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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 lig-
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. Introduction

Clathrate hydrates (also called gas hydrates) are crystalline water-based
solids that resemble water ice, in which small molecules (typically gases) are
trapped inside cavities of hydrogen bonds. They form under high pressure
(few to tens Mpa) at low temperature (usually under 20 °C), and cover vast
areas of the ocean floor for example. These gas molecules, or guest molecules,
are captured in these cavities. These cages are stabilized by van der Waals
forces. Thanks to these forces, the clathrate hydrate structure is made possi-
ble. Note that recently Falenty et al.[1] managed to form empty SII clathrate
hydrates at 145K.

As crystals, different polymorphic forms are known and were studied in
the past [2]. There are three main structures: SI, SII and SH, composed of
different kind of cavities, surrounded by differing polyhedra sharing faces.
Jeffrey [3] suggested the nomenclature e/ to describe the polyhedra (where
e is the number of edges, and f the number of faces). The polymorphic
forms exhibit different densities with differences in terms of thermodynamic
equilibrium. Most important, the kind of guest molecules impacts the poly-
morphic form to be crystallized. In addition, for a given gas mixture, the
occupancy of the cavities is not stoichiometric.

Clathrate hydrates are an crucial issue in many fields, from oil & gas in-
dustry [4, 5], to carbon capture and storage [6], air conditioning [7], or even
planetary science [8]. They have an enormous potential as an energy resource
because of the tremendous quantity of methane trapped within them[9]. Un-
derstand that hydrate plugs in deep-sea pipelines probably pushed the world-
wide study of clathrate hydrates into being. Hydrate management, or “flow
assurance”, in the petroleum industry is a complex technical challenge. Hy-
drate plugs can have catastrophic consequences, stopping the oil production
for days or weeks, with the difficulty of dissociating the hydrate crystals.
There are many solutions to this problem, such as kinetic or thermodynamic



30

31

32

33

34

35

36

37

38

39

40

a1

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

additives, or just employing avoidance techniques[10]. In the case of ki-
netic additives, the aim is to slow down the hydrate nucleation and growth
(KHI, for “Kinetic Hydrate Inhibitor”), or to avoid agglomeration (AA, for
“Anti-Agglomerant”). In thermodynamic additives (usually alcohols, such as
methanol), the objective is to change the thermodynamic equilibrium itself,
and avoid the hydrate zone.

To investigate hydrate avoidance, and/or thermodynamic inhibitors, both
the understanding of the thermodynamics and the crystallization mechanisms
of clathrate hydrates are required. While a thermodynamic model exists to
simulate clathrate hydrate liquid-solid equilibrium, there is a major issue in
modeling complex situations (such as flow assurance). Moreover, the quantity
of kinetic inhibitors to avoid the hydrate formation in a pipe is dependent on
the volume of crystal to be formed. So, there is a request to know “when”,
and “how many”.

The thermodynamic modeling gives the final state of a system. Usually,
this final equilibrium is enough for the modeling of chemical processes, since
the thermodynamic path does not matter. In the case of clathrate hydrates,
non-stoichiometric compounds are studied, and there is a question about the
role of the thermodynamic path. It could matter in this specific case since
different mechanisms need to be considered. In our study, many parameters
are taken into account: gas consumption that changes the gas composition,
and hence the thermodynamic equilibrium; molecules enclathration in the
crystal caracterized by the occupation of cavities (driven by thermodynamics
or kinetics[11]).

Hence, it is crucial to understand clathrate hydrate crystallization to
model the local change over time of the hydrate composition during crystal
growth. At the end of the crystallization, whatever the topic (flow assurance,
carbon capture and storage, planetary science...), the modeling of clathrate
hydrate equilibrium and crystallization is key to develop process simulation
and sizing. Especially beacause the volume of the final crystal phase and the
amount of gas captured is a essential result to predict. For this purpose, the
methodology can be a thermodynamic or kinetic. A kinetic model, incor-
porating crystal growth, was recently suggested by Herri and Kwaterski[12].
More recently, a kinetic flash algorithm has been suggest by Boesen et al.[13],
based on the Skovborg model[14].

In the present approach, a thermodynamic method was chosen, combined
with mass balance calculation, that is to say a thermodynamic flash approach
for clathrate hydrates. For this endeavor, some assumptions are needed to
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take into account the molecules’ enclathration. Either the hydrate is growing
at local thermodynamic equilibrium, or the whole crystal phase is at thermo-
dynamic equilibrium. So, the two assumptions are considered within a flash
calculation.

Our objective is to present two frameworks for the clathrate hydrate ther-
modynamic flash calculations at constant volume. By presenting to differing
frameworks, three kinds of calculations are available: two at local equilib-
rium, and one at overall equilibrium. Then, the resulting simulations are
compared to an experimental reference case from another study[11] that was
performed at slow crystallization rate (to avoir kinetics effects). The aim
is to model the hydrate volume in the end of the crystallization, and final
pressure far from equilibrium. Another objective is to adjust the classic ther-
modynamic parameters (usually Kihara parameters) in the case where the
equilibrium pressure is not sufficient.

This paper is organized as follows: section 2 explains further the theory
involved. Section 3 details the modeling approach with the two thermody-
namic frameworks utilized. Section 4 then presents the simulation results
in some details. In additino, a parametric study is suggested. Finally, the
conclusion and some future works are discussed.

2. Theory

2.1. Calculation of VLE equilibrium

2.1.1. Calculating the vapor phase density

The vapor phase density and fugacity coefficient are usually calculated
using an equation of state (f(P, Vi, T') = 0). Among the numerous equations
of state available, the Soave-Redlich-Kwong (SRK)[15] is known to be a good
choice for density calculation for vaporized small hydrocarbon molecules[16].
This equation was used with the parameters from Danesh|[16].

Since we consider a constant volume, the knowledge of the vapor phase
density defines the mass (or number of mole) of the initial gas phase (=
PV/Zsgrk RT).

2.1.2. Calculating gas solubility in water

The gas molecule solubility into the water phase can be expressed from
the equality of the chemical potentials (or the fugacities) of each molecules in
the two phases (liquid and vapor). Considering a hydrocarbon gas mixture,
a standard /¢ approach is usual[17]. The > account for the activity

4



103 coefficient at infinite dilution (Henry’s law approach, introducing Henry’s
e constants), while ¢ is the fugacity coefficient (calculated using an equation of
s state). Since the vapor-liquid equilibrium takes into account the hydrocarbon
10s molecules only, the water molecule in the vapor phase is neglected. This leads
w7 to the following equation:

1% L L L PV 5Lw
f :f w<—>P¢i$iw:xinHiw(T,Pg)eXp _ (1)
10y RT
108 where Ky, is the Henry’s constant of molecule 7 in liquid water L,,,

w0 and V. v the partial molar volume of the molecule 4 at infinite dillution.In

. 00, Ly
o the same manner as our previous work[18], an avergae value of V=" =
m 32cm®mol ™t was used[19], and the Henry’s constant were calculated from an
2 empirical equation[20)].

us 2.2. Thermodynamic equilibrium of clathrate hydrates

114 Phase equilibria are described by the equality of chemical potentials, u,
us in each phase. In the case of clathrate hydrates thermodynamic equilibrium,
us this is the equality of water in both liquid and hydrate phase :

Hy = Ly (2)
17 Actually, clathrate hydrate equilibrium is usually described by the van
us  der Waals and platteuw model [21]. This model is based on classic thermody-
1o namics for the water liquid phase (Gibbs-Duhem equation), and on statistical
120 thermodynamics for the hydrate phase, based on the following assumptions:

121 e Each cavity contain one guest molecule at best,

122 e the interaction between the guest molecule and the cavity (water molecules)
123 can be described by a pair potential function of the pair gas-molecule,

124 e the cavities are perfectly spherical,

125 e The guest molecules do not deform cavities,
126 e There is no interactions between the guest molecules.
127 The van der Walls and Platteuw model also writes the phase equilibrium

s with an hypothetic reference state (8 state) corresponding to the hydrate
129 phase with empty cavities:
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Apg =P = Apgy? (3)

where Apf=F and Aul=F are the difference between the chemical poten-
tial of the hydrate phase (respectively the liquid phase), and the chemical
potential of the hypothetic § phase.

2.2.1. Liquid phase

As previously mentioned, the second part of equation 3 is expressed from
classic thermodynamics, while the first part is expressed from statistical ther-
modynamics. Hence Aul=" is written using Gibbs-Duhem equation as fol-
lows:

B Apl="~ T ARE 5| po r _
At — g2 rore / Awmlen oy / AvE-PlrodP—RT naljr p
T T0 T PO
(4)

where (T, P°) are reference temperature and pressure, ApZ=#|7opo is the
chemical potential difference of water in the liquid phase and water in the
hydrate free cavity phase at the reference state, Ahi;ﬁ] po the molar enthalpy
difference between the liquid and S phase, Ayﬁ;ﬂT the molar volume differ-
ence between the liquid and the § phase, and aZ|r p the activity of water in
the liquid phase at (7', P).

Since the water activity is expressed with the activity coefficient a,, =
Yl and only “pure” water is involved, it is usual to consider the ideal case
(7w = 1) (no additives, only gas molecules dissolved into the aquacous phase,
showing weak deviation from ideality).

Apl P ropo and AhLF|po are thermodynamic properties of the liquid
phase compared to reference § phase. As for any thermodynamic model
based on activity coefficient formalism, these thermodynamic properties are
essential. Many values can be found in the litterature according to various
authors. Table 1 gives some of these values.

Auqf;fnﬂ;po is a first order parameter that has been measured with high
accuracy by von Stackelberg [22] via X-Ray diffraction.

Ahi;ﬂ po is a first order parameter whose expression has been refined by
Sloan [20, 2|, leading to:

T
Ay [po = Al o po +/ AC, B podT (5)
70
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where AC’pi_Tfj is the molar calorific capacity difference between liquid
water and hydrate 3 phase, and can be expressed as:

AC L76|p0 = Acpi;’f"]ﬂ’po + bﬁ,l_vg(T - T0> (6)

Pw,m

Parameters AC,~ 7|0 po and bl P (T —T°) have been calculated by Sloan
et al. [2] (see Table 2).
The final equation (from equation 4) is:

A:U’L_/B 0 poO T 1
LB _ w |T9,P L B0 L8 PP
A,Ltw = T—TO +(bp,w T — AOpw,m |T0,PO> —TIn l_zTo—i_ébp,w T(T —T>—|—
_ 1 9 T
L—p L—B0 L-p 0 L—Br0
(Ahw’m ro,po + (bps T7 = Ay, |T0,P0>T B §bp,w r > <1 B ﬁ) "
Avy? (P = P°) = RTlnay; (7)

In a previous study [18], the parameters of Handa and Tse [23] were found
to be the best set for the modeling of pure clatrate hydrates. That is why
they were chosen.

2.2.2. Hydrate phase

The second part of equation 3 deals with statistical thermodynamic de-
velopment of hydrate chemical potential. In the van der Waals and Plat-
teuw model [21], this potential is expressed with the occupancy factor 6% of
molecule j in cavity ¢ of the crystal, therefore:

Ap=F = RTZ v;In (1 - Z 9;) (8)
i J

where v; is the number of type ¢ cavities per mole of water. In this model,
the occupancy factor is expressed from Langmuir kind approach:

714+ Y Cify(T, P)

where C’j is the Langmuir constant of molecule j in cavity 4, and f;(7, P)
is the fugacity of component j at temperature 7" and pressure P in the liquid
phase. Usually, this fugacity is to be equal to the fugacity in the gas phase
since there are three phases at equilibrium in hydrates experiments (gas,

(9)

7
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aquaeous and hydrate). In these cases, a standard equation of state can be
used for the calculations.
Then, the Langmuir constant is calculated from the interaction potential:

. 4p [fe w(r)\ ,
C; T ), exp ( kBT) redr (10)

The integration of potential interaction w is calculated from 0 (surface of
gas molecule) to R — a, the distance between the molecule and the cavity. In
clathrate hydrate field, the Kihara potential is used [24], written:

o'? 10, ®n o° 4, @5
w(r) = 2ze [Rllr(é + Eé ) — m((; + E(S )} (11)
with
1 T a r a
Ne —ll-=+2) Y-+ =+25)7" 12
d N[( Rt ~UrRtR | (12)

Parameters €, 0 and a are the so-called Kihara parameters. e corresponds
to the maximum attractive potential, ¢ the distance from the cavity center,
and a the hard-core radius. They are fitted for one molecule to experimental
data of pure gas hydrates (except for a that is usually a known geometric
parameter). To do so, a simple root mean square error (RMSE) minimization
of the deviation function is performed from N PT data (N > 2):

F(e,0) = \/ 2 (B W?v_ Pesy)” -0 (13)

where P,,.q and P.,, are the predicted and experimental pressure (respec-
tively) at temperature 7.

Of course, many Kihara parameters can be found in the literature, de-
pending on authors, thermodynamic properties and experimental data used.
More details on Kihara parameters optimization, and differences between
authors, can be found in a previous study [18].

2.2.3. Kihara parameters optimization limits

Kihara parameters optimization is a tricky part in the thermodynamic
modeling of clathrate hydrates. As stated previously, there are as many sets
of parameters as there are authors. There are different issues to explain this
observation.
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First, the quality of the thermodynamic parameters (table 1) can play an
important role[18].

Concerning again optimization, the predicted versus experimental equi-
librium pressure is oftenly used. To avoid non-thermodynamic equilibria,
only pure gas hydrates should be considered. But sometimes, this is not
enough to find a global minimum to the deviation function. In these cases,
gas mixtures have to be considered, and the deviation function is based not
only on the pressure, but also on the hydrate composition as follows:

F'(e,0) = \/Z (ngec;\[_ :ngp) —0 (14)

The first problem with this calculation is that the literature data rarely
gives the mixed hydrate composition, especially at total dissociation point
(hard to obtain and to measure since the hydrate volume is then close to
zero). Then, and this is the main issue, the experimental data obtained and
published in the literature might not be at thermodynamic equilibrium (quick
crystallizations).

Indeed, in a previous study, it was observed that the experimentally ob-
tained thermodynamic three phases equilibrium (vapor-liquid-hydrate, or
VLHE) is not systematic [11]. If the equilibrium pressure of pure gas hy-
drates corresponds exactly to the thermodynamic equilibrium, it is not al-
ways the same for mixed hydrates (clathrate hydrate from gas mixtures).
When several gases are involved, kinetics considerations arise. For exam-
ple, the kinetics of gas dissolution in the water phase suggest a different
driving force for the crystallization than the one predicted by pure thermo-
dynamics. Then, the kinetics of gas enclathration into the hydrate structure
could diverge from thermodynamics. Certainly, thermodynamically, various
configurations of the occupancy of the cavities can stabilize the crystalline
structure. In theory, the occupancy factor depends on the langmuir constants
and the gas fugacities in the aqueous phase. All the previous kinetics consid-
erations question the validity of a thermodymic model when the experiments
are performed at high driving force (far from equilibrium).

In our previous work, it appeared that the driving force of the crystal-
lization impacts the “thermodynamic path” during the crystallization. As a
result, in the end of the crystallization, the hydrate phase composition, the fi-
nal pressure and the final hydrate volume, were not the same at low and high
driving forces[11] (severals bars between a slow and a quick crystallization).




234 To take account of kinetics, a novel model was recently suggested by
25 Herri and Kwaterski [8]. In their model, the rate of enclathration of the
236 gas molecules into the hydrate crystal is considered in the langmuir constant
27 (instead of integration an interaction potential , see equation 10).

238 In the next section, a framework to perform flash calculations with the
239 classic thermodynamic modeling of gas hydrates is presented. The objective
20 18 to take into account the possible non-stoichiometric composition of the
2 hydrate crystals, and to study more precicely the mechanisms of the hydrate
a2 crystallization process, and the influence of the uncertainties on the Kihara
23 parameters. Moreover, it can give another criterion for Kihara parameters
24 Optimization from pure gas hydrate: the hydrate volume.

x5 3. Modeling Clathrate hydrate crystallization

us  3.1. Flash calculation frameworks

ar 3.1.1. Classic flash calculations and hydrate approaches

248 The basic of a thermodynamic flash (or “flash”) is to determine, from an
29 initial given state, the composition and mass in each phase, by taking care
0 of the Gibbs phase rule.

251 In a usual flash calculation, all phases are at equilibrium and their com-
2 position is homogeneous. The flash algorithm is composed of two loops:

253 e the thermodynamic equilibrium (equality of chemical potentials/fugacities
254 by the mean of partition coefficients),

255 e mass balance calculation from partition coefficients.

256 So, there is one calculation loop on a thermodynamic intensive property

27 (usually temperature or pressure), and one loop concerning the mass balance
s (an extensive property such as the mass of the components). According to
0 the Gibbs phase rule, the three phases equilibria allow one less variable than
x%0 the simple two phases flash equilibria. In this article, a thermodynamic flash
21 at constant volume is considererd (the volume of the reactor in a typical
22 batch experiment).

263 Hydrate flash calculation is a tricky problem since the hydrate phase com-
4 position is non-stoichiometric. This is due to the gas consumption leading
265 to pressure variations and the gas/liquid composition change during crystal-
26 lization (batch experiments).
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In the case of clathrate hydrates, the composition of the solid phase is, a
priori, not homogeneous. That is why a partition coefficient cannot be used
to describe the whole solid phase. The thermodynamic calculation can only
describe the composition locally in time. Towards the end, the calculation
has to be performed step by step, by considering successives “classic flash
calculations”, corresponding to the crystal growth. Figure 1 illustrates this
process. In the end, the hydrate crystal shows an occupation gradient of the
cavity by the gas molecules. Hence, this flash calculation can be considered
as a crystal growth at successives equilibria.

Of course, this model has as hypothesis that the local composition at the
core of the hydrate crystal is not at equilibrium with the liquid phase. Only
the last layer is. This procedure is then called Flash calculation framework
without hydrate phase reorganization (see next section).

This hypothesis is fundamental, and corresponds to a mass balance for
a given amount of crystallized hydrate. As there is a discretization of the
crystal growth step by step, this hydrate flash is then a succession of usual
thermodynamic flash algorithms instances.

There is another approach possible: change the previous hypothesis. It
is conceivable that, at the end of each step during the crystal growth, the
crystal reorganizes itself and reaches thermodynamic equilibrium. Thus, the
last crystal layer is at thermodynamic equilibrium with the surrounding liquid
phase. Furthermore, it is possible to obtain a homogeneous final crystal by
not discretizing the crystal growth. Our second approach is also presented
and discussed after under the name Flash calculation framework with hydrate
phase reorganization (see also figure 5 further on in the text).

3.1.2. Flash calculation framework without hydrate phase reorganization

Our first approach concerns the model with no solid phase reorganization.
Figure 1 illustrates this method. The first crystals appear in the bulk at
thermodynamic equilibrium with the liquid phase at the begining of the
nucleation. The occupancy of the cavities of this new hydrate phase (hydrate
nuclei) is controlled by thermodynamics and can be calculated from van der
Waals and Platteuw model.

Figure 1 also shows a discretization of the crystal growth. The more itera-
tions there are, the more the growth is continuous. The main objective of this
hydrate growth modeling is to follow the thermodynamic equilibrium curves,
as shown on figure 2, and later in figure 7. On the former figure, there is
not only one thermodynamic equilibrium curve since the gas in consummed.

11
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As the gas is consummed, the pressure decreases, and the gas compositions
in fluid phases change along the crystallization. Since the gas hydrate equi-
librium curve (PT) depends on the gas composition, the crystal growth goes
through many steps until the final composition is reached. The number of
iterations (discretization) is important since it fixes the amount of gas in the
hydrate phase at each step. It is a growth model locally at thermodynamic
equilibrium (on the crystal surfaces).

The figures 2 and 3 illustrate the whole framework for the hydrate flash.
The framework is define by the starting conditions:

e initial temperature 7T;,
e initial pressure P,
e initial gas composition z;,

e the total fixed volume (= initial gas volume, single phase before liquid
injection, or “reactor volume”) V%

e initial mass of water m;,

These inputs allow for the calculation of the mass of each compound
in each phase (liquid-gas). The total mass of the gas phase is calculated
with the SRK equation of state. This corresponds to point A on figure 2,
which is also an initial liquid-vapor thermodynamic flash calculation (VLE
thermodynamic flash).

This initial VLE thermodynamic flash is at constant temperature and
volume (flash TV). The SRK equation of state is used to model the vapor
phase, while a Henry’s law approach for the gas solubility is considered (VLE,
see section 2.1). More information about thermodynamic flash calculations
can be found in the literature[25].

Then, another two inputs of the framework are essential:

e the final temperature Ty (= final state),
e the number of iterations n to reach the final state.

Gibbs phase law for three phases equilibria gives one degree of freedom less
than for simple VLE flash. Here, the temperature 7% is the variable. The final
temperature imposes the final state of the calculation (the temperature is the

12
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only variable). The number of iterations corresponds to the discretization of
the hydrate flash, via decreasing increments of temperature (AT).

The second step of the flash framework is to determine the temperature
at which the liquid-hydrate thermodynamic equilibrium (LHE) is reached
(point B). It is a VLE flash that also satisfy the LHE equation. The equilib-
rium temperature 7Tz is determined from the predicted pressure of the VLE
equilibrium and LHE equilibrium (PYVEE = PEAE)

From this point, the temperature step is calculated from the number of
iterations: AT = (T —T¥) /n. The higher n is, the more continuous the
growth is. The lower n is, the more the driving force is significant in the
model.

Then, the crystal growth begins. The temperature is decreased step by
step (AT') until the final temperature 7;. Both thermodynamic equilibria
(VLE and LHE) have to be checked before going any further. The VLE is
checked flash calculation prior to the LHE calculation. This VLE flash pro-
vides an equilibrium pressure PV*#. Then, the LHE is calculated, providing
another equilibrium pressure P”. The error between PV¥ and P is the
criterion of the algorithm. The variable that is used to minimize this error
is the mass (volume) of water that has crystallized into the hydrate phase.
This mass has consequences on the fluid volume (and also the VLE flash)
and the LHE since the amount of gas molecules in each phase is affected
(through the occupancy factor 6%).

At each step, a given mass of liquid water is transfered to the hydrate
phase (dm!,). As a consequence, the total volume of the hydrate phase
(V) is increased. This volume is calculated from the density of the empty
clathrate. These densities (790kg/m? for structure I, and 785kg/m? for struc-
ture II) can be obtained from lattice parameters of each structure, neglecting
temperature dependency. Sloan and Koh|2] also suggested a formula to cal-
culate hydrate density. In the end, the hydrate volume crystallized is:

o 2 dmy,

Ve = W (15)

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

occupancy of the cavities (6%) is calculated from van der Waals and Platteuw
model.

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

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

phases. This provides PY*¥. The new gas composition in the liquid phase

13
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is also known, and the LHE can be checked by determining the equilibrium
pressure P2, If PVEE £ PH the quantity dm!, is not right (wrong mass
balance), and needs to be fine tuned in order to obtain the “same” pressures.
The criterion used is the following:

PVLE _ pLHE

Fopi(dm;) = —0 (<1079 (16)

PVLE

In order to simplify the calculations, an hypothesis is added: the amount
of gas molecules into the liquid phase is considered constant in the calculation
of each iterations. This hypothesis is not very strong since the gas solubility
of hydrocarbon is generally low, or is slightly impacted by the evolution of
gas phase composition at each iterations. Notice also that the liquid water
density is considered constant at 1000kg/m? in our simulations (due to low
variations within the range of temperature 0 — 10°C).

By performing the n calculations, the final state (point D) is reached,
and the hydrate flash calculation is over.

The number n affects the length of the calculations, but also the results.
This is investigated later in section 4.4.

3.1.3. Flash calculation framework with hydrate phase reorganization

Two situations are considered: a reorganization of the last layer to ob-
tain a thermodynamic equilibrium (Gas-Liquid-Last layer of hydrate crystal),
or a completelly homogeneous hydrate phase. Earlier, the last layer being
crystallized was at thermodynamic equilibrium with the previous iteration
(“begining” of the crystallization). Indeed, cavities occupancy is calculated
from iteration ¢ to compute iteration i 4+ 1. So, the layer i 4+ 1 of the hydrate
crystal has an occupancy at equilibrium with the gas phase composition at
iteration i.

To have a different situation than this, two solutions are conceivable.
First, use as many iterations as possible. This will be investigated in sec-
tion 4.4. Secondly, the last layer can be reorganized in order to compute a
hydrate layer completelly at equilibrium with the gas and liquid composition
at each step of the process. This implies another loop on the occupancy
factor used at the begining of the hydrate phase calculations (i.e. calculate
the amount of molecules in the hydrate phase).

In the end, a complete homogeneous hydrate phase is possible to compute.
To do so, the method reorganizing the hydrate can be performed with only
one iteration (crystal growth in single step).
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Phase reorganization of last layer.

This second framework (framework II) presents the same hydrate flash
calculation than before with the last crystal layers at equilibrium with the
liquid phase. The previous framework had to be changed to take into account
this reorganization at the end of each step. As the hydrate composition is
slightly different with this new model, the final state is also different in
terms of mass balance, final pressure and hydrate volume. Though, these
two frameworks (I and II) are equilivalent when n — oc.

In framework II, a new loop is introduced. In the end of each step the oc-
cupancy factor before crystallization is compared with the occupancy factor
after. This means that the occupancy factor of the last layer is in agreement
with equation 9 according to the liquid state. If there is a difference, the
iteration calculation starts again with the previous 9; as the starting point
(another weighted calculation of the new ¢} can be utilized to improve the
algorithm speed) . The calculation of the amount of water crystallized (dm?,)
is repeated with a new gas consumption until (Hf ) 92‘7 ) final- Figure 4
describes framework II.

initial — (

Homogeneous hydrate phase.

In this approach (framework I1*) the whole hydrate phase is at equilib-
rium with the liquid phase, both from local and global points of view. The
first possibility to obtain this is to use the second framework, and use only
one iteration from framework II. This can cause a problem of convergence
since only one iteration implies an initial state far from the final equilibrium
(hard to reach). Another solution is to use the total mass of the hydrate
phase (m) instead of the new amount dmX. This divides the calculations
into successives mf . crystallized, and avoids convergence issues. As a conse-
quence (many loops), the computing time of this approach is slightly higher.
More work on the algorithm would optimize the calculations.

Figure 5 shows the path of framework IT*.
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4. Simulation results

The two frameworks are tested and compared to reference results. These
results are from a previous experimental work [11] (from CO,, CH,, C,H,
gas mixture).

The thermodynamic frameworks were computed through a MATLAB
code. Since it is a “new code”, Kihara parameters optimization was neces-
sary. Indeed, the Kihara parameters are very author (and code)-dependents.

Then, the frameworks were compared to experimental results. A great
deal of attention was paid to the number of iterations n.

Afterwards, a parametric study of kihara parameters is suggested to de-
termine the consequences of the uncertainty of kihara parameters on the
equilibrium pressure and hydrate volume.

Finally, the results are analysed looking at the experimental results, both
at quick and slow crystallization, to discuss the hydrate crystallization pro-
cess.

4.1. Kihara parameters

A set of experimental pure hydrates equilibria was considered (8 data
from [26, 27] for CO,,14 data from [26, 11, 28, 29, 30] for CH,, and 18 data
from [30, 31, 32, 33] for C,H).

Table 3 summarizes the parameters optimized from the above experimen-
tal results on pure gas hydrates (temperature range from 273K to 300K).
The objective is simply to have a starting set of parameters to work with.
A MATLAB code of LHE calculation was performed presented, as presented
in section 2. The parameters regression was executed with the use of the
Isqnonlin function of Matlab, by considering local minima. The root mean
square errors (RMSE) obtained are quite satisfying here (from 0.02 to 2.43).

4.2. Reference case

The first reference case is a ternary gas mixture + water. The mixture is
CO,-CH,-C,Hy at molar compositions of 5%/92%/3% (£ 0.1) respectivelly.
The initial temperature of the gas mixture is 285.75K and pressure was
30.5bars. The total volume (V%) is 2.36L. The amount of water added to
the mixture is 801.3g. The reference case is taken from Duyen et al.[11].
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4.3. Test of thermodynamic model on benchmark

Table 4 and figure 6 present the results of the thermodynamic model only
(without the mass blance component of the flash calculation) compared to
the reference baselines. The table shows well that the thermodynamic model
(LHE)with our parameters is pretty accurate (RMSE of 0.31 on the pressure).
It also demontrates that a slow crystallization is closer to a thermodynamic
equilibrium. Duyen et al.[11] on this same mixture, obtained thermodynamic
modeling results closer to this experiment at slow crystallization than at
quick crystallization. Although another code was used, our results are in
accordance with the afore-mentionned study.

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

Table 5 shows the results for the first reference results (CO,-CH,-C,Hy).
By cooling this mixture, all the frameworks give a three phases equilibrium
(nucleation point) at 280.14K and 42.63bars. This means that when we cool
the reference case down to 280.14K, this causes the system to crystallize.

Then, there is a cooling, step by step as a function of the iterations
number (n). The number of iterations corresponds to the number of cooling
steps from the last temperature (here 280.14K, or Tp on figure 2) to the
final fixed temperature (274.5K, or Ty, or Tp). This also corresponds to the
discretization of the crystal growth modeling.

Figure 7 illustrates the experimental and predicted thermodynamic paths
for the crystallization process (PT digrams) assuming a SI structure. The
first figure (7(a)) shows, for framework I (n = 7), the first point of crystal-
lization. The successives evolution of the solid phase and the PT equilibrium
curves corresponds to each temperature step. The second figure (7(b)) shows
the experimental path compared to to predicted (all frameworks). Like the
theoretical example (figure 2), as the gas is consumed, the most stabiliz-
ing molecules are removed from the fluid phases. That is why the system
reaches successive equilibrium with a narrower hydrate zone (the PT' curves
are higher in pressure at a given temperature).

A quick investigation of the iteration number influence shows that frame-
works [ and II converge when n — 00, as expected. Since n impacts the cal-
culation time, it is of utmost importance in process simulations. A number
of 20 iterations to model a continuous crystallization is a satisfying compro-
mise. Keep in mind that there is an experimental uncertainty on pressure
and mass measurements. When using 20 iterations for frameworks I and II,
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there is a difference of 0.01bar in pressure and 0.1¢ in hydrate mass compared
to n — oo. Logically, framework II* is not affected by n.

Concerning final pressure and water mass in the hydrate phase, both
frameworks provide solid results (errors under 5% for pressure and mass). If a
few iterations are used (n = 3), the accuracy deteriorates. This can also cause
the calculation of negative compositions (too many gas molecules into the
hydrate phase, and a negative number in the gas phase). Above 10 iterations,
frameworks I and II are pretty similar. Framework IT* (total hydrate phase
reorganization) predicts very well the final pressure, but not as well the
hydrate volume (or the water mass in hydrate). So, reorganizaing the crystal,
by comparison to the reference case, improves the accuracy of the pressure
but decreases the accuracy of water conversion. In framework II, the gas
concumption is higher, leading to more gas molecules in the crystal, a higher
hydrate volume, and a lower pressure. Indeed, since the final pressure is lower
than initially, the final occupancy of the cavity of the whole homogeneous
crystal is lower than the occupancy factor of the first layer of frameworks I
and II. In detail, the hydration number is 7.02 (II*) against 7.06 (I and II).

The gas and hydrate phase compositions are also well predicted, although
the deviation is higher than the experimental uncertainty.

4.5. Kihara parameters influence on hydrate volume

As the volume of hydrate formed is crucial for many applications (pipe
plugs, CO, capture...), knowing the Kihara parameters influence of the model
is essential. Since these parameters are very author dependent, an evaluation
of their uncertainties on the simulation results is presented here.

The Kihara parameters are the characteristics of the guest molecules,
but various values exist. Usually, they need to be determined for each code,
hence the authors dependency. But, it is not always an easy task since the
experimental data can be missing or inaccurate (see discussion section 2.2.3).

In this work, the influence of the Kihara parameters uncertainties on the
final pressure and hydrate volume is suggested. To do this investigation,
a statistical approach was employed using Monte Carlo simulations. 1000
random (e/k and o) parameters were computed according to a normal dis-
tribution around the mean values given in table 3). The standard deviations
in the normal distribution were taken from 1% to 5%. These Monte Carlo
simulations were performed using the framework I with 8 iterations (to lower
time consumption and good approximation of the final state).
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Table 6 presents the effect of kihara parameters uncertainty on the final
equilibrium pressure and hydrate volume. This demontrates a small differ-
ence in the Kihara parameter value (5%) can have a significant consequence
on the final pressure and hydrate volume of standard deviations of 42% and
125% respectivelly.

Since the models deviations from experimental results are usually under
5%, it can be concluded that the frameworks are in good accordance with
the experiments.

4.6. Understanding hydrate crystallization

Initially, an experimental reference case at low crystallization rate was
chosen. The objective was to compare a thermodynamic based model to an
experiment which was as close as possible to a transformation at thermody-
namic equilibrium (no kinetic effects).

Towards the better understanding of the clathrate hydrate crystallization,
firstly framework I is compared to more usual experimental measurements
at quick crystallization rates. These data come from the previous study [11]
on CO,-CH, and CO,-CH,-C,H, gas mixtures.

Table 7 gives the results on the final pressures and masses of water in
hydrate phase. Surprisingly, the results are in pretty good accordance with
the final equilibrium pressure (deviation < 5%). Since we suspect a kinetic
effect on the hydrate crystallization, a higher difference was expected. Con-
cerning the final volume of hydrate (or final mass of water in hydrate phase),
the deviation from the experimental results is higher, but within the 3% un-
certainty (£ standard devivation o) on the kihara parameters (or within 1%
uncertainty at + variance/20).

In conclusion, it seems that the CO,/CH, gas mixtures are not very much
affected by kinetics. Also, framework I with 5 iterations gives slighlty better
results. This framework, combined with this number of iterations, was not
the best as compared to the reference case at slow driving force. This could
validate that a higher driving force is closer to framework I with no hydrate
reorganization. Nevertheless, the results are more than adequate, and it
would probaly not be the same for other mixtures where kinetics could be
predominating.
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s b. Conclusion

577 Two main thermodynamic frameworks for the clathrate hydrate crystal-
sis  lization have been suggested. They are thermodynamic flash calculations of
s three phases equilibria (aquaeous, gas and hydrate) at constant volume. The
ss0 temperature is the variable imposed. Two thermodynamic paths have been
ss1 modelled and investigated.

582 In frameworks I and II, the crystallization is discretized in mass of hy-
ss  drate (equivalent to subcooling degree). Crystal growth is supposed to occur
se¢ at local thermodynamic equilibrium with the surrounding liquid (itself at
sss thermodynamic equilibrium with the surrounding gas phase). In the case of
sss  framework I, the equilibrium is considered before crystallization, and after
ss7 for framework II. The discretization corresponds to successives layers of the
sss hydrate crystal. As a consequence, the final clathrate is non-stoichiometric
s¢0  (local composition different than whole composition).

590 In a slightly different physical approach with a single iteration (framework
s 11*), the local composition of the hydrate phase is the same as the overall
s> composition (homogeneous solid phase in composition). To accomplish this,
se3 the crystal composition is homogenized during crystallization.

504 The simulation results, compared to a reference case (experiment at low
sos crystallization rate from CO,-CH,-C,Hy gas mixture), are fairly accurate.
so6  All the frameworks show a deviation on the final pressure and mass of crys-
o7 tallized water under 5%. Frameworks I and II provide better results in terms
ses  Of crystallized mass of water while framework IT* seems to be better at pre-
soo dicting the final pressure. Also, a study on the uncertainties due to Kihara
s0 parameters uncertainties showed that the experimental results are within the
sr margin of error for the models.

602 Concerning the discretization of the crystallization, a number above 20 it-
s03 erations for the crystal growth is enough (frameworks I and IT). As suspected,
s frameworks I and II converge when the iteration number is infinite.

605 The influence of the uncertainties on Kihara parameters has been studied
06 on framework I. It has shown that the results are very sensitive to these kind
sor of errors (errors of 1% = 15% on Pressure and 35% on hydrate volume).
608 It is important to notice and underline that these flash calculations are
00 only based on thermodynamic equilibria. If different paths are investigated,
s10 then no kinetic considerations exist such as mass transfer limitation at gas/liquid
su interface[34], or possible diffusion effects at the liquid /hydrate interface[12].
s12 These considerations might be necessary to model hydrate crystallization at
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high driving force, where the final pressure could to be significantly affected.

These frameworks provide a usefull tool for industry and academia to
predict with a more reallistic accuracy the final pressure, as well as give a
good order of magnitude of the hydrate volume. For gas mixtures that do
not show important kinetic effects (such as CO,/CH,, as investigated in this
study), predictions are still accurate and within the same uncertainties.

Future works might include further elaboration of the principles discov-
ered while at the same time simplifying the process so that it can be clearly
implicated in industrial situations.
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Symbol description dimension
a hard core radius nm

ak liquid water activity -

C Langmuir constant nm?/J
p Molar calorific capacity J/mol /K
f Fugacity Pa
Kuiw Henry’s constant Pa

kgn Boltzmann constant J/K

h molar enthalpy J/mol
m total mass of water g

m; initial mass of water g

n number of iterations in frameworks (growth discretization) -

N number of experimental data -

P Pressure bars

T Temperature °Cor K
Vi {Lw Partial molar volume of ¢ at infinite dillution cm? /mol
w interaction potential J

x Molar composition of compound in hydrate phase mol.frac.
A Compressibility factor

€ maximum attractive potential J

Vy Water molar volume m?3/mol
Vi number of cavity ¢ per mole of water mol /mol
1 Chemical potential J/mol

p Density kg/m?

o distance from cavity center nm

9;- Occupancy factor of molecule j in cavity i -

10) Fugacity coefficient

Superscript description

0 reference state

15} Empty hydrate reference state

H Hydrate phase

J molecule index

L Liquid phase

Ly 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 23

water molecule




Table 1: Thermodynamic properties of liquid water compared to 8 structure

Structure I Structure 11

Apy= 70 Ah7 70 ApgmP0 A0

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]

ARL=P0 = ApI=F0 — 6011, where 6011 is the enthalpy of fusion of ice (J/mol).

626 Tables
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Table 2: Reference properties of hydrates from Sloan|[2]

unit Structure I Structure II
Ahi_ﬁ’o J/mol Ah’lIl)_ﬁ|T0,PO7SI — 6011 Ah’lIl)_ﬁ|T0,PO,SII — 6011
Ay5*ﬁ|To7po 1075m3 /mol  4.5959 4.99644
ACE B0 po  J/mol/K —38.12 —38.12
bL’ J/mol/K? 0.141 0.141
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Table 3: Quick Kihara parameters optimization of CO,, CH,, and C,H; on a few experi-
mental data[27, 26, 11, 28, 29, 30, 31, 32, 33] (* data from Sloan et al. [2])
€/k o a* RMSE nb. of data
CO, 171.78 2978 0.6805 0.02 8
CH, 160.70 3.101 0.3834 243 14
C,Hg 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)

Py std(Py) VH std(VH)
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 CO,-CH, mixtures and 6-7-8 from CO,-CH,-C,Hy mixtures)
and slow crystallization (reference case of the present study)

Framework I, n = 20

Gas Ty Py VvH mt prTed mered dev P dev mf

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 3335 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 IT*

Gas prred memd dev P dev m*f prred memd dev P devm®

mixtures  (bars) (g) (%) (%) (bars) (g) (%) (%)

Gas 3 31.7 255.5 ) 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 2739  135.9 0.08 6.9
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o7 Figures

Cy, i=3

B=C,i=0

[ )
nucleus

Crystal layers
during crystallization

n <<oo

grown crystal \
n — oo

Continuous crystallization model :

r
Vit = m)‘

Figure 1: Non-stoichiometric clathrate hydrate growth model (layer by layer growth at
different successive equilibrium)
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equilibrium curves (T, P) for starting
A and ending gas composition

Ist equilibrium point
VLH with no hydrate

> initial state
Decrease of temperature-ec. ./ CTN— P\
(step by step) : (classic flash VLE)
—>growth of hydrates :

—> increase of hydrate mass Lo
. Evolution of equilibrium

curve during crystallization

Pressure

<= AT=(Ty-Ty)n
P F\\J

A P (e Amhyd
>

Temperature

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 (C; and D points).
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input/initial condition :
Volume, Temperature, Pressure, Mass (gas+water) Hydrate Flash Framework I
(Thermodynamic Flash at T)

- initial pressure with water
- Vapor-Liquid mass/compositions

(initial VLE Flash(TV){

T =T, —dT ‘ A point on figure 2
—no->( VLE Flash(TV) ){ PYEE(T,V)
T=T-—dT ‘
End of calculation :

( Liquid-Hydrate ) { PLHE (T) - Mass of water in hydrate phase = my i

15300, (LRI - Number of moles of gases into hydrate ng

- composition of each phase (mass balance)
- Volume of each phase : VL, A\

PHIE(T) = P}ffﬁ:(Tv V) D point on figure 2 A

_ . begining of crystallization
e ‘ Tr= T(Z - 1) (n iterations, i=1, B point on figure 2)

(oD =TG- D——(i=1+D)
Assumption mass hydrate H
no (mg(i)zmg(i—l)-l-dmg){dmw ?

H __ H / H—
C Volume calculations ) -dVE = dmw / P p

Hydrate phase calculations .dvi = dmg / p,l[j;
-05(T, P, 2)
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_—
Cj point on figure 2
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Figure 3: Non-stoichiometric flash hydrate framework: discretization of the cooling in AT
steps, assumption of the mass of hydrate, validation of the VLLH equilibrium
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input/initial condition :
Volume, Temperature, Pressure, Mass (gas+water)

( Same as Framework I )

$

Hydrate Flash Framework I1
(Thermodynamic Flash at T)

(T@+1)=T() - AT )=

$

¢

PHIE(T) = Pl (T, V)

= final HD ‘
final 9;- (T, P,z)

Calculation

J

initial = final 9;- (T,P,z

Cim'tial 0;

no

Cj point on figure 2

—>< Same as Framework I ) {i“iﬁal 0:(T, P, 2)

Ce=t+1

no

D point on figure 2

@nd of Calculatio@

\

Figure 4: Flash hydrate framework II with reorganization of hydrate last layer, or “stoi-
chiometric” flash hydrate framework IT* (homogeneous phase at final gas composition =

unique occupancy factor) if n =1
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Figure 5: Clathrate hydrate growth approach with hydrate phase reorganization (frame-
work IT*) for 4 iterations
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Figure 6: PT diagram of experimental and predicted results of the reference case (CO, —
CH, — C,Hy) at different temperatures from the same initial state (see section 4.2)
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Figure 7: Predicted and experimental thermodynamic paths (Pressure vs temperature
during crystallization) in the reference case (all frameworks at different numbers of itera-
tions)
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