).
In addition, the enthalpy of hydrate dissociation for the mixture of electrolytes and
alcohols are calculated by Eq. (4.21).

(
�H d

nHR

)

mix

=
2
(

�H d

nHR

)

el

(
�H d

nHR

)

al(
�H d

nHR

)

el
+

(
�H d

nHR

)

al

(4.21)

where
(

�H d

nHR

)

al
and

(
�H d

nHR

)

el
are calculated by Eqs. (4.11) and (4.12), respectively.

Another approach for the calculation of hydrate suppression temperature was
developed by Dickens and Quinby-Hunt [33]. The model considered the Pieroen
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equation (Eq. 4.8) as the base for calculation for the suppression temperature. How-
ever, as the calculation of the activity coefficient was complicated, they suggested
to use the freezing point suppression temperature instead of activity coefficient, as
shown in Eq. (4.22).

ln aw = �HFus

R

(
1

T 0
f

− 1

Tf

)
(4.22)

where �HFus is the enthalpy of fusion of pure water, T 0
f is the ice point and is the

suppressed melting point of solution. Combining Eqs. (4.8) and (4.22), the activity
of water in the presence of additives is eliminating from the formula, as presented
in Eq. (4.23), resulting in simpler method for prediction of hydrate suppression
temperatures.

(
1

Tw
− 1

T

)
= nh�HFus

�H d

(
1

T 0
f

− 1

Tf

)
(4.23)

However, as the activity calculations are well developed for electrolytes and alco-
hols, other researchers have not practiced the model. Nonetheless, recently, Bavoh
et al. [34] and later Khan et al. [35] showed the potential of this model for calculation
of the hydrate suppression temperature in the presence of natural amino acids and
ionic liquid, where the activity coefficient cannot be estimated due to the presence
of electrolytes and alcohols.

The Pieroen formula was also used to predict the hydrate equilibrium temperature
in the presence of acetone by Mainusch et al. [36]. The major modification in this
model was in the calculation of �H d

/
nHR, as shown in Eq. (4.24).

�H d

nHR

= −31.3 − (
3.0 × 103

)
xa − (

3.7 × 105
)
x4.5a + (

3.36 × 108
)
x13.5a

1 − (
9.3 × 10−2

)
ln(P

/
P◦)

(4.24)

where xa is the mole fraction of acetone in the mixture and P is the system pressure.
The P0 is the reference pressure and is equal to 1 kPa. The activity coefficient of
water in the presence of acetone was calculated using the van Laar equation [36].
However, this formula can only be used for CH4 hydrates, where the acetone acts
as promoter, while, for other gases like CO2, it can act as inhibitor. Partoon [23]
modified the Pieroen formula to adapt it for other hydrate thermodynamic promoters,
i.e. water soluble hydrate hydrocarbons, by introducing the polarity index ratio in
the calculation as shown in Eq. (4.25) and (4.26).

ln(aw) = −�H d

nHR
PIC

(
1

T
− 1

Tw

)
(4.25)
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PIC = 10

⎛

⎜⎜⎜⎜⎜⎝

nc∑

i=1

ji .PIR. ln

⎡

⎢⎢⎢⎢⎢⎣

1 − xi∑nc

j = 1
j �= w

x j

⎤

⎥⎥⎥⎥⎥⎦

⎞

⎟⎟⎟⎟⎟⎠
(4.26)

PIR = ln

(
2PIi + 1

PIw

)
(4.27)

where PIi is the polarity index of solvent and PIw is the polarity index of water which
is equal to 10.2 [37]. xi is the mole fraction of gases in the pure water at hydrate
equilibrium temperature and pressure. ji is an index number that shows the impact
of solvent on the pure gas hydrate. The value of ji is equal to +1 if the impact of
solvent on pure gas i hydrate is promotion and is equal to −1 if the solvent acts
as inhibitor for gas i hydrate. Finally, the enthalpy of the hydrate disassociation is
calculated using Eq. (4.28).

�H d

nHR
= −56.7 + axa + bxPIa + cx2PIa

1 + d ln(P/P◦)
(4.28)

4.4 Kinetic Models for Growth of Gas Hydrates

The growth of gas hydrates usually takes place after nucleation and is a complex
phenomenon as it includes multiphase studies at various levels of research. On a
macroscopic scale, the kinetics of gas hydrate growth usually depends on the mole
consumption rate of gases. At the microscopic level, the growth of gas hydrates can
be quantified as:

1. Mass transfer of H2O and gases for the growth of hydrate surface.
2. Transportation of exothermic heat produced during crystal growth of gas

hydrates.
3. The intrinsic kinetics of gas hydrates growth.

Based on all these factors, the structure of gas hydrates has been classified.
A substantial amount of literature has been published (Table 4.6) in which all

major gas hydrate growth models on kinetics are displayed since 1980. Most of
these models that are mentioned here are not developed from the principles, and
most of them cover the multiphase patterns. Moreover, there is no uniform model,
which covers all the significant aspects of kinetics of growth of gas hydrates. So,
still, there is a significant research contribution that needs to be made in this area.
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4.4.1 Models Based on Chemical Reaction

Experiments were conducted for investigation of the kinetics of growth rate of gas
hydrates of methane and ethane, and a two-step procedure is described which starts
with the formation of the crystal due to the interface between gas andwatermolecules.
The following is the three-step rate equations that are considered as the Arrhenius
equations:

M + H2O + (H2O)y−1 � M . . . (H2O)y (4.29)

M + H2O + M(H2O)z � M. (H2O)c (4.30)

M + H2O + M(H2O)m � M . . . (H2O)n (4.31)

By a combination of these equations, the rate of hydrate formation is termed as
follows:

r = kras[H2O]
m[H2O]

n
c [M]q (4.32)

where

kr constant of reaction rate for lumped Arrhenius type
as total surface area of the gas–water interface
m, n, and q parameters indicating the order of reaction for each component
c critical cluster size.

This kineticmodel is adopted bymany researchers in later years to study the rate of
growth of gas hydrates. These studies included bubble theory in deep sea conditions
that affect gas hydrate formation. This bubble theory was further used to analyse
blow-out conditions of oil wells in the presence of water. Later, this model is further
improved by the addition of heat and mass balance equations alongside considering
the drag effect of a slug on the multiphase flow. Later around 1993, research interest
was concentrated on liquid water approach with CH4 gas to analyse the kinetics of
gas hydrate growth. A critical model was proposed with five elemental processes
considering three-step analysis of hydrate formation:

1. The dissolution of CH4 gas into H2O phase
2. The build-up of CH4 hydrate precursor
3. The growth of CH4 hydrate by an autocatalytic process.

This model was also accounted for in the development of a kinetic model for anal-
ysis of gas hydrate formation in oil-dominated systems. These intrinsic models are
used and impended into commercial software like CSMhyk for analysis of different
hydrate formation kinetics.

The concentration shifted slowly from CH4 to CO2 with the time. The study of
carbon dioxide hydrates came into importance and studiesmentioned that the hydrate
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growth is dependent on interfacial temperatures and pressures of phases. Experimen-
tal results were claimed that the multiphase flow regimes affect the rate of formation
of gas hydrates. Also, studies presented displayed that the kinetic models based on
heat transfer and mass transfer are not much different when it comes to results of the
kinetics of growth rate of gas hydrates. However, some of the models are unclear,
and many errors were still included in the model due to the difficulty in predicting
the accuracy of gas–liquid interphase. Moreover, the models developed based on
experimental results have a limitation as many of them are apparatus dependent.
They might not be applicable to real-time systems as their capacity is higher com-
pared to laboratory scale equipment. Later, an advanced model proposed by Lekvam
et al. states that the rate of reaction can be estimated and validated by means of vital
statistics. This helps as a significant model that reduces the research gap between the
microscopic and macroscopic level of study on the kinetics of gas hydrates. It also
can be displayed as the proof for the representation of “chemical reaction” for the
formation of gas hydrates.

4.4.2 Models Based on Mass Transfer

The reported kinetic model was proposed in 1987 with referring to the methane
and ethane gas hydrates. The major part of their study was reported because of the
fugacity differences dissolved gas and multiphase hydrate equilibrium at a constant
temperature T. the model was developed based on the theory of the growth of crys-
tallization of gas hydrates. Surprisingly, this model gave a very less dependence on
T, unlike chemical reaction models. According to the proposed model, the following
two consecutive steps of hydrate particle growth were proposed:

• Diffusion of the dissolved gas from the bulk of solution to the crystal–liquid
interface

• Adsorption process that incorporates the gas molecules into the water molecules
and the subsequent stabilization of the framework of the structured water.

An assumption is made in this model about the shape of the hydrate particles which
are spherical and uniformly distributed. The fugacity changed from initial stages to
final stages in diffusion and adsorption layers, and the difference between initial and
final conditions can be termed as an overall driving force. The rate of growth of
hydrate particles can be found by:

dn

dt
= K ∗Ap

(
fb − feq

)
(4.33)

1

K ∗ = 1

Kr
+ 1

Kd
(4.34)

where
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Ap surface area of hydrate particle
K ∗ overall kinetic rate constant
Kr Rate of reaction due to adsorption
Kd mass transfer rate.

The overall rate of reaction for all included particles can be found by integrating
each particle of all sizes. It can be found by

Ry(t) =
∞∫

0

(
dn

dt

)
∅(r, t)dr = 4πK ∗μ2

(
f − feq

)
(4.35)

μ2 =
∞∫

0

r2∅(r, t)dr (4.36)

where ∅ is the particle size of hydrate and μ2 is the second moment of the particle
size.

When the gas phase encounters liquid phase, two-film theory was adopted. In
this theory, quasi-steady-state condition is considered. Thus, the diffusion rate of gas
from the interface of gas–liquid was balanced. The mass balance of gas molecules
is given by:

D
d2C

dy2
= 4πK ∗ μ2(t)

(
f − feq

)
(4.37)

B.C. 1: C(0) = Ceq

B.C. 2: C(δ) = Cb

where “δ” = liquid film thickness.

After adopting Henry’s law of fugacity to develop a profile of fugacity of the gas,
the flux of gas that is being transported can be derived by

f(y)

= feq +
(

1

sin hγ

){(
fg − feq

)
sin h

(
γ
(
1 − y

δ

))
+ (

fb − feq
)
sin h

(
γ

γ

δ

)}

(4.38)

dn

dt
= Jy=0Ag−1 =

(
D∗γ Ag−1

δ

)((
fg − feq

)
cos hγ − (

fb − feq
))

sin hγ
(4.39)

γ = δ

√
4πK ∗μ2

D∗ (4.40)

D∗ = DCwo

H
(4.41)
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where

γ Hatta number
H Henry’s law constant
D diffusion coefficient
Cwo initial water concentration
fg fugacity of pure gas
fb gas fugacity of liquid bulk.

Alongside these advanced studies, many more studies on the kinetics of gas
hydrates have been done. Some of them are kinetic models that are developed using
concentration difference between gases, models that are based on the combination
of mass and heat transfer due to chemical reactions of gas and fuels during hydrate
formation. Some studies also covered the kinetics of gas hydrates in porous media.

So, as discussed in this chapter from the past 30 years, considerable progress
has been made regarding the study of the kinetics of gas hydrate growth. In brief,
this chapter covered most of the significant kinetic models that involve various com-
binations regarding the growth of gas hydrates. This will serve as a reference for
the development of advanced models in future. Interestingly, among all the models
discussed, none of them covered both physical behaviours of the formation of gas
hydrates. So, still, there is a need for the united kinetic growth model proposal. This
unified model should cover all the physical parameters that influence the kinetics of
gas hydrates. Even though many models that are developed are used industrially, still
there is a lack of accuracy when scaling them upon more extensive apparatus. So, by
the study done here, a next-generation model can be made to bridge the gap between
the applications of the developed models on an industrial perspective.
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