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Abstract

Notwithstanding the numerous studies about classical temperature and pressure equilibrium of
mixed gas hydrates, few provide hydrate composition and volume at local and final equilibrium
under batch conditions. Therefore, required new phase equilibrium data for mixed gas hydrates
including C0O,-C3Hg, CoHe-nC4H1p, CH4-nC4H1p, CO»-CoHg-C3Hg, CH4-CoHg-NCsH1g and CHgs-
C,Hg-C3Hg-nC4H1g are presented in this paper. Moreover, results contain hydrate phase properties
such as hydrate volume and density, storage capacity, water conversion and guest composition in
all phases (vapor, liquid and hydrate). Importantly, effect of crystallization rate on final state has
been evaluated. Finally the experimental results were compared to the thermodynamic model of
van der Waals and Platteeuw to investigate Kinetic effects.

Experimental results show that equilibrium pressures at final state are dissimilar with respect to
the crystallization rate. Furthermore, the hydrate volume formed at slow crystallization rate is
noticeably lower than at quick. Noticeably, storage capacity in the case of slow crystallization is
higher which could be crucial for industry. Also, the guest composition in hydrate phase at final
state differs.

Enclathration of heavier molecules is more significant at slow crystallization rate, and the hydrate
phase seems to be more homogeneous according to the thermodynamic study. Indeed, modeling
results, that assume the hydrate phase to be homogeneous in composition, show better agreement
with the slow crystallization results for both equilibrium pressure and guest distribution in
hydrate phase. This elucidates that, at quick crystallization rate, thermodynamic equilibrium
cannot be reached.

In conclusion, how kinetics influence the design of clathrate hydrate based industrial applications
such as energy storage and transportation, carbon capture sequestration etc. are demonstrated.

Keywords: clathrate hydrates, phase equilibria, crystallization, thermodynamics, modeling, non-
equilibrium

1. Introduction



Gas hydrates are crystalline solids that contain gas molecules in its molecular cages. Depending
on the size and nature of the gases, there are three different well-known structures, cubic I, cubic
Il and hexagonal H [1].

There have been numerous studies about gas hydrates over the past decades because they
represent critical pipeline blockage risk for the oil and gas industries as well as present severe
safety and environmental hazards [2-5]. Moreover, an enormous amount of methane stored in the
form of hydrates in permafrost and deep-sea deposits that theoretically offer a source of energy
[6-9]. Additionally, there are several technological applications under development for gas
hydrates such as natural gas storage and transportation, separation processes and water
desalination [10-15]. Hence, more experimental data and consequently extended modeling
approaches are needed to achieve a better fundamental understanding of the thermodynamics and
crystallization mechanisms of gas hydrates.

A considerable body of research on the clathrate hydrates in the past studied the characterizations
and thermodynamic conditions of gas hydrates by different experimental procedures and
apparatuses. They have already been reviewed by Sloan and Koh [1] and Khan et al [16].
Nevertheless, there still exist a few important factors that rest unexplored due to measurement
difficulties or experimental limitations of that time. Some like guest composition in hydrate phase
and volume of hydrate are now of great importance. They play vital roles in applications which
can accurately determining the quantity of gas hydrate during and at the end of crystallization is
essential [4].

To clarify, several studies that deal with natural gas hydrates should be mentioned. Ng [17]
measured the hydrate composition for six gas mixtures including methane, ethane, propane, iso-
butane, n-butane and carbon dioxide. The author used n-pentane as a tracer in his experiments to
determine the guest composition in hydrate phase. Then, he modeled the hydrate composition
results by van der Waals and Platteeuw approach and concluded, with some exceptions, that the
model was capable of predicting hydrate composition. Kawasaki et al. [18] studied the guest
content in hydrate phase from a gas mixture of methane, ethane, propane and iso-butane. Their
procedure was based on removing the gas inside the reactor and dissociating the hydrate to
measure the hydrate composition at two different temperatures, 1 and 3°C. The authors stated that
all i-butane molecules concentrate in the hydrate phase regardless of the temperature. Sum et al.
[19] utilized Raman spectrometry to study guest distribution in hydrate phase for CH4-CO, binary
mixture. Subramanian et al. [20,21] investigated the structural transition and hydrate composition
of methane-ethane mixture based on Raman spectrometric and *C NMR measurements at six
different vapor compositions. They reported that the structure of the mixed hydrates of methane-
ethane could change depending on the vapor composition.

Furthermore, concerns have been raised about the kinetic effects on clathrate hydrates formation
and composition. Kvamme et al. [22] reported that mixed gas hydrates might not be theoretically
reached at equilibrium by reassessing the Gibbs phase rule and the laws of thermodynamics.



According to their investigations based on coupling the classical thermodynamic and molecular
dynamics simulations, they stated that crystallization occurs not only in the bulk, but also at
interfaces in the system or gas phase. Consequently, the driving force could be different due to
diverging chemical potentials. Therefore, the Gibbs phase rule could over-determine the
thermodynamic equilibrium without considering existence of any unforeseen phases.

Before going any further, let us state that thermodynamic equilibrium is the most stable state, the
one that minimizes free energy of the system. Therefore, we consider that the system can reach
an equilibrium point (no longer any change in state parameters), without being at thermodynamic
equilibrium, as stated by Kvamme et al. Thus, it is metastable.

Some evidence shows how a metastable system could evolve toward a most stable state, or stay
as it is. For instance, there are several indications of structural transition or co-existence of
different structures during the crystallization of mixed gas hydrates. Subramanian et al. [20,21]
and Uchida et al. [23] reported structural transition from sl to sll for methane-ethane mixture
under certain range of vapor compositions. Schicks and Ripmeester [24] observed both sl and sl
methane hydrate under moderate conditions. In addition, Herri et al. [25] and Peytavi et al. [26]
experimentally investigated that the mass transfer limitation from gas to aqueous solution could
hinder the crystallization process. Therefore, the guest composition in liquid phase appears
mainly driven by kinetics. Hence, guest distribution in the hydrate phase should be affected
during crystal growth. Murphy and Roberts [27] studied the fluid inclusion in CO,-rich gases and
reported that there was not a single homogenous equilibrium clathrate composition. In fact,
clathrates may form in different phases in the system with different compositions. Finally, they
concluded that clathrate composition does not change quickly after crystallization. Salamatin et
al. [28] studied mathematically the gas diffusion during gas replacement process by “hole-in-
cage-wall” diffusive mechanism. They showed that gas exchange could be started by a rapid
crystallization of a hydrate layer on the hydrate surface and then it can be continued by a much
slower permeation process. Molecular dynamics simulation also support the idea that the hydrate
structure that forms is not necessarily the most stable one, but the one that show the highest
growth rate [29-33]. According to these studies, the question then arises, “Is thermodynamic
equilibrium reached in short term processes?”

Our previous investigations on mixed hydrates showed this non-equilibrium phenomenon while
comparing different crystallization rates [34,35]. Some of these experiments have been simulated
with a “’non-equilibrium flash model’” with some success [36].

The objective of this work is to investigate other systems: CO,-C3Hg, CoHg-NnC4H10, CH4-nC4Hyy,
ternary mixtures CO,-C,Hg-C3Hg, CH4-CoHg-nCyH1o and quaternary mixture CHy4-CoHg-CsHg-
nC4H1o. As before, different crystallization rates were applied in order to better understand the
role of kinetics in mixed hydrate crystallization. The results obtained provide detailed
information about temperature, pressure, guest composition in all phases (gas, liquid and hydrate)
and hydrate volume. Only stable states, where state variables do not change with time, are



considered. Therefore, time is not a relevant variable in this study. The different ‘’equilibrium
states’” reached are then examined and discussed. Additionally, experimental results are
compared to the classical van der Waals and Platteeuw model.

2. Materials and procedures
2.1. Materials

Gases CO,, CH,, C;Hg, C3Hg and n-C4Hyp were provided by Air Products. Gas mixtures were
prepared by injection of pure gases (from the less volatile to more volatile) and weighting the
bottle after each injection. The bottle composition was calculated by the mass of each gas.

Deionized water was obtained through a water purifier from a cleansing system “Millipore”. This
system is equipped with a cartridge “Milli-Q®-AdvantageA10” which lowers the conductivity of
the water to 0.055uScm *. The total organic carbon content was less than 5 ppb. Moreover, about
10 ppm of lithium was used in our experiments as a liquid tracer. The lithium solution was
purchased from Merck. Since lithium does not participate in hydrate formation and also remains
in solution, the volume of water converted to hydrate can be calculated by the concentration of
lithium in the remaining liquid. Helium was also used as a carrier gas for chromatography
analyses. This is supplied by Air Product. The materials used in this study are listed by details in
Table 1.

Table 1. Materials used in this study

Component Supplier Purity grade

Carbon dioxide | Air products mole fraction 0.99999
Methane Air products mole fraction 0.9995
Ethane Air products mole fraction 0.995
Propane Air products mole fraction 0.9995
Butane Air products mole fraction 0.9995
Helium Air products mole fraction 0.3?9999

4 1001+5 mgdm ° Li*
LI Tracer Merck LiNO3 in 0.5 moldm 2 HNO; aqueous solution
Water Milli-Q®- Organic content<5 ppb .

AdvantageA10 | Salinity: conductivity of 6 = 0.055 pScm’

2.2. Experimental set-up

A schematic of the experimental set-up is presented in Figure 1. Two batch reactors with the
same characteristics and specifications were utilized (except the inner volume, the first is 2.36 L
and the second 2.23 L). Both are equipped with two sapphire windows which allow direct
observation and they can resist pressure up to 100 bar. Agitation systems include vertical stirrers
with two sets of blades. The top set of blades is in the gas phase and the bottom set in liquid. This



allows stirring the contents up to 25 Hz (1500 rpm) to increase the surface contact. The autoclave
is surrounded by a cooling jacket and the temperature is controlled by a cryostat LAUDA RC6
CS ranging from -15 to 50°C. Temperature inside the reactor is monitored by two Pt100 probes
(temperature accuracy +0.2°C), for gas and liquid phases. The pressure is also measured by a
pressure sensor in the range 0-10 MPa (pressure accuracy £0.01 MPa). The liquid is injected in
the reactor under pressure (1 to 10 MPa) by using a HPLC pump (KNAUER P4.1S). An online
ROLSI sampler is mounted on the reactor for sampling the gas and subsequently sending it into a
gas chromatograph (GC Varian model 38002) equipped with a TCD detector and two columns
PoraBOND Q and CP-Molsieve. Peak integration is possible with software provided by Varian
Galaxie. The liquid samples throughout the experiments are taken by a mechanical valve and a
capillary tube which is located in the liquid phase. The samples are then analyzed by ion
chromatography system Dionex ICS-5000". Data acquisition is controlled on a personal computer
running Labview.

_ o |

3 1. Cooling bath 8. HPLC pomp
2. Reactor 9. ROLSI
4 == 3. Windows 10. GC
£/ 2 4. Gas bottle 11. He bottle
5. Agitator 12. Monitor
6. Temp. sensors 13. Computer
7. Sampling liquid

Figure 1. Schematic of experimental set-up

2.3. Experimental procedures

To evaluate effects of crystallization rate on the equilibrium condition at final state, both quick
and slow crystallization were investigated. Quick crystallization evaluates the formation and
dissociation of mixed gas hydrates at high initial supersaturation. Whereas at slow crystallization
the aim is to neglect the kinetic effects as much possible. This means that we could be closer to
the thermodynamic equilibrium condition which usually occurs in steady state processes.



2.3.1. Quick crystallization process

First, the reactor is filled by nitrogen up to 50 bar in order to check the cell for the leakage. The
pressure is monitored between 24 to 48 hours to ensure that there is no pressure drop. The cell is
then evacuated by a vacuum pump. Then, pressure is raised by injecting the aforementioned gas
mixtures: CO,-C3Hg, CoHg-nCy4H19, CH4-NC4H1g, ternary mixtures CO,-CoHg-C3Hg, CH4-CoHe-
nC4H1o and quaternary mixture CH,4-C,Hg-C3Hg-nCyHyo. Several gas samples are taken and the
molar composition of gas mixture is analyzed by GC. About 800-1000 mL of water (including 10
ppm Li") is then inserted into the cell via the HPLC pump. The temperature is set to 0-1°C and
the agitation is started with about 6.6 Hz (400 rpm) rate. After a short period, about a day, the
crystallization starts and as a result of hydrate formation, a pressure drop is observed. Then, we
wait for the equilibrium (the stability of pressure and temperature). At this point, we take gas and
liquid sample for analyses. The dissociation process is then initiated. The temperature is
increased step by step. At each equilibrium step, gas and liquid samples are taken. This process is
repeated until there is no more hydrate in the cell. The whole procedure takes about 25 days for
each mixture.

2.3.2. Slow crystallization process

At the end of quick crystallization process, the amount of water samples taken is measured. The
same amount of water is then replaced into the reactor to have almost the same initial pressure
and temperature conditions. Pressure, temperature and guest compositions are analyzed to assure
that the same initial conditions are going to be considered. At this point, slow crystallization
procedure starts. However, instead of decreasing quickly the temperature is decreased very
slowly (0.3°C per 12 hours and we wait to reach equilibrium at each temperature drop iteration).
Gas and liquid samples are taken during and at the end of crystallization. In this case, the process
takes about 60 days for each mixture as opposed to 30.

2.4. Material balance

At starting condition, where there is only gas in the reactor, the amount of gas can be calculated
as follows:

0 _ pPvR
ny = Z(PTy%)RT (1)
where j is guest molecule, 0 indicates the initial condition, V® is volume of reactor, Z is
compressibility factor, T and P stand for the gas temperature and pressure, respectively. The
molar compositions of guest molecules at initial condition (y}’) were obtained from results of gas
chromatography.

Figure 2 presents the mass balance calculation at equilibrium conditions. The volume of water
(V") was calculated based on the concentrations of lithium at initial and equilibrium conditions
([Li*]). According to the volume of water at equilibrium, and also Henry’s law, the solubility of
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the guest molecules in water,njL was then calculated (the second line in Figure 2). In the
equations, p%and M,, stand for the density and molecular weight of water, respectively, <ij
fugacity coefficient of gas j and Kj7’; is Henry’s constant. Table 2 shows the A and B for several
gases which have been used in the present work to calculate Henry’s constant.

2
Liquid N PP o [veliLit]® S H 5| yH
samples > [Li7]% [LiT] v = [Li*] 1™ 1Y
3) \ (4)
L0 G
Henry’s - B]-) R L VipwYi®; P
—> K2 = A+ » nf=—o—r"—
law t exp( T 7 M, K?;.j
(6) (5) v
G
n.G = il <& VG — VR-VL-VH
7 Z(y;, P,T)RT

Figure 2. Mass balance calculations at equilibrium conditions

Table 2. The values of A and B for calculating the Henry’s constants [37]

Gas A B (K)
CO, 14.283146 -2050.3269
CH, 15.872677 -1559.0631
C,Hs 18.400368 -2410.4807
CsHg 20.958631 -3109.3918
nC4Hjo 22.150557 -3407.2181
" A and B are Henry’s constants

By the mass of water converted to hydrate, the volume of hydrate was calculated based on
theoretical density of structure I and Il [1]. Then, volume of gas at equilibrium was obtained by
subtracting the hydrate and liquid volumes from volume of reactor. Consequently, the mole
number of guests in the gas phase was calculated with the equation 6 in Figure 2.

The amount of gas molecules in hydrate phase was calculated based on the mass balance at initial
state and amount of guest in gas and liquid phases as following:

H _ .0 L G

where n is mole number, L, H and G stand for the liquid, hydrate and gas phases, respectively.



The hydrate density was then calculated based on the mass of converted water plus mass of
encaged guest molecules divided per volume of hydrate.

2.5. Experimental and instrumental uncertainties and assumptions

Determining uncertainties in any experimental procedures is essential. In this section, a brief
description of sampling influence as well as errors is presented. The different resources of
instrumental errors as well as their calculations were explained in details in our previous works
[34,35,38]. Standard uncertainties of all measured and derived quantities have been provided in
Table 3 and the footnote of each table.

As aforementioned, each experiment of slow crystallization process takes about 60 days (for
quick crystallization process is about 25 days). Hence, it is not practical to investigate the
reproducibility of each mixture and procedure. Nonetheless, we replicated two experiments under
the same conditions on CH4/C3Hg mixture in order to assess the quality of experimental data. The
results showed that, at a desired temperature, the pressure difference was less than 0.2 bar. The
discrepancy in guest composition in gas and hydrate phases were about 0.006 and 0.008 mole
fraction, respectively. Thus, it could be an evidence to ascertain the quality of experimental data
produced during the experimentation.

The amount of gas samples were only about a few um?, so can be ignored. At each equilibrium
state, about 1-2 mL of solution was sampled. Hence, the amount of solution inside the reactor
was actualized at each step according to the mass of water and lithium samples taken.

Moreover, as the hydrate volume and composition were obtained by changes in lithium
concentrations, it seems obvious that larger amounts of hydrate lead to more accurate
calculations. As a result, mass balance calculations sometimes fail near the total dissociation
point. Indeed, when calculating with very small amounts of hydrates, close to zero, measurement
uncertainties can lead to a negative mass for the hydrate. On the other hand, at the final state of
equilibrium, the results are precise and reliable.

Table 3. The experimental and instrumental uncertainties

Parameter Standard uncertainty | Source of uncertainty
Temperature 0.2°C Instrumental
Pressure 0.1 bar Instrumental
VVolume of reactor 0.001 L Instrumental
Mass of water 0.1g Instrumental
Guest composition in gas phase 0.001 mole fraction | Instrumental

Guest ~ composition in  hydrate | 0.003 mole fraction | Experimental
composition

Guest composition in liquid phase 0.003 mole fraction | Experimental
Hydrate volume 0.4 cm’ Experimental
Hydration number 0.5 Experimental
Hydrate density 0.05 g/lcm® Experimental
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Storage capacity 0.5 VIV Experimental
Water conversion 0.4 Experimental
Gas solubility in the liquid phase 0.3 mmol/L Experimental
3. Modeling

3.1. Thermodynamic model

Among the different methods of modeling phase equilibria of gas hydrates [39-43], the
thermodynamic model of van der Waals and Platteeuw was coupled with Kihara interaction
potential in the present study. Given the fact that the assumptions in the model are restrictive, but
it could works for many cases to predict phase behavior of clathrate hydrates [44].

This method considers a hypothetical phase, called 3, which corresponds to the empty cavities
hydrate. Hence, thermodynamic equilibrium of gas hydrates is defined by the equality of

difference between chemical potential of water in liquid and B phase (A,u;,_ A ) and the difference

between chemical potential of water in hydrate phase and 3 phase (Aug,_ﬁ ):

L-B

Apy, ™ = A.ull/il/_ﬂ (8)

The left hand side of the equation 8, can be calculated based on the Gibbs-Duhem equation
(classical thermodynamics) as following:

Au‘l;‘/_ﬁ|T0P0 L-Bmo L-B
— 2 4 (byf TO = ACy

AP =T

P SO A Sy L-p
POTO) Tin—s+ > bg b T(T =T )+(AhW,mP

+

oro0

T (b T0 = ACy,Y

POTO) B %b’];;'fTOZ) (1 - %) + Av‘ﬁ’}ﬁho (P — P%) — RTInxy ©)

In this equation, T°=273.15K and P°=0 bar are the reference temperature and pressure. x%, is the
mole fraction of water in liquid phase. The other parameters and their values are in Table 4.

Table 4. Macroscopic and reference properties of hydrates

Parameter Unit Structure | Structure 11 Reference
byt Ji(mol.K?) 0.141 0.141 [1]
acy,F 070 Ji(mol.K™) -38.12 -38.12 [1]
Avy, b o 10°m?.mol 45959 4.99644 [1]
LT B Jimol 1287 1068 [45]
Abiy b oo Jimol 931 764 [45]
Ahg P oro Jimol Ahg P or0 —6011° | ARE] ) —6011° [45]




&1 refers to the ice phase

Y6011 is enthalpy of fusion of ice (J/mol)

The right hand side of equation 8 can be expressed from statistical thermodynamics, based on the
occupancy factor of molecule j in cavity i (9}). To obtain the occupancy factor, requires
calculating the fugacity of component j (fj), and Langmuir constant of component j in cavity i
(Cji). The latter describes the potential interaction between the guest molecules and surrounding

water molecules. Cji can be stated by a spherical symmetrical potential (equation 13). w(r) is the
interaction potential between the guest molecule and the cavity based on the distance between the
gas and water molecules in the structure (r). There are several models employed to calculate this
parameter. However, Mc Koy and Sinanoglu recommended that Kihara potentials are a more
precise approach to model w(r) [46]. The whole procedure is presented in Figure 3.

(10)

(11)

(12)

- RTZ vidn (1 — Z 0
i j

. Gf@P)

A 4

v

P14y Clf (TP

- RTZ vin(1 — Z Cif (T, P))
i j

(14)

12

R

o 10 11 a° 4
w(r)—Zzs[R (A +2A ) @y A)]

N

a, &g, 0; Kihara parameters

Figure 3. The calculation procedure of difference between chemical potential of water in hydrate phase and

phase

All the thermodynamic modelling section has been implemented in our in-house software,
GasHyDyn, which aids to predict hydrate composition as well as equilibrium pressure.

Any deviation errors of the thermodynamic model used from the experimental results for hydrate
pressure and composition is evaluated by equations 16 and 17, respectively.

AADP% = ﬂz”(

l

Pexp Ppre

)

10

(16)




AADc = %Z?’ﬂxfxp —x"¢|) (17)
where i is equilibrium point, N stands for the total number of equilibrium points, P indicates
pressure, X is guest composition in hydrate phase, exp and pre are experimental and predicted
data. AADp and AADc indicate average absolute deviation for pressure and composition,
respectively.

3.2. Kihara potential

In equation 14, & corresponds to the maximum attractive potential and as to the Kihara
parameters ¢ and a: o is the distance from the center of cavity at maximum attractive potential
and a the hard-core radius. Kihara parameters for each guest molecules are unique and they do
not depend on the type of cavity. They are fitting parameters and are generally determined from
hydrate equilibrium data for pure components. Table 3 presents the Kihara parameters for the gas
molecules used in this study, based on the previous works.

Table 5. Kihara parameters of the gas molecules used in this paper

Guest molecule a[47] g/K c Reference
CO, 0.6805 178.21 2.873 [48]
CH, 0.3834 166.36 3.050 [48]
C,Hs 0.5651 177.46 3.205 [34]
CsHs 0.6502 195.00 3.340 [35]
nC,Hyg 0.9379 209.00 2.912 [47]

a is the hard-core radius
€ corresponds to the maximum attractive potential
o is the distance from the center of cavity at maximum attractive potential

3.3. Comments on the modeling

In equation 14, z is the total number of water molecules per cavity (coordination number) and R
the free cavity radius. Their values were already measured by x-ray diffraction and informed by
Sloan and Koh [1]. It should be noted that, the values of z and R do never change according to the
type of guest molecules. Furthermore, the model supposes that there is only one guest molecule at
each cavity and the guest molecules do not deform the cavities. The guest-guest interaction has
been also neglected. In addition, it was assumed that the internal motion function of the guest
molecules in the cavities is similar to an ideal gas. This means that the guest enclathration has no
significant impacts on vibrational or electronic energies [1].

Moreover, several assumptions have been taken into account for the Langmuir adsorption
analogy. First, the enclathration of guest molecules takes place at separate cavities on the crystal
unit cell. Secondly, the energy of enclathration does not depend on the presence of the other
molecules. Finally, the dissociation rate is only governed by the amount of guest molecules in the
crystal unit cell [1].
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4. Results and discussion
4.1. Initial conditions

As aforementioned, hydrate volume and composition were ignored by the researchers due to
measurements difficulties. Therefore, there are few studies in the literature about these important
parameters. In the present article, several mixed gas hydrates from CO,-CHy4-C,Hg-C3Hg-nC4H19
have been studied involving equilibrium temperature and pressure, guest composition in all
phases (gas, liquid and hydrate), hydrate volume, water conversion, hydrate density, hydration
number and storage capacity. Furthermore, this work includes not only the investigation at final
state, but also during the crystallization at non-equilibrium conditions as well. Additionally, the
influence of the crystallization rate has been evaluated.

Table 6 presents the initial conditions of the experiments. As seen in the table, for all the
mixtures, the initial conditions of quick and slow procedures were approximately similar.

Table 6. Initial conditions of the experiments

Feed molar composition
Gas | 1YPeof P Ve(L) | Water(g) | T (°C) | P; (bar)
eXp. CO, CH, C,Hs CsHg | nCiHyo
R Quick | 0.956 - - 0.044 - 236 | 10223 | 16.3 26.1
Slow | 0.932 - - 0.068 - 236 | 10230 | 16.3 26.1
) Quick 3 - 0.956 - 0.044 2.23 801.0 16.3 16.6
Slow 3 - 0.966 - 0.034 2.23 802.4 16.3 16.6
2 Quick 3 0.959 - - 0.041 2.36 801.8 16.0 165
Slow 3 0.960 - - 0.040 2.36 803.9 16.0 165
A Quick 3 0.838 | 0.107 - 0.055 223 | 10002 | 16.7 185
Slow 3 0.840 | 0.107 - 0.053 223 | 10004 | 16.7 185
5 Quick | 0.385 - 0403 | 0212 - 236 | 10002 | 17.3 12.9
Slow | 0.287 - 0468 | 0.245 - 236 | 10012 | 17.3 12.9
6 Quick 3 0737 | 0120 | 0.124 | 0.019 2.36 801.4 15.7 155
Standard 0.001 mole fraction 0.001L | 01g | 02°C | 0.1bar
uncertainty

4.2. Pressure and temperature evolution during the slow and quick crystallizations

A detailed analysis of the two experimental procedures will be presented now. Figure 4 illustrates
the changes of temperature and pressure during the quick crystallization for ethane-butane
mixture. The experiment was started at initial point (A). The solution was then rapidly cooled
down near 1°C and after a while (depending on the gas mixture), crystallization started (B). Due
to hydrate formation, the pressure decreased. We waited until the end of crystallization, point C
(where there were no longer changes in temperature and pressure for 48 hours). Once gas hydrate
formation was completed, the temperature was increased incrementally and every two days, gas
and liquid samples were taken for analysis. The dissociation process was repeated until the
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dissociation curve meets the cooling line (D). Then, the amount of sampled water was then re-
injected into the reactor. Temperature was reset to have the same initial conditions.

30
A: Initial/final point
25 ~
20 486h
= B 4 '
= S
215 =
7 =
“ &
Z =
10 l
C 2
51 183 =
Gas and liquid samples
(' I T T T
0 3 6 9 12 15

Temperature (°C)

Figure 4. The pressure change versus temperature during the quick crystallization process in the case of
ethane-butane mixture. The numbers in the figure correspond to the time of taking samples (from beginning
of experiment)

Figure 5 shows temperature- pressure evolution during the slow crystallization procedure for
ethane-butane mixture. As seen in this figure, the process was started with the same initial
conditions as quick crystallization (A). But in this procedure, the temperature was decreased in a
slow stepwise manner to negate the influence of kinetics as much as possible. This procedure is
closer to the steady state processes. B was the first vapor-liquid-hydrate equilibrium point. The
temperature was then decreased step by step until the end of crystallization (C). Several gas and
liquid samples were taken for analysis.
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Figure 5. Temperature- pressure evolution during the slow crystallization procedure for ethane-butane
mixture. The numbers in the figure correspond to the time of taking samples (from beginning of experiment)

These two procedures were performed for all the mentioned mixtures. The results are provided in
the following sections.

4.3. Experimental results

Table 7 and Table 8 present experimental results including temperature, pressure and guest
composition in gas, liquid and hydrate phases and gas solubility in liquid phase for all the
mixtures according to the different rates of crystallization. These tables provide several
remarkable results. Firstly, for a desired temperature, the equilibrium pressure at final state was
different according to the rate of crystallization. For instance, for CO,-C3Hg mixture, at final state
(1.8°C), the equilibrium pressures for quick and slow processes were notably 16.4 and 14.3 bar,
respectively. Figure 6 illustrates temperature-pressure diagram of all the mixtures for both
crystallization procedures. However, in the case of mixtures involving butane, the final pressure
was almost equal. For example for ternary mixture of CH4-C,Hs-C4Hag, the pressures at final
state for quick and slow at 1.7°C were 17.8 and 18.2 bar.
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Table 7. Experimental results of guest composition in all phases regarding to the equilibrium temperature and

pressure for two different rates of crystallization

Molar gas composition (+0.001)

Molar liquid composition (water free)

Molar hydrate composition (water free)

e | 2| 0| 8§
S1E| & | T T . T T . T T .
1.8 | 16.4 | 0.965 - - 0.035 - 0.998 - - 0.002 - 0.922 - - 0.078 -
41 | 20.0 | 0.955 - - 0.045 - 0.997 - - 0.003 - 0.908 - - 0.092 -
47 | 21.6 | 0.959 - - 0.041 - 0.998 - - 0.002 - 0.872 - - 0.128 -
é 57 | 24.1 | 0.962 - - 0.038 - 0.998 - - 0.002 - 0.657 - - 0.343 -
7 6.6 | 24.6 | 0.959 - - 0.041 - 0.998 - - 0.002 - 0.630 - - 0.370 -
1 7.9 | 25.6 | 0.947 - - 0.053 - 0.997 - - 0.003 - 0.606 - - 0.394 -
9.0 | 26.7 | 0.924 - - 0.076 - a - - a - a - - a -
1.8 | 143 | 0.964 - - 0.036 - 0.998 - - 0.002 - 0.881 - - 0.119 -
= | 41 | 195 | 0.964 - - 0.036 - 0.998 - - 0.002 - 0.787 - - 0.213 -
3 5.8 | 22.8 | 0.961 - - 0.039 - 0.998 - - 0.002 - 0.482 - - 0.518 -
6.7 | 23.8 | 0.959 - - 0.041 - a - - a - a - - a -
17 | 58 - - 0.918 - 0.082 - - 0.926 - 0.074 - - 0.967 - 0.033
44 | 76 - - 0.926 - 0.074 - - 0.936 - 0.064 - - 0.968 - 0.032
% | 58 | 90 - - 0.918 - 0.082 - - 0.930 - 0.070 - - 0.976 - 0.024
S| 82 | 119 - - 0.936 - 0.064 - - 0.947 - 0.053 - - 0.973 - 0.027
10.2 | 15.7 - - 0.951 - 0.049 - - 0.961 - 0.039 - - 0.965 - 0.035
119 | 19.7 - - 0.960 - 0.040 - - 0.968 - 0.032 - - 0.937 - 0.063
? 16 | 47 - - 0.867 - 0.133 - - 0.880 - 0.120 - - 0.987 - 0.013
46 | 74 - - 0.907 - 0.093 - - 0.920 - 0.080 - - 0.989 - 0.011
= | 58 | 87 - - 0.918 - 0.082 - - 0.931 - 0.069 - - 0.989 - 0.011
G 83 | 123 - - 0.938 - 0.062 - - 0.949 - 0.051 - - 0.991 - 0.009
10.3 | 16.0 - - 0.952 - 0.048 - - 0.962 - 0.038 - - 0.992 - 0.008
114 | 21.3 - - 0.962 - 0.038 - - a - a - - a - a
Q" | 09 | 209 - 0.984 - - 0.016 - 0.976 - - 0.024 - 0.708 - - 0.292
3 S¢ | 09 | 206 - 0.983 - - 0.017 - 0.974 - - 0.026 - 0.755 - - 0.245
17 | 17.8 - 0.947 | 0.035 - 0.018 - 0.917 | 0.057 - 0.026 - 0.694 | 0.202 - 0.104
38 | 194 - 0.928 | 0.048 - 0.024 - 0.891 | 0.076 - 0.033 - 0.693 | 0.201 - 0.106
§ 53 | 212 - 0.909 | 0.062 - 0.029 - 0.866 | 0.096 - 0.038 - 0.691 | 0.200 - 0.109
7 6.7 | 239 - 0.885 | 0.078 - 0.037 - 0.835 | 0.118 - 0.047 - 0.684 | 0.201 - 0.115
‘ 8.8 | 286 - 0.847 | 0.102 - 0.051 - 0.791 | 0.149 - 0.060 - 0.691 | 0.174 - 0.135
1.7 | 182 - 0.954 | 0.033 - 0.013 - 0.927 | 0.054 - 0.019 - 0.683 | 0.209 - 0.108
é 53 | 235 - 0.895 | 0.072 - 0.033 - 0.846 | 0.110 - 0.044 - 0.668 | 0.218 - 0.114
6.5 | 251 - 0.880 | 0.080 - 0.040 - 0.830 | 0.121 - 0.049 - 0.668 | 0.219 - 0.113
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0.1 9.0 | 0.277 - 0.525 | 0.198 - 0.862 - 0.100 | 0.038 - 0.368 - 0.369 | 0.263 -
% 2.7 9.2 | 0.282 - 0.523 | 0.195 - 0.868 - 0.097 | 0.035 - 0.367 - 0.367 | 0.266 -
'S
5 O | 43 | 111 | 0.281 - 0.511 | 0.208 - 0.869 - 0.094 | 0.037 - 0.367 - 0.355 | 0.278 -
7.0 | 15.3 | 0.269 - 0.498 | 0.233 - 0.864 - 0.094 | 0.042 - 0.494 - 0.148 | 0.358 -
s 0.0 6.5 | 0.332 0.540 | 0.128 - 0.891 - 0.088 | 0.021 - 0.176 - 0.492 | 0.332 -
14 | 101 - 0.879 | 0.092 | 0.016 | 0.013 - 0.813 | 0.144 | 0.025 | 0.018 - 0.628 | 0.141 | 0.208 | 0.022
43 | 11.0 - 0.861 | 0.094 | 0.031 | 0.014 - 0.795 | 0.143 | 0.044 | 0.018 - 0.626 | 0.143 | 0.209 | 0.022
X
6 C§>‘ 72 | 134 - 0.823 | 0.107 | 0.054 | 0.016 - 0.752 | 0.155 | 0.074 | 0.019 - 0.619 | 0.138 | 0.221 | 0.022
10.6 | 18.0 - 0.771 | 0.118 | 0.093 | 0.018 - 0.699 | 0.165 | 0.117 | 0.019 - 0.607 | 0.124 | 0.248 | 0.021
13.3 | 21.7 - 0.743 | 0.118 | 0.121 | 0.018 - 0.676 | 0.160 | 0.146 | 0.018 - 0.439 | 0.232 | 0.274 | 0.056
ud 95 galr 0.001 mole fraction 0.003 mole fraction 0.003 mole fraction
# Near total dissociation/first VLH equilibrium point
® Quick
¢ Slow
¢ Standard uncertainty
30
®
L
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25 . %
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Figure 6. The pressure-temperature diagram of mixed gas hydrates involving two rates of crystallization. C1,

Temperature (°C)

C2, C3 and C4 stand for methane, ethane, propane and butane.
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Table 8. Gas solubility in liquid phase during the course of experiments

- . Gas solubility in liquid phase (mmol/L)
s} o =
15| ¢ &
E = [a B ~ < © © =1
o I I I I
) O] O ®) S
1.8 16.4 935.2 - - 2.0 -
41 20.0 1123.1 - - 3.0 -
47 21.6 1206.8 - - 2.9 -
3
= 5.7 24.1 1351.4 - - 3.0 -
&
6.6 24.6 1341.6 - - 3.2 -
1 7.9 25.6 1329.5 - - 4.1 -
9.0 26.7 1309.3 - - 5.8 -
1.8 14.3 662.2 - - 1.4 -
2 41 19.5 977.7 - - 21 -
5
» 5.8 22.8 1180.6 - - 2.7 -
6.7 23.8 1343.8 - - 34 -
1.7 5.8 - - 19.0 - 1.6
4.4 76 - - 23.0 - 1.6
X 5.8 9.0 - - 26.2 - 2.0
=
o 8.2 11.9 - - 34.2 - 1.9
10.2 15.7 - - 45.1 - 18
) 11.9 19.7 - - 59.8 - 1.9
16 47 - - 10.7 - 15
46 7.4 - - 175 - 15
> 5.8 8.7 - - 20.4 - 15
o
n 8.3 12.3 - - 29.2 - 16
10.3 16.0 - - 36.8 - 15
11.4 21.3 - - 53.2 - 17
Q? 0.9 20.9 - 433 - - 11
3
sP 0.9 20.6 - 427 - - 11
1.7 17.8 - 355 22 - 1.0
38 19.4 - 37.2 32 - 1.4
X
g 5.3 21.2 - 377 42 - 1.7
o
6.7 23.9 - 40.3 5.7 - 22
4
8.8 28.6 - 458 8.6 - 35
17 18.2 - 34.6 2.0 - 0.7
E 5.3 235 - 405 5.3 - 21
(%]
6.5 25.1 - 413 6.0 - 2.4
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0.1 9.0 153.9 - 17.8 6.7
X 2.7 9.2 150.4 - 16.8 6.1
5 8‘ 4.3 11.1 175.3 - 19.1 74
7.0 15.3 229.5 - 25.0 11.0
sP 0.0 6.5 1211 12.0 2.8
14 10.1 - 18.8 33 0.6 0.4
4.3 11.0 - 18.8 34 11 0.4
6 g 7.2 13.4 - 21.2 4.4 21 0.5
10.6 18.0 - 25.8 6.1 4.3 0.7
133 21.7 - 29.8 7.0 6.5 0.8
ue 0.2°C 0.1 bar 0.3 mmol/L
# Quick
® Slow
¢ Standard uncertainty

Secondly, guest distribution in hydrate phase differed as the rate of crystallization changed.
Additionally, the composition of heavier hydrocarbons in hydrate phase was significantly higher
than in the gas phase. Finally, the composition of propane and butane in hydrate phase decreased
from the first vapor-liquid-hydrate equilibrium point to the final state in both crystallization
mechanisms. As an illustration, the butane composition in C,He-C4H;o mixture at the first VLH
equilibrium for quick process was 0.063 mole fraction, but at the final state, it changed to 0.033
mole fraction. This demonstrates that the enclathration of heavier molecules at the start of
crystallization plays more important role than near the final state.

Table 9 shows the experimental results including hydrate volume and density, water conversion,
hydration number and storage capacity for all the mixed gas hydrates comparing quick and slow
crystallization rates. The table shows that for a mixed gas hydrate, water conversion at slow
crystallization was generally lower than in the quick crystallization rate at final state. This means
that less hydrate crystals formed and more occupation of cavities occurred. Storage cavity defines
as the volume of the gas in hydrate phase at standard conditions per volume of hydrate.
Experimental results showed that storage capacity and hydration number for mixed gas hydrates
were also different according the rate of crystallization. In all cases, more storage capacity
occurred at slow crystallization. For instance, the storage capacity of CO,-C,Hs-C3Hg hydrates at
final state (0.1°C), for slow crystallization was 142.2 V/V compare to 95.5 V/V for quick
crystallization. This may prove significant when storing natural gas for transportation use. In
addition note that the hydration numbers at final state for slow and quick crystallization were 6.9
and 10.3, respectively.

Although for hydrocarbon mixtures, the hydrate density was similar for both crystallization rates,
for the mixtures that included carbon dioxide the difference was considerable (for example,
hydrate density of CO,-C3sHg mixture at final state for quick and slow was 1.09 and 1.40 g/cm?®,
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respectively). At slow crystallization for this mixture, the hydrate volume was significantly lower
than quick crystallization (105 cm? at slow compared to 172 cm? for quick at 1.8°C). Moreover,
the hydration number at slow crystallization was about two times less than quick crystallization.
This means that more guest molecules were encased in hydrate phase. Hence, the hydrate
densities at slow crystallization for CO,-C3Hg were much larger than quick crystallization.

One of the most important observations regarding to the hydrate properties in Table 9, is the
hydrate volume findings. At slow crystallization procedure for all the mixtures, the hydrate
volume and water conversion were noticeably lower than at quick crystallization. Figure 7
presents clearly the difference in hydrate volume according to the rate of crystallization.

Table 9. Hydrate phase properties during the course of experiments for two different crystallization rates

Hydrate Hydration Hydrate Storage Water
Gas | Method | T(°C) | P(bar) volume density capacity | conversion
) | MM | gem) | v )
1.8 16.4 172.6 6.4 1.09 153.6 13.3
4.1 20.0 100.5 6.0 1.11 163.6 7.8
4.7 21.6 87.0 7.2 1.06 136.4 6.8
Quick 5.7 24.1 48.1 11.3 0.96 86.6 3.8
6.6 24.6 42.3 12.1 0.95 81.5 3.3
1 7.9 25.6 37.8 214 0.88 46.0 3.0
9.0 26.7 a a a a a
1.8 14.3 105.0 3.1 1.40 NA 8.2
Slow 4.1 19.5 42.9 2.5 1.56 NA 3.3
5.8 22.8 22.4 3.5 1.34 NA 1.7
6.7 23.8 a a a a a
1.7 5.8 259.6 7.8 0.96 125.6 25.6
4.4 7.6 252.7 8.3 0.95 117.9 25.1
Quick 5.8 9.0 234.2 8.4 0.95 117.2 23.4
8.2 11.9 196.2 8.6 0.95 114.3 19.7
10.2 15.7 150.8 9.7 0.93 100.8 15.2
5 11.9 19.7 56.4 8.7 0.95 112.8 5.7
1.6 4.7 253.8 7.3 0.97 134.8 25.6
4.6 7.4 184.6 6.1 1.00 161.9 18.6
Slow 5.8 8.7 173.4 6.1 1.00 160.2 17.4
8.3 12.3 119.8 5.5 1.03 179.9 11.9
10.3 16.0 107.6 7.2 0.97 136.4 10.7
11.4 21.3 a a a a a
3 Quick 0.9 20.9 38.3 11.6 0.9 88.0 3.8
Slow 0.9 20.6 37.3 9.3 0.91 104.7 3.67
1.7 17.8 108.0 6.1 0.96 162.1 8.5
3.8 19.4 57.0 3.6 1.07 271.2 4.5
Quick 5.3 21.2 81.2 6.1 0.96 161.8 6.5
4 6.7 23.9 70.2 7.4 0.93 132.0 5.6
8.8 28.6 20.7 10.0 0.90 98.6 1.7
1.7 18.2 85.6 4.9 1.00 199.1 6.8
Slow 5.3 23.5 32.0 3.3 1.11 NA 2.5
6.5 25.1 40.4 5.3 0.99 186.6 3.2
5 Quick 0.1 9.0 159.5 10.3 0.96 95.5 12.6
2.7 9.2 142.8 9.3 0.97 105.8 11.3
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43 | 111 1233 106 0.95 92.9 9.8

70 | 153 424 16.2 0.90 60.8 34

Slow | 00 | 65 141.0 6.9 1.02 142.2 111

14 | 101 169.2 8.1 0.92 120.9 16.7

43 | 110 166.6 8.6 0.92 114.7 165

6 | Quick | 72 | 134 136.4 8.8 0.91 1113 136

106 | 180 945 127 0.88 771 95

133 | 217 422 743 0.81 13.2 42

Standard | g0 | 9 par | 0.4 cm® 05 0.05g/cm® | 0.5 VIV 0.4
uncertainty
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Figure 7. Hydrate volume for different mixtures for quick and slow crystallization procedures

These outcomes explain the effect of kinetics on hydrate formation, crystallization and properties.
This is to say that the enclathration and distribution of guest molecules in hydrate phase as well
as their selectivity intensely depend on the driving force of crystallization. Moreover, the
difference in final pressure highlights the nagging question about the thermodynamic
equilibrium. Is it certain that the thermodynamic equilibrium has been reached? The results of
thermodynamic model in the following section clarify some crucial indications on how to better
understand the kinetic effects on equilibrium state of mixed hydrates.

4.4. Modeling results
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Results of thermodynamic model to predict equilibrium pressure (temperature) as well as guest
composition in hydrate phase are presented here. Table 10 shows modeling results including
hydrate pressure and composition, not only for the final state of equilibrium, but also during the
crystallization process. It should be noted that simulation results for both structures | and Il are
presented in the following table.

Table 10. Results of thermodynamic model for hydrate pressure and composition

- = Structure | (simulated results) Structure Il (simulated results)
o =
¥ 3 ?'/ E = =
g % g g g Hydrate composition (water free) g Hydrate composition (water free)
= 2 = o o
2 s & &
o CO; CH, CoHg CsHs C4Hio CO, CH, C:Hs CsHs C4Hio
1.8 16.4 12.7 0.819 - - 0.181 - 8.2 0.673 - - 0.327 -
4.1 20.0 15.6 0.789 - - 0.211 - 9.8 0.668 - - 0.332 -
o 4.7 21.6 17.1 0.807 - - 0.193 - 10.8 0.674 - - 0.326 -
2 5.7 24.1 19.6 0.823 - - 0.177 - 12.6 0.680 - - 0.320 -
%4 6.6 24.6 21.7 0.817 - - 0.183 - 13.7 0.679 - - 0.321 -
7.9 25.6 24.0 0.783 - - 0.217 - 14.6 0.671 - - 0.329 -
1 9.0 26.7 249 NA - - NA - 14.6 NA - - NA -
dev. 15.5% 0.136 - - 0.136 - 47.3% | 0.137 - - 0.137 -
1.8 14.3 12.60 | 0.812 - - 0.188 - 8.1 0.671 - - 0.329 -
= 4.1 19.5 16.30 | 0.822 - - 0.178 - 10.5 0.677 - - 0.323 -
:,—D, 5.8 22.8 19.90 0.821 - - 0.179 - 12.7 0.680 - - 0.320 -
6.7 23.8 21.90 NA - - NA - 13.9 NA - - NA -
dev. 12.3% 0.084 - - 0.084 - 43.8% | 0.187 - - 0.187 -
1.7 5.8 3.6 - - 0.572 - 0.428 28.3 - - a - a
4.4 7.6 53 - - 0.615 - 0.385 28.1 - - a - a
S 5.8 9.0 6.1 - - 0.596 - 0.404 28.4 - - a - a
8 8.2 11.9 9.1 - - 0.678 - 0.322 33.8 - - a - a
10.2 15.7 12.9 - - 0.754 - 0.246 34.3 - - a - a
11.9 19.7 17.3 - - 0.807 - 0.193 34.6 - - a - a
’ dev. 28.2% - - 0.294 - 0.294 | 208% - - a - a
1.6 4.7 2.8 - - 0.435 - 0.565 28.4 - - a - a
4.6 7.4 4.9 - - 0.555 - 0.445 28.2 - - a - a
% 5.8 8.7 6.1 - - 0.598 - 0.402 28.4 - - a - a
» 8.3 12.3 9.3 - - 0.687 - 0.313 34.0 - - a - a
10.3 16.0 13.2 - - 0.758 - 0.242 34.2 - - a - a
114 21.3 16.3 - - NA - NA 34.5 - - a - a
dev. 26.0% - - 0.316 - 0.316 | 227% - - a - a
Q[ o9 209 | 130 - 0521 - - 0479 | 168 - 0.806 - - 0.194
3 dev. 37.7% - 0.187 - - 0.187 | 19.6% - 0.098 - - 0.098
s | 09 206 | 125 - 0.507 - - 0493 | 16.8 - 0.800 - - 0.200
dev. 39.4% - 0.248 - - 0.248 | 18.4% - 0.045 - - 0.045
o 1.7 17.8 12.0 - 0.237 0.098 - 0.335 17.2 - 0.765 0.069 - 0.166
4 % 3.8 19.4 12.8 - 0.275 0.085 - 0.360 20.2 - 0.748 0.078 - 0.175
< 5.3 21.2 13.3 - 0.300 0.069 - 0.368 22.8 - 0.736 0.087 - 0.176
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6.7 23.9 13.4 - 0.322 | 0.063 - 0.385 25.3 - 0.724 | 0.093 - 0.183
8.8 28.6 13.8 - 0.361 | 0.032 - 0.393 30.2 - 0.711 | 0.099 - 0.190
dev. 40.0% - 0.299 | 0.069 - 0.368 | 5.3% - 0.046 | 0.111 - 0.064
= 1.7 18.2 14.0 - 0.509 | 0.118 - 0.373 18.2 - 0.787 | 0.075 - 0.138
UQ) 53 23.5 12.2 - 0.370 | 0.137 - 0.493 22.0 - 0.726 | 0.092 - 0.182
6.5 25.1 12.4 - 0.351 | 0.134 - 0.515 24.3 - 0.719 | 0.091 - 0.190
dev. 40.4% - 0.263 | 0.087 - 0.349 | 3.1% - 0.071 | 0.130 - 0.059
0.1 9.0 41 0.204 - 0.485 | 0.311 - 6.9 0.557 - 0.046 | 0.397 -
S 2.7 9.2 5.5 0.217 - 0.485 | 0.298 - 9.6 0.575 - 0.047 | 0.378 -
I 4.3 111 6.5 0.222 - 0.471 | 0.307 - 115 0.582 - 0.045 | 0.373 -
7.0 15.3 8.6 0.225 - 0.449 | 0.326 - 16.2 0.593 - 0.042 | 0.365 -
dev. 44.6% 0.182 - 0.163 | 0.035 - 9.3% | 0.178 - 0.264 | 0.087 -
s° | 0.0 6.8 4.3 0.231 - 0.547 | 0.222 - 7.2 0.577 - 0.064 | 0.359 -
dev. 37.0% 0.055 - 0.055 | 0.110 - 55% | 0.401 - 0.428 | 0.027 -
1.4 10.1 10.5 - 0.407 | 0.239 | 0.069 | 0.284 10.9 - 0.667 | 0.055 | 0.239 | 0.039
« 4.3 11.0 13.2 - 0.400 | 0.225 | 0.117 | 0.257 12.5 - 0.656 | 0.037 | 0.281 | 0.026
= 7.2 13.4 16.2 - 0.378 | 0.217 | 0.172 | 0.232 14.6 - 0.647 | 0.027 | 0.307 | 0.018
< 10.6 18.0 21.1 - 0.358 | 0.204 | 0.235 | 0.203 18.4 - 0.643 | 0.020 | 0.324 | 0.013
13.3 21.7 28.1 - 0.361 | 0.192 | 0.274 | 0.173 23.3 - 0.644 | 0.017 | 0.329 | 0.009
dev. 18.2% - 0.203 | 0.076 | 0.058 | 0.201 | 8.0% - 0.068 | 0.124 | 0.064 | 0.016

” Guest compositions in vapor phase were already provided in Table 7.
& The thermodynamic model did not converge for the condition.
PQandS

correspond to quick and slow, respectively.

As seen in Table 10 for binary mixtures, in the case of CO,-C3Hs, the results of thermodynamic
model had a better accordance with the experimental data from slow crystallization for
equilibrium pressure (12.3% for slow compare to 15.5% for quick). This is more obvious for
hydrate composition. The average absolute deviation for hydrate composition for slow process is
about 0.08, whilst near 0.14 for quick crystallization. However for binary mixtures including
C4Hjp, the thermodynamic model almost failed to predict hydrate pressure and composition. It
could be due to the Kihara parameters of butane. Ideally, a wide range of pure equilibrium data
for each guest molecule is required to optimize Kihara parameters. Butane does not form hydrates
by itself. Nevertheless in the presence of other hydrate formers, it can enter into the cavities. As a
result, the Kihara parameters for butane are quite complicated to obtain. Secondly, for binary
mixtures involving butane, the kinetic effects might have a significant influence on hydrate
formation (regardless to the rate of crystallization); hence the results of experiments and
thermodynamic model diverge considerably.

For ternary mixtures, the modeling results show that both mixtures formed structure II.
Furthermore, thermodynamic model agreed well with the experimental results of slow
crystallization (average deviation of 3.1% and 5.5% for CO,-C,Hg-C3Hg and CH4-C,Hg-nCyHyo,
respectively). However, the guest composition in hydrate phase for both crystallization rates was
not well simulated, indicating the kinetic effects are considerable.
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The thermodynamic model predicts relatively well the hydrate formation pressure (average
deviation: 8%) and guest composition in hydrate phase (except ethane) for mixed CH4-CyHs-
C3H3-nC4H10 hydrates.

These clarifications reveal some surprising consequences. The experimental results of slow
crystallization process seemed to be closer to thermodynamic equilibrium (unlike the
thermodynamic model). This suggests that the hydrate formation would be at thermodynamic
equilibrium, if the kinetic effects could be circumvented as much as possible. Furthermore, the
hydrate crystals at slow crystallization might be more homogeneous than quick crystallization
process. Finally, the impact of kinetic considerations in both crystallization processes could not
be ignored. Therefore, the hydrate formation of gas mixtures is clearly occurs at non-equilibrium
conditions.

5. Conclusion

Gas hydrates from CO,-CH,4-C;Hs-C3Hg-nCy4H1o gas mixtures were studied. The aim was to
measure hydrate phase properties such as hydrate composition, density and volume, storage
capacity and water conversion. These were measured at equilibrium state (final state) as well as
during the crystallization at non-equilibrium conditions. In addition, two different rates of
crystallization applied to investigate the influence of kinetics on hydrate crystallization. Finally,
the experimental results were compared to the thermodynamic model of van der Waals and
Platteeuw using Kihara parameters to evaluate the kinetic effects on thermodynamic equilibrium.

One of the most noteworthy observations in our experimental data was that the hydrate volume at
slow crystallization (case closer to steady-state process) was noticeably less than at quick
crystallization. This concept should help to regulate more realistically the amount of kinetic
inhibitors (KHI) or anti-agglomerants (AA) to use in flow-assurance issues potentially saving
countless dollars in the current energy industry. Furthermore, the storage capacity at slow
crystallization was greater than quick crystallization. This information could be essential for
increased storage of gas hydrates especially pertinent in transportation use etc. Moreover, based
on the data obtained, we suggest that the pressure and guest distribution in hydrate phase at final
state is significantly influenced by the crystallization speed as opposed to what was previously
understood.

In addition, the results of the thermodynamic model showed that for both crystallization methods,
the kinetic effects had a non-negligible impact on the thermodynamic equilibrium of mixed gas
hydrates. However, the results of thermodynamic model agreed better with the experimental data
from slow crystallization for hydrate pressure and composition. This means that hydrate
formation at slow crystallization is closer to thermodynamic equilibrium.

Finally, the authors suggest that in all applications of mixed clathrate hydrates where the
thermodynamic equilibrium is taken into account, the kinetic effects could be a vital key to re-
design the approach to have more accurate and realistic data.
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