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Abstract

Clathrate hydrates, usually called gas hydrates, are compounds of great inter-
est in oil industry, as well as in gas separation and storage, water purification
etc... Like many other compounds that phase change, in this case from liq-
uid water to non stoichiometric crystalline compound, modeling is required
to understand and optimize the processes that involve them.

Therefore, the classic thermodynamic equilibrium model is combined with
mass balance calculations during gas hydrate crystallization. Two frame-
works for performing clathrate hydrate thermodynamic flash calculations at
constant volume are presented and compared to experimental results at low
crystallization rate. The inputs are the quantity of mass (water and gas
molecules), and the volume. The variable is temperature (three phases ther-
modynamic flash at a given temperature), while the volume is kept constant.

The first framework suggests that the hydrate phase is growing at local
thermodynamic equilibrium, without any reorganization of its content of the
occupancy of the cavities. In the second framework, the hydrate phase can
reorganize itself during growth (locally or completely). These frameworks are
investigated, as well as the impact of the Kihara parameters uncertainties.

These frameworks calculate well the final pressure, hydrate composition.
In addition, the hydrate volume and mole amount in each phase is provided
with reasonable accuracy. Note: uncertainties on the final pressure and
hydrate volume are below 5%. Moreover, the results are quite sensitives to
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the value of the Kihara parameters, demonstrating the importance of their
values for a given computer code.

This work provides a more reallistic and comprehensive view of gas hy-
drate crystallization.

Keywords: Thermodynamics, Crystallization, Clathrate hydrates, Flash
calculations

1. Introduction1

Clathrate hydrates (also called gas hydrates) are crystalline water-based2

solids that resemble water ice, in which small molecules (typically gases) are3

trapped inside cavities of hydrogen bonds. They form under high pressure4

(few to tens Mpa) at low temperature (usually under 20 °C), and cover vast5

areas of the ocean floor for example. These gas molecules, or guest molecules,6

are captured in these cavities. These cages are stabilized by van der Waals7

forces. Thanks to these forces, the clathrate hydrate structure is made possi-8

ble. Note that recently Falenty et al.[1] managed to form empty SII clathrate9

hydrates at 145K.10

As crystals, different polymorphic forms are known and were studied in11

the past [2]. There are three main structures: SI, SII and SH, composed of12

different kind of cavities, surrounded by differing polyhedra sharing faces.13

Jeffrey [3] suggested the nomenclature ef to describe the polyhedra (where14

e is the number of edges, and f the number of faces). The polymorphic15

forms exhibit different densities with differences in terms of thermodynamic16

equilibrium. Most important, the kind of guest molecules impacts the poly-17

morphic form to be crystallized. In addition, for a given gas mixture, the18

occupancy of the cavities is not stoichiometric.19

Clathrate hydrates are an crucial issue in many fields, from oil & gas in-20

dustry [4, 5], to carbon capture and storage [6], air conditioning [7], or even21

planetary science [8]. They have an enormous potential as an energy resource22

because of the tremendous quantity of methane trapped within them[9]. Un-23

derstand that hydrate plugs in deep-sea pipelines probably pushed the world-24

wide study of clathrate hydrates into being. Hydrate management, or “flow25

assurance”, in the petroleum industry is a complex technical challenge. Hy-26

drate plugs can have catastrophic consequences, stopping the oil production27

for days or weeks, with the difficulty of dissociating the hydrate crystals.28

There are many solutions to this problem, such as kinetic or thermodynamic29
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additives, or just employing avoidance techniques[10]. In the case of ki-30

netic additives, the aim is to slow down the hydrate nucleation and growth31

(KHI, for “Kinetic Hydrate Inhibitor”), or to avoid agglomeration (AA, for32

“Anti-Agglomerant”). In thermodynamic additives (usually alcohols, such as33

methanol), the objective is to change the thermodynamic equilibrium itself,34

and avoid the hydrate zone.35

To investigate hydrate avoidance, and/or thermodynamic inhibitors, both36

the understanding of the thermodynamics and the crystallization mechanisms37

of clathrate hydrates are required. While a thermodynamic model exists to38

simulate clathrate hydrate liquid-solid equilibrium, there is a major issue in39

modeling complex situations (such as flow assurance). Moreover, the quantity40

of kinetic inhibitors to avoid the hydrate formation in a pipe is dependent on41

the volume of crystal to be formed. So, there is a request to know “when”,42

and “how many”.43

The thermodynamic modeling gives the final state of a system. Usually,44

this final equilibrium is enough for the modeling of chemical processes, since45

the thermodynamic path does not matter. In the case of clathrate hydrates,46

non-stoichiometric compounds are studied, and there is a question about the47

role of the thermodynamic path. It could matter in this specific case since48

different mechanisms need to be considered. In our study, many parameters49

are taken into account: gas consumption that changes the gas composition,50

and hence the thermodynamic equilibrium; molecules enclathration in the51

crystal caracterized by the occupation of cavities (driven by thermodynamics52

or kinetics[11]).53

Hence, it is crucial to understand clathrate hydrate crystallization to54

model the local change over time of the hydrate composition during crystal55

growth. At the end of the crystallization, whatever the topic (flow assurance,56

carbon capture and storage, planetary science...), the modeling of clathrate57

hydrate equilibrium and crystallization is key to develop process simulation58

and sizing. Especially beacause the volume of the final crystal phase and the59

amount of gas captured is a essential result to predict. For this purpose, the60

methodology can be a thermodynamic or kinetic. A kinetic model, incor-61

porating crystal growth, was recently suggested by Herri and Kwaterski[12].62

More recently, a kinetic flash algorithm has been suggest by Boesen et al.[13],63

based on the Skovborg model[14].64

In the present approach, a thermodynamic method was chosen, combined65

with mass balance calculation, that is to say a thermodynamic flash approach66

for clathrate hydrates. For this endeavor, some assumptions are needed to67
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take into account the molecules’ enclathration. Either the hydrate is growing68

at local thermodynamic equilibrium, or the whole crystal phase is at thermo-69

dynamic equilibrium. So, the two assumptions are considered within a flash70

calculation.71

Our objective is to present two frameworks for the clathrate hydrate ther-72

modynamic flash calculations at constant volume. By presenting to differing73

frameworks, three kinds of calculations are available: two at local equilib-74

rium, and one at overall equilibrium. Then, the resulting simulations are75

compared to an experimental reference case from another study[11] that was76

performed at slow crystallization rate (to avoir kinetics effects). The aim77

is to model the hydrate volume in the end of the crystallization, and final78

pressure far from equilibrium. Another objective is to adjust the classic ther-79

modynamic parameters (usually Kihara parameters) in the case where the80

equilibrium pressure is not sufficient.81

This paper is organized as follows: section 2 explains further the theory82

involved. Section 3 details the modeling approach with the two thermody-83

namic frameworks utilized. Section 4 then presents the simulation results84

in some details. In additino, a parametric study is suggested. Finally, the85

conclusion and some future works are discussed.86

2. Theory87

2.1. Calculation of VLE equilibrium88

2.1.1. Calculating the vapor phase density89

The vapor phase density and fugacity coefficient are usually calculated90

using an equation of state (f(P, Vm, T ) = 0). Among the numerous equations91

of state available, the Soave-Redlich-Kwong (SRK)[15] is known to be a good92

choice for density calculation for vaporized small hydrocarbon molecules[16].93

This equation was used with the parameters from Danesh[16].94

Since we consider a constant volume, the knowledge of the vapor phase95

density defines the mass (or number of mole) of the initial gas phase (=96

PV/ZSRKRT ).97

2.1.2. Calculating gas solubility in water98

The gas molecule solubility into the water phase can be expressed from99

the equality of the chemical potentials (or the fugacities) of each molecules in100

the two phases (liquid and vapor). Considering a hydrocarbon gas mixture,101

a standard γ∞/φ approach is usual[17]. The γ∞ account for the activity102
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coefficient at infinite dilution (Henry’s law approach, introducing Henry’s103

constants), while φ is the fugacity coefficient (calculated using an equation of104

state). Since the vapor-liquid equilibrium takes into account the hydrocarbon105

molecules only, the water molecule in the vapor phase is neglected. This leads106

to the following equation:107

fV = fLw ↔ Pφix
Lw
i = xLw

i KH,i,w(T, P σ
w) exp

(
PV ∞,Lw

m,i

RT

)
(1)

where KH,i,w is the Henry’s constant of molecule i in liquid water Lw,108

and V ∞,Lw

m,i the partial molar volume of the molecule i at infinite dillution.In109

the same manner as our previous work[18], an avergae value of V ∞,Lw

m,i =110

32cm3mol−1 was used[19], and the Henry’s constant were calculated from an111

empirical equation[20].112

2.2. Thermodynamic equilibrium of clathrate hydrates113

Phase equilibria are described by the equality of chemical potentials, µ,114

in each phase. In the case of clathrate hydrates thermodynamic equilibrium,115

this is the equality of water in both liquid and hydrate phase :116

µHw = µLw (2)

Actually, clathrate hydrate equilibrium is usually described by the van117

der Waals and platteuw model [21]. This model is based on classic thermody-118

namics for the water liquid phase (Gibbs-Duhem equation), and on statistical119

thermodynamics for the hydrate phase, based on the following assumptions:120

• Each cavity contain one guest molecule at best,121

• the interaction between the guest molecule and the cavity (water molecules)122

can be described by a pair potential function of the pair gas-molecule,123

• the cavities are perfectly spherical,124

• The guest molecules do not deform cavities,125

• There is no interactions between the guest molecules.126

The van der Walls and Platteuw model also writes the phase equilibrium127

with an hypothetic reference state (β state) corresponding to the hydrate128

phase with empty cavities:129
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∆µH−βw = ∆µL−βw (3)

where ∆µH−βw and ∆µL−βw are the difference between the chemical poten-130

tial of the hydrate phase (respectively the liquid phase), and the chemical131

potential of the hypothetic β phase.132

2.2.1. Liquid phase133

As previously mentioned, the second part of equation 3 is expressed from134

classic thermodynamics, while the first part is expressed from statistical ther-135

modynamics. Hence ∆µL−βw is written using Gibbs-Duhem equation as fol-136

lows:137

∆µL−βw = T
∆µL−βw |T 0P 0

T 0
−T

∫ T

T 0

∆hL−βw,m |P 0

T 2
dT+

∫ P

P 0

∆νL−βw,m |T 0dP−RT ln aLw|T,P
(4)

where (T 0, P 0) are reference temperature and pressure, ∆µL−βw |T 0P 0 is the138

chemical potential difference of water in the liquid phase and water in the139

hydrate free cavity phase at the reference state, ∆hL−βw,m |P 0 the molar enthalpy140

difference between the liquid and β phase, ∆νL−βw,m |T the molar volume differ-141

ence between the liquid and the β phase, and aLw|T,P the activity of water in142

the liquid phase at (T, P ).143

Since the water activity is expressed with the activity coefficient aw =144

γwx
L
w and only “pure” water is involved, it is usual to consider the ideal case145

(γw = 1) (no additives, only gas molecules dissolved into the aquaeous phase,146

showing weak deviation from ideality).147

∆µL−βw |T 0P 0 and ∆hL−βw,m |P 0 are thermodynamic properties of the liquid148

phase compared to reference β phase. As for any thermodynamic model149

based on activity coefficient formalism, these thermodynamic properties are150

essential. Many values can be found in the litterature according to various151

authors. Table 1 gives some of these values.152

∆νL−βw,m |T 0 is a first order parameter that has been measured with high153

accuracy by von Stackelberg [22] via X-Ray diffraction.154

∆hL−βw,m |P 0 is a first order parameter whose expression has been refined by155

Sloan [20, 2], leading to:156

∆hL−βw,m |P 0 = ∆hL−βw,m |T 0,P 0 +

∫ T

T 0

∆Cp
L−β
w,m |P 0dT (5)
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where ∆Cp
L−β
w,m is the molar calorific capacity difference between liquid157

water and hydrate β phase, and can be expressed as:158

∆Cp
L−β
w,m |P 0 = ∆Cp

L−β
w,m |T 0,P 0 + bL−βp,w (T − T 0) (6)

Parameters ∆Cp
L−β
w,m |T 0,P 0 and bL−βp,w (T−T 0) have been calculated by Sloan159

et al. [2] (see Table 2).160

The final equation (from equation 4) is:161

∆µL−βw = T
∆µL−βw |T 0,P 0

T 0
+
(
bL−βp,w T 0 −∆CpL−βw,m |T 0,P 0

)
−T ln

T

T 0
+

1

2
bL−βp,w T (T 0−T )+(

∆hL−βw,m |T 0,P 0 + (bL−βp,w T 0 −∆CpL−βw,m |T 0,P 0
)T 0 − 1

2
bL−βp,w T 02

)(
1− T

T 0

)
+

∆νL−βw,m |T 0(P − P 0)−RT lnxLw (7)

In a previous study [18], the parameters of Handa and Tse [23] were found162

to be the best set for the modeling of pure clatrate hydrates. That is why163

they were chosen.164

2.2.2. Hydrate phase165

The second part of equation 3 deals with statistical thermodynamic de-166

velopment of hydrate chemical potential. In the van der Waals and Plat-167

teuw model [21], this potential is expressed with the occupancy factor θij of168

molecule j in cavity i of the crystal, therefore:169

∆µH−βw = RT
∑
i

νi ln

(
1−

∑
j

θij

)
(8)

where νi is the number of type i cavities per mole of water. In this model,170

the occupancy factor is expressed from Langmuir kind approach:171

θij =
Ci
jfj(T, P )

1 +
∑
Ci
jfj(T, P )

(9)

where Ci
j is the Langmuir constant of molecule j in cavity i, and fj(T, P )172

is the fugacity of component j at temperature T and pressure P in the liquid173

phase. Usually, this fugacity is to be equal to the fugacity in the gas phase174

since there are three phases at equilibrium in hydrates experiments (gas,175
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aquaeous and hydrate). In these cases, a standard equation of state can be176

used for the calculations.177

Then, the Langmuir constant is calculated from the interaction potential:178

Ci
j =

4π

kBT

∫ R−a

0

exp

(
−w(r)

kBT

)
r2dr (10)

The integration of potential interaction w is calculated from 0 (surface of179

gas molecule) to R−a, the distance between the molecule and the cavity. In180

clathrate hydrate field, the Kihara potential is used [24], written:181

w(r) = 2zε

[
σ12

R11r
(δ10 +

a

R
δ11)− σ6

R5r
(δ4 +

a

R
δ5)

]
(11)

with182

δN =
1

N

[
(1− r

R
+
a

R
)−N − (1 +

r

R
+
a

R
)−N

]
(12)

Parameters ε, σ and a are the so-called Kihara parameters. ε corresponds183

to the maximum attractive potential, σ the distance from the cavity center,184

and a the hard-core radius. They are fitted for one molecule to experimental185

data of pure gas hydrates (except for a that is usually a known geometric186

parameter). To do so, a simple root mean square error (RMSE) minimization187

of the deviation function is performed from N PT data (N > 2):188

F (ε, σ) =

√∑
(Ppred − Pexp)2

N
→ 0 (13)

where Ppred and Pexp are the predicted and experimental pressure (respec-189

tively) at temperature T .190

Of course, many Kihara parameters can be found in the literature, de-191

pending on authors, thermodynamic properties and experimental data used.192

More details on Kihara parameters optimization, and differences between193

authors, can be found in a previous study [18].194

2.2.3. Kihara parameters optimization limits195

Kihara parameters optimization is a tricky part in the thermodynamic196

modeling of clathrate hydrates. As stated previously, there are as many sets197

of parameters as there are authors. There are different issues to explain this198

observation.199
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First, the quality of the thermodynamic parameters (table 1) can play an200

important role[18].201

Concerning again optimization, the predicted versus experimental equi-202

librium pressure is oftenly used. To avoid non-thermodynamic equilibria,203

only pure gas hydrates should be considered. But sometimes, this is not204

enough to find a global minimum to the deviation function. In these cases,205

gas mixtures have to be considered, and the deviation function is based not206

only on the pressure, but also on the hydrate composition as follows:207

F ′(ε, σ) =

√∑(
xHpred − xHexp

)2
N

→ 0 (14)

The first problem with this calculation is that the literature data rarely208

gives the mixed hydrate composition, especially at total dissociation point209

(hard to obtain and to measure since the hydrate volume is then close to210

zero).Then, and this is the main issue, the experimental data obtained and211

published in the literature might not be at thermodynamic equilibrium (quick212

crystallizations).213

Indeed, in a previous study, it was observed that the experimentally ob-214

tained thermodynamic three phases equilibrium (vapor-liquid-hydrate, or215

VLHE) is not systematic [11]. If the equilibrium pressure of pure gas hy-216

drates corresponds exactly to the thermodynamic equilibrium, it is not al-217

ways the same for mixed hydrates (clathrate hydrate from gas mixtures).218

When several gases are involved, kinetics considerations arise. For exam-219

ple, the kinetics of gas dissolution in the water phase suggest a different220

driving force for the crystallization than the one predicted by pure thermo-221

dynamics. Then, the kinetics of gas enclathration into the hydrate structure222

could diverge from thermodynamics. Certainly, thermodynamically, various223

configurations of the occupancy of the cavities can stabilize the crystalline224

structure. In theory, the occupancy factor depends on the langmuir constants225

and the gas fugacities in the aqueous phase. All the previous kinetics consid-226

erations question the validity of a thermodymic model when the experiments227

are performed at high driving force (far from equilibrium).228

In our previous work, it appeared that the driving force of the crystal-229

lization impacts the “thermodynamic path” during the crystallization. As a230

result, in the end of the crystallization, the hydrate phase composition, the fi-231

nal pressure and the final hydrate volume, were not the same at low and high232

driving forces[11] (severals bars between a slow and a quick crystallization).233
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To take account of kinetics, a novel model was recently suggested by234

Herri and Kwaterski [8]. In their model, the rate of enclathration of the235

gas molecules into the hydrate crystal is considered in the langmuir constant236

(instead of integration an interaction potential , see equation 10).237

In the next section, a framework to perform flash calculations with the238

classic thermodynamic modeling of gas hydrates is presented. The objective239

is to take into account the possible non-stoichiometric composition of the240

hydrate crystals, and to study more precicely the mechanisms of the hydrate241

crystallization process, and the influence of the uncertainties on the Kihara242

parameters. Moreover, it can give another criterion for Kihara parameters243

optimization from pure gas hydrate: the hydrate volume.244

3. Modeling Clathrate hydrate crystallization245

3.1. Flash calculation frameworks246

3.1.1. Classic flash calculations and hydrate approaches247

The basic of a thermodynamic flash (or “flash”) is to determine, from an248

initial given state, the composition and mass in each phase, by taking care249

of the Gibbs phase rule.250

In a usual flash calculation, all phases are at equilibrium and their com-251

position is homogeneous. The flash algorithm is composed of two loops:252

• the thermodynamic equilibrium (equality of chemical potentials/fugacities253

by the mean of partition coefficients),254

• mass balance calculation from partition coefficients.255

So, there is one calculation loop on a thermodynamic intensive property256

(usually temperature or pressure), and one loop concerning the mass balance257

(an extensive property such as the mass of the components). According to258

the Gibbs phase rule, the three phases equilibria allow one less variable than259

the simple two phases flash equilibria. In this article, a thermodynamic flash260

at constant volume is considererd (the volume of the reactor in a typical261

batch experiment).262

Hydrate flash calculation is a tricky problem since the hydrate phase com-263

position is non-stoichiometric. This is due to the gas consumption leading264

to pressure variations and the gas/liquid composition change during crystal-265

lization (batch experiments).266
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In the case of clathrate hydrates, the composition of the solid phase is, a267

priori, not homogeneous. That is why a partition coefficient cannot be used268

to describe the whole solid phase. The thermodynamic calculation can only269

describe the composition locally in time. Towards the end, the calculation270

has to be performed step by step, by considering successives “classic flash271

calculations”, corresponding to the crystal growth. Figure 1 illustrates this272

process. In the end, the hydrate crystal shows an occupation gradient of the273

cavity by the gas molecules. Hence, this flash calculation can be considered274

as a crystal growth at successives equilibria.275

Of course, this model has as hypothesis that the local composition at the276

core of the hydrate crystal is not at equilibrium with the liquid phase. Only277

the last layer is. This procedure is then called Flash calculation framework278

without hydrate phase reorganization (see next section).279

This hypothesis is fundamental, and corresponds to a mass balance for280

a given amount of crystallized hydrate. As there is a discretization of the281

crystal growth step by step, this hydrate flash is then a succession of usual282

thermodynamic flash algorithms instances.283

There is another approach possible: change the previous hypothesis. It284

is conceivable that, at the end of each step during the crystal growth, the285

crystal reorganizes itself and reaches thermodynamic equilibrium. Thus, the286

last crystal layer is at thermodynamic equilibrium with the surrounding liquid287

phase. Furthermore, it is possible to obtain a homogeneous final crystal by288

not discretizing the crystal growth. Our second approach is also presented289

and discussed after under the name Flash calculation framework with hydrate290

phase reorganization (see also figure 5 further on in the text).291

3.1.2. Flash calculation framework without hydrate phase reorganization292

Our first approach concerns the model with no solid phase reorganization.293

Figure 1 illustrates this method. The first crystals appear in the bulk at294

thermodynamic equilibrium with the liquid phase at the begining of the295

nucleation. The occupancy of the cavities of this new hydrate phase (hydrate296

nuclei) is controlled by thermodynamics and can be calculated from van der297

Waals and Platteuw model.298

Figure 1 also shows a discretization of the crystal growth. The more itera-299

tions there are, the more the growth is continuous. The main objective of this300

hydrate growth modeling is to follow the thermodynamic equilibrium curves,301

as shown on figure 2, and later in figure 7. On the former figure, there is302

not only one thermodynamic equilibrium curve since the gas in consummed.303
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As the gas is consummed, the pressure decreases, and the gas compositions304

in fluid phases change along the crystallization. Since the gas hydrate equi-305

librium curve (PT) depends on the gas composition, the crystal growth goes306

through many steps until the final composition is reached. The number of307

iterations (discretization) is important since it fixes the amount of gas in the308

hydrate phase at each step. It is a growth model locally at thermodynamic309

equilibrium (on the crystal surfaces).310

The figures 2 and 3 illustrate the whole framework for the hydrate flash.311

The framework is define by the starting conditions:312

• initial temperature Ti,313

• initial pressure Pi,314

• initial gas composition zi,315

• the total fixed volume (= initial gas volume, single phase before liquid316

injection, or “reactor volume”) V R,317

• initial mass of water mi,318

These inputs allow for the calculation of the mass of each compound319

in each phase (liquid-gas). The total mass of the gas phase is calculated320

with the SRK equation of state. This corresponds to point A on figure 2,321

which is also an initial liquid-vapor thermodynamic flash calculation (VLE322

thermodynamic flash).323

This initial VLE thermodynamic flash is at constant temperature and324

volume (flash TV). The SRK equation of state is used to model the vapor325

phase, while a Henry’s law approach for the gas solubility is considered (VLE,326

see section 2.1). More information about thermodynamic flash calculations327

can be found in the literature[25].328

Then, another two inputs of the framework are essential:329

• the final temperature Tf (= final state),330

• the number of iterations n to reach the final state.331

Gibbs phase law for three phases equilibria gives one degree of freedom less332

than for simple VLE flash. Here, the temperature Tf is the variable. The final333

temperature imposes the final state of the calculation (the temperature is the334

12



only variable). The number of iterations corresponds to the discretization of335

the hydrate flash, via decreasing increments of temperature (∆T ).336

The second step of the flash framework is to determine the temperature337

at which the liquid-hydrate thermodynamic equilibrium (LHE) is reached338

(point B). It is a VLE flash that also satisfy the LHE equation. The equilib-339

rium temperature TB is determined from the predicted pressure of the VLE340

equilibrium and LHE equilibrium (P V LE = PLHE)341

From this point, the temperature step is calculated from the number of342

iterations: ∆T = (TB − Tf ) /n. The higher n is, the more continuous the343

growth is. The lower n is, the more the driving force is significant in the344

model.345

Then, the crystal growth begins. The temperature is decreased step by346

step (∆T ) until the final temperature Tf . Both thermodynamic equilibria347

(VLE and LHE) have to be checked before going any further. The VLE is348

checked flash calculation prior to the LHE calculation. This VLE flash pro-349

vides an equilibrium pressure P V LE. Then, the LHE is calculated, providing350

another equilibrium pressure PH . The error between P V LE and PH is the351

criterion of the algorithm. The variable that is used to minimize this error352

is the mass (volume) of water that has crystallized into the hydrate phase.353

This mass has consequences on the fluid volume (and also the VLE flash)354

and the LHE since the amount of gas molecules in each phase is affected355

(through the occupancy factor θij).356

At each step, a given mass of liquid water is transfered to the hydrate357

phase (dmi
w). As a consequence, the total volume of the hydrate phase358

(V H) is increased. This volume is calculated from the density of the empty359

clathrate. These densities (790kg/m3 for structure I, and 785kg/m3 for struc-360

ture II) can be obtained from lattice parameters of each structure, neglecting361

temperature dependency. Sloan and Koh[2] also suggested a formula to cal-362

culate hydrate density. In the end, the hydrate volume crystallized is:363

V H =

∑
i dm

i
w

ρH−β
(15)

In order to determine the gas consumption toward the hydrate phase, the364

occupancy of the cavities (θij) is calculated from van der Waals and Platteuw365

model.366

At this point, the amount of matter taken from the fluid phase, and added367

to the solid phase, is known. A new VLE flash is performed on the fluid368

phases. This provides P V LE. The new gas composition in the liquid phase369
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is also known, and the LHE can be checked by determining the equilibrium370

pressure PH . If P V LE 6= PH , the quantity dmi
w is not right (wrong mass371

balance), and needs to be fine tuned in order to obtain the “same” pressures.372

The criterion used is the following:373

Fobj(dmi) =
P V LE − PLHE

P V LE
→ 0 (< 10−3) (16)

In order to simplify the calculations, an hypothesis is added: the amount374

of gas molecules into the liquid phase is considered constant in the calculation375

of each iterations. This hypothesis is not very strong since the gas solubility376

of hydrocarbon is generally low, or is slightly impacted by the evolution of377

gas phase composition at each iterations. Notice also that the liquid water378

density is considered constant at 1000kg/m3 in our simulations (due to low379

variations within the range of temperature 0− 10oC).380

By performing the n calculations, the final state (point D) is reached,381

and the hydrate flash calculation is over.382

The number n affects the length of the calculations, but also the results.383

This is investigated later in section 4.4.384

3.1.3. Flash calculation framework with hydrate phase reorganization385

Two situations are considered: a reorganization of the last layer to ob-386

tain a thermodynamic equilibrium (Gas-Liquid-Last layer of hydrate crystal),387

or a completelly homogeneous hydrate phase. Earlier, the last layer being388

crystallized was at thermodynamic equilibrium with the previous iteration389

(“begining” of the crystallization). Indeed, cavities occupancy is calculated390

from iteration i to compute iteration i+ 1. So, the layer i+ 1 of the hydrate391

crystal has an occupancy at equilibrium with the gas phase composition at392

iteration i.393

To have a different situation than this, two solutions are conceivable.394

First, use as many iterations as possible. This will be investigated in sec-395

tion 4.4. Secondly, the last layer can be reorganized in order to compute a396

hydrate layer completelly at equilibrium with the gas and liquid composition397

at each step of the process. This implies another loop on the occupancy398

factor used at the begining of the hydrate phase calculations (i.e. calculate399

the amount of molecules in the hydrate phase).400

In the end, a complete homogeneous hydrate phase is possible to compute.401

To do so, the method reorganizing the hydrate can be performed with only402

one iteration (crystal growth in single step).403
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404

405

Phase reorganization of last layer.406

407

This second framework (framework II) presents the same hydrate flash408

calculation than before with the last crystal layers at equilibrium with the409

liquid phase. The previous framework had to be changed to take into account410

this reorganization at the end of each step. As the hydrate composition is411

slightly different with this new model, the final state is also different in412

terms of mass balance, final pressure and hydrate volume. Though, these413

two frameworks (I and II) are equilivalent when n→∞.414

In framework II, a new loop is introduced. In the end of each step the oc-415

cupancy factor before crystallization is compared with the occupancy factor416

after. This means that the occupancy factor of the last layer is in agreement417

with equation 9 according to the liquid state. If there is a difference, the418

iteration calculation starts again with the previous θij as the starting point419

(another weighted calculation of the new θij can be utilized to improve the420

algorithm speed) . The calculation of the amount of water crystallized (dmi
w)421

is repeated with a new gas consumption until (θji )initial = (θji )final. Figure 4422

describes framework II.423

424

425

Homogeneous hydrate phase.426

427

In this approach (framework II*) the whole hydrate phase is at equilib-428

rium with the liquid phase, both from local and global points of view. The429

first possibility to obtain this is to use the second framework, and use only430

one iteration from framework II. This can cause a problem of convergence431

since only one iteration implies an initial state far from the final equilibrium432

(hard to reach). Another solution is to use the total mass of the hydrate433

phase (mH
w ) instead of the new amount dmH

w . This divides the calculations434

into successives mH
w i crystallized, and avoids convergence issues. As a conse-435

quence (many loops), the computing time of this approach is slightly higher.436

More work on the algorithm would optimize the calculations.437

Figure 5 shows the path of framework II*.438
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4. Simulation results439

The two frameworks are tested and compared to reference results. These440

results are from a previous experimental work [11] (from CO2, CH4, C2H6441

gas mixture).442

The thermodynamic frameworks were computed through a MATLAB443

code. Since it is a “new code”, Kihara parameters optimization was neces-444

sary. Indeed, the Kihara parameters are very author (and code)-dependents.445

Then, the frameworks were compared to experimental results. A great446

deal of attention was paid to the number of iterations n.447

Afterwards, a parametric study of kihara parameters is suggested to de-448

termine the consequences of the uncertainty of kihara parameters on the449

equilibrium pressure and hydrate volume.450

Finally, the results are analysed looking at the experimental results, both451

at quick and slow crystallization, to discuss the hydrate crystallization pro-452

cess.453

4.1. Kihara parameters454

A set of experimental pure hydrates equilibria was considered (8 data455

from [26, 27] for CO2,14 data from [26, 11, 28, 29, 30] for CH4, and 18 data456

from [30, 31, 32, 33] for C2H6).457

Table 3 summarizes the parameters optimized from the above experimen-458

tal results on pure gas hydrates (temperature range from 273K to 300K).459

The objective is simply to have a starting set of parameters to work with.460

A MATLAB code of LHE calculation was performed presented, as presented461

in section 2. The parameters regression was executed with the use of the462

lsqnonlin function of Matlab, by considering local minima. The root mean463

square errors (RMSE) obtained are quite satisfying here (from 0.02 to 2.43).464

4.2. Reference case465

The first reference case is a ternary gas mixture + water. The mixture is466

CO2-CH4-C2H6 at molar compositions of 5%/92%/3% (± 0.1) respectivelly.467

The initial temperature of the gas mixture is 285.75K and pressure was468

30.5bars. The total volume (V R) is 2.36L. The amount of water added to469

the mixture is 801.3g. The reference case is taken from Duyen et al.[11].470
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4.3. Test of thermodynamic model on benchmark471

Table 4 and figure 6 present the results of the thermodynamic model only472

(without the mass blance component of the flash calculation) compared to473

the reference baselines. The table shows well that the thermodynamic model474

(LHE)with our parameters is pretty accurate (RMSE of 0.31 on the pressure).475

It also demontrates that a slow crystallization is closer to a thermodynamic476

equilibrium. Duyen et al.[11] on this same mixture, obtained thermodynamic477

modeling results closer to this experiment at slow crystallization than at478

quick crystallization. Although another code was used, our results are in479

accordance with the afore-mentionned study.480

4.4. Frameworks results, and influence of the number of iterations481

Table 5 shows the results for the first reference results (CO2-CH4-C2H6).482

By cooling this mixture, all the frameworks give a three phases equilibrium483

(nucleation point) at 280.14K and 42.63bars. This means that when we cool484

the reference case down to 280.14K, this causes the system to crystallize.485

Then, there is a cooling, step by step as a function of the iterations486

number (n). The number of iterations corresponds to the number of cooling487

steps from the last temperature (here 280.14K, or TB on figure 2) to the488

final fixed temperature (274.5K, or Tf , or TD). This also corresponds to the489

discretization of the crystal growth modeling.490

Figure 7 illustrates the experimental and predicted thermodynamic paths491

for the crystallization process (PT digrams) assuming a SI structure. The492

first figure (7(a)) shows, for framework I (n = 7), the first point of crystal-493

lization. The successives evolution of the solid phase and the PT equilibrium494

curves corresponds to each temperature step. The second figure (7(b)) shows495

the experimental path compared to to predicted (all frameworks). Like the496

theoretical example (figure 2), as the gas is consumed, the most stabiliz-497

ing molecules are removed from the fluid phases. That is why the system498

reaches successive equilibrium with a narrower hydrate zone (the PT curves499

are higher in pressure at a given temperature).500

A quick investigation of the iteration number influence shows that frame-501

works I and II converge when n→∞, as expected. Since n impacts the cal-502

culation time, it is of utmost importance in process simulations. A number503

of 20 iterations to model a continuous crystallization is a satisfying compro-504

mise. Keep in mind that there is an experimental uncertainty on pressure505

and mass measurements. When using 20 iterations for frameworks I and II,506
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there is a difference of 0.01bar in pressure and 0.1g in hydrate mass compared507

to n→∞. Logically, framework II* is not affected by n.508

Concerning final pressure and water mass in the hydrate phase, both509

frameworks provide solid results (errors under 5% for pressure and mass). If a510

few iterations are used (n = 3), the accuracy deteriorates. This can also cause511

the calculation of negative compositions (too many gas molecules into the512

hydrate phase, and a negative number in the gas phase). Above 10 iterations,513

frameworks I and II are pretty similar. Framework II* (total hydrate phase514

reorganization) predicts very well the final pressure, but not as well the515

hydrate volume (or the water mass in hydrate). So, reorganizaing the crystal,516

by comparison to the reference case, improves the accuracy of the pressure517

but decreases the accuracy of water conversion. In framework II, the gas518

concumption is higher, leading to more gas molecules in the crystal, a higher519

hydrate volume, and a lower pressure. Indeed, since the final pressure is lower520

than initially, the final occupancy of the cavity of the whole homogeneous521

crystal is lower than the occupancy factor of the first layer of frameworks I522

and II. In detail, the hydration number is 7.02 (II*) against 7.06 (I and II).523

The gas and hydrate phase compositions are also well predicted, although524

the deviation is higher than the experimental uncertainty.525

4.5. Kihara parameters influence on hydrate volume526

As the volume of hydrate formed is crucial for many applications (pipe527

plugs, CO2 capture...), knowing the Kihara parameters influence of the model528

is essential. Since these parameters are very author dependent, an evaluation529

of their uncertainties on the simulation results is presented here.530

The Kihara parameters are the characteristics of the guest molecules,531

but various values exist. Usually, they need to be determined for each code,532

hence the authors dependency. But, it is not always an easy task since the533

experimental data can be missing or inaccurate (see discussion section 2.2.3).534

In this work, the influence of the Kihara parameters uncertainties on the535

final pressure and hydrate volume is suggested. To do this investigation,536

a statistical approach was employed using Monte Carlo simulations. 1000537

random (ε/k and σ) parameters were computed according to a normal dis-538

tribution around the mean values given in table 3). The standard deviations539

in the normal distribution were taken from 1% to 5%. These Monte Carlo540

simulations were performed using the framework I with 8 iterations (to lower541

time consumption and good approximation of the final state).542
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Table 6 presents the effect of kihara parameters uncertainty on the final543

equilibrium pressure and hydrate volume. This demontrates a small differ-544

ence in the Kihara parameter value (5%) can have a significant consequence545

on the final pressure and hydrate volume of standard deviations of 42% and546

125% respectivelly.547

Since the models deviations from experimental results are usually under548

5%, it can be concluded that the frameworks are in good accordance with549

the experiments.550

4.6. Understanding hydrate crystallization551

Initially, an experimental reference case at low crystallization rate was552

chosen. The objective was to compare a thermodynamic based model to an553

experiment which was as close as possible to a transformation at thermody-554

namic equilibrium (no kinetic effects).555

Towards the better understanding of the clathrate hydrate crystallization,556

firstly framework I is compared to more usual experimental measurements557

at quick crystallization rates. These data come from the previous study [11]558

on CO2-CH4 and CO2-CH4-C2H6 gas mixtures.559

Table 7 gives the results on the final pressures and masses of water in560

hydrate phase. Surprisingly, the results are in pretty good accordance with561

the final equilibrium pressure (deviation < 5%). Since we suspect a kinetic562

effect on the hydrate crystallization, a higher difference was expected. Con-563

cerning the final volume of hydrate (or final mass of water in hydrate phase),564

the deviation from the experimental results is higher, but within the 3% un-565

certainty (± standard devivation σ) on the kihara parameters (or within 1%566

uncertainty at ± variance/2σ).567

In conclusion, it seems that the CO2/CH4 gas mixtures are not very much568

affected by kinetics. Also, framework I with 5 iterations gives slighlty better569

results. This framework, combined with this number of iterations, was not570

the best as compared to the reference case at slow driving force. This could571

validate that a higher driving force is closer to framework I with no hydrate572

reorganization. Nevertheless, the results are more than adequate, and it573

would probaly not be the same for other mixtures where kinetics could be574

predominating.575
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5. Conclusion576

Two main thermodynamic frameworks for the clathrate hydrate crystal-577

lization have been suggested. They are thermodynamic flash calculations of578

three phases equilibria (aquaeous, gas and hydrate) at constant volume. The579

temperature is the variable imposed. Two thermodynamic paths have been580

modelled and investigated.581

In frameworks I and II, the crystallization is discretized in mass of hy-582

drate (equivalent to subcooling degree). Crystal growth is supposed to occur583

at local thermodynamic equilibrium with the surrounding liquid (itself at584

thermodynamic equilibrium with the surrounding gas phase). In the case of585

framework I, the equilibrium is considered before crystallization, and after586

for framework II. The discretization corresponds to successives layers of the587

hydrate crystal. As a consequence, the final clathrate is non-stoichiometric588

(local composition different than whole composition).589

In a slightly different physical approach with a single iteration (framework590

II*), the local composition of the hydrate phase is the same as the overall591

composition (homogeneous solid phase in composition). To accomplish this,592

the crystal composition is homogenized during crystallization.593

The simulation results, compared to a reference case (experiment at low594

crystallization rate from CO2-CH4-C2H6 gas mixture), are fairly accurate.595

All the frameworks show a deviation on the final pressure and mass of crys-596

tallized water under 5%. Frameworks I and II provide better results in terms597

of crystallized mass of water while framework II* seems to be better at pre-598

dicting the final pressure. Also, a study on the uncertainties due to Kihara599

parameters uncertainties showed that the experimental results are within the600

margin of error for the models.601

Concerning the discretization of the crystallization, a number above 20 it-602

erations for the crystal growth is enough (frameworks I and II). As suspected,603

frameworks I and II converge when the iteration number is infinite.604

The influence of the uncertainties on Kihara parameters has been studied605

on framework I. It has shown that the results are very sensitive to these kind606

of errors (errors of 1% ⇒ 15% on Pressure and 35% on hydrate volume).607

It is important to notice and underline that these flash calculations are608

only based on thermodynamic equilibria. If different paths are investigated,609

then no kinetic considerations exist such as mass transfer limitation at gas/liquid610

interface[34], or possible diffusion effects at the liquid/hydrate interface[12].611

These considerations might be necessary to model hydrate crystallization at612

20



high driving force, where the final pressure could to be significantly affected.613

These frameworks provide a usefull tool for industry and academia to614

predict with a more reallistic accuracy the final pressure, as well as give a615

good order of magnitude of the hydrate volume. For gas mixtures that do616

not show important kinetic effects (such as CO2/CH4, as investigated in this617

study), predictions are still accurate and within the same uncertainties.618

Future works might include further elaboration of the principles discov-619

ered while at the same time simplifying the process so that it can be clearly620

implicated in industrial situations.621
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Symbol description dimension
a hard core radius nm
aLw liquid water activity -
C Langmuir constant nm3/J
cp Molar calorific capacity J/mol/K
f Fugacity Pa
KH,i,w Henry’s constant Pa
kB Boltzmann constant J/K
h molar enthalpy J/mol
m total mass of water g
mi initial mass of water g
n number of iterations in frameworks (growth discretization) -
N number of experimental data -
P Pressure bars
T Temperature °C or K

V ∞,Lw

m,i Partial molar volume of i at infinite dillution cm3/mol
w interaction potential J
x Molar composition of compound in hydrate phase mol.frac.
Z Compressibility factor
ε maximum attractive potential J
νw Water molar volume m3/mol
νi number of cavity i per mole of water mol/mol
µ Chemical potential J/mol
ρ Density kg/m3

σ distance from cavity center nm
θij Occupancy factor of molecule j in cavity i -
φ Fugacity coefficient

Superscript description
0 reference state
β Empty hydrate reference state
H Hydrate phase
j molecule index
L Liquid phase
Lw Aqueous liquid phase
V Vapor phase

Subscript description
exp experimental result
i iteration number, or intial state, or index of cavity (1,2,3)
m molar quantity
pred predicted result
w water molecule
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Table 1: Thermodynamic properties of liquid water compared to β structure
Structure I Structure II
∆µL−β,0w ∆hI−β,0w ∆µL−β,0w ∆hI−β,0w

699 0 820 0 van der Waals and Platteuw [21]
1255.2 753 795 837 Child [35]
1297 1389 937 1025 Dharmawardhana et al. [36]
1120 931 1714 1400 John et al. [37]
1287 934 1068 764 Handa and Tse [23]
∆hL−β,0w = ∆hI−β,0w − 6011, where 6011 is the enthalpy of fusion of ice (J/mol).

Tables626
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Table 2: Reference properties of hydrates from Sloan[2]
unit Structure I Structure II

∆hL−β,0w J/mol ∆hI−βw |T 0,P 0,SI − 6011 ∆hI−βw |T 0,P 0,SII − 6011

∆νL−βw |T 0,P 0 10−6m3/mol 4.5959 4.99644

∆Cp
L−β
w,m |T 0,P 0 J/mol/K −38.12 −38.12

bL−βp,w J/mol/K2 0.141 0.141
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Table 3: Quick Kihara parameters optimization of CO2, CH4, and C2H6 on a few experi-
mental data[27, 26, 11, 28, 29, 30, 31, 32, 33] (∗ data from Sloan et al. [2])

ε/k σ a∗ RMSE nb. of data
CO2 171.78 2.978 0.6805 0.02 8
CH4 160.70 3.101 0.3834 2.43 14
C2H6 176.83 3.22 0.5651 0.062 18
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Table 6: Influence of the Kihara parameters uncertainties on the flash hydrate results
(framework I, reference case)

P̄f std(Pf ) ¯V H std(V H)
uncert. (bars) (bars) % (mL) (mL) %
1% 30.6 4.7 15.36% 162 56 34.57%
2% 31.204 8.06 25.83% 152.3 98 64.35%
3% 31.55 10.4 32.96% 145.7 128.5 88.19%
5% 32.05 13.4 41.81% 138.6 172.9 124.75%
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Table 7: Framework I predictions (n = 20) compared to experimental results[11] at quick
crystallization (gas 3-4 from CO2-CH4 mixtures and 6-7-8 from CO2-CH4-C2H6 mixtures)
and slow crystallization (reference case of the present study)

Framework I, n = 20
Gas Tf Pf V H mH Pf pred mH

pred dev P dev mH

mixtures (±0.1 °C) (±0.1 bars) (mL ± 4%) (g ± 4%) (bars) (g) (%) (%)
Gas 3 3.4 33.3 268.4 212.0 31.6 256 5 21
Gas 4 2.2 29.1 217.8 172.1 28.19 186.11 3.1 8.2
Gas 6 2.2 30.7 - - 31.59 139.9 2.9 -
Gas 7 1 27.1 - - 26.21 43.1 3.3 -
Gas 8 2.75 35.4 345.3 272.8 33.87 333.5 4.3 22
Gas 12 1.3 27.6 160.9 127.1 28.79 123.1 4.3 3.2

Framework I, n = 5 Framework II*
Gas Pf pred mH

pred dev P dev mH Pf pred mH
pred dev P dev mH

mixtures (bars) (g) (%) (%) (bars) (g) (%) (%)
Gas 3 31.7 255.5 5 21 31.3 259 5.9 22
Gas 4 28.26 185.4 2.9 7.8 28.1 187.9 3.4 9.2
Gas 6 32 135.9 4.2 - 29.95 155 2.4 -
Gas 7 26.2 43 3.3 - 25.53 49.3 5.8 -
Gas 8 33.88 333.1 4.3 22 32.3 349.5 8.8 28
Gas 12 29.2 119.4 5.8 6.1 27.39 135.9 0.08 6.9
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Figures627
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Figure 1: Non-stoichiometric clathrate hydrate growth model (layer by layer growth at
different successive equilibrium)
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Figure 2: PT evolution during crystal growth of non-stoichiometric hydrate from the
intial state (A point), to the 1st three phases equilibrium (B point) and the successives
equilibrium during crystallization (Ci and D points).
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Figure 3: Non-stoichiometric flash hydrate framework: discretization of the cooling in ∆T
steps, assumption of the mass of hydrate, validation of the VLH equilibrium
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Figure 4: Flash hydrate framework II with reorganization of hydrate last layer, or “stoi-
chiometric” flash hydrate framework II* (homogeneous phase at final gas composition =
unique occupancy factor) if n = 1
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