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PHASE EQUILIBRIUM AND MASS TRANSFER IN HYDRATE FORMING
CO,-WATER SYSTEMS

Yi Zhang, PhD

University of Pittsburgh, 2007

Understanding the behavior and fate of CO, in aqueous systems is important both for developing
potential CO, sequestration options and for understanding the impacts of seepage or leakage of
the stored CO, into aqueous environments.

Two-phase equilibrium between CO, hydrate (H) and a water-rich liquid (L) are
experimentally measured and theoretically described between 273 K and 280 K and at pressures
up to 30 MPa. Concentrations of CO, in the water phase ranging between 0.0163 and 0.0242
mole fractions were studied. The theoretical and experimental results indicate that the
equilibrium pressure is very sensitive to concentration at all temperatures. These equilibria
represent the solubility of CO, hydrate in a water phase. The effect of salinity on the hydrate
formation was also studied. A modified model which was based upon the variable chemical
potential model of Lee and Holder (Lee and Holder, 2002) was introduced. There was a good
agreement between the calculated and the experimental results, which further verified the theory.
A simplified version of the model was also proposed that can provide quick and reasonable
estimations of the equilibrium conditions of hydrates at low concentrations and medium to low
pressures.

For the first time, the effect of thermal expansion of the occupied hydrate lattice is
incorporated into the model. Accurate prediction of hydrate equilibria for several gases
(methane, carbon dioxide and xenon) was obtained.
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The third part of this work modeled dissolution rates of CO, droplets have been obtained
under a range of conditions that include those that exist in the deep ocean down to 3000 m. A
model was developed based on the dissolution rates obtained at different background
concentrations of CO, that allows calculation of mass transfer coefficients at different
temperatures and pressures. The impact of different background concentrations on the mass
transfer coefficient was also investigated. The model also accounts for the impact of a hydrate
coating on the drop. Utilization of our data for modeling may be desired to predict the fate of
CO; released into aqueous environments like the deep ocean, since they were obtained under

more realistic conditions.
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1.0 INTRODUCTION

1.1  OVERVIEW

The potential impact of rising greenhouse gas levels in the atmosphere is a current global
concern. Carbon sequestration offers the potential to reduce the buildup of CO; in the atmosphere
and is a topic of ongoing research and debate. Large potential sinks include geologic formations,
soils and vegetation, and the deep ocean ("Carbon Sequestration Research and Development,"
1999; Metz et al., 2005). In both geologic and oceanic systems the CO; is often in contact with
water, seawater or brines (Holder et al., 1995; Warzinski and Holder, 1997; Zatsepina and
Buffett, 1998; Warzinski and Holder, 1999; Zatsepina and Buffett, 2001; Metz et al., 2005).
Understanding the behavior and fate of CO; in such aqueous systems is important for developing
many of the potential options and for understanding the impacts of seepage or leakage of CO,
into aqueous environments, such as unintentional release of CO, from a sub-oceanic storage
reservoir into the deep ocean.

The behavior of CO; in water and salt water has been addressed in previous work (Aya et
al., 1996; Hirai et al., 1996; Teng et al., 1996; Hirai, 1996a; Mori and Mochizuki, 1997; Teng,
1998b; Holder et al., 2001; Anderson, 2002; Radhakrishnan et al., 2003). An important issue that
impacts research in cold aqueous systems under pressure is the possible formation of the ice-like

CO; hydrate. The hydrate may be beneficial in that it could potentially seal any unintentional



releases from sub-oceanic storage reservoirs as the CO, migrates through the cold ocean floor
sediments. It could also influence the behavior of any CO; that enters the ocean environment at
depths below about 500 m. For example, if hydrate forms a thin shell on a CO, drop, the hydrate
could slow the dissolution of the drop. At depths above about 2700 m, this hydrate-encased drop
would rise to shallower depths than a drop without a hydrate shell, thus transporting the CO,
farther up the oceanic water column and likely reducing the time before the CO, reenters the
atmosphere (Warzinski and Holder, 1999)
While earlier research has greatly contributed to our understanding of the behavior of
CO; in aqueous systems, there are still uncertainties with respect to the following two aspects:
. Liquid-Hydrate (LH) equilibrium in CO,-water and seawater system (no CO, gas or
liquid phase)
. Rates of dissolution and mass transfer associated with a CO; drop rising in an under-
saturated aqueous system and the impact of hydrate formation on these processes.
Understanding these two phenomena is the experimental and theoretical focus of this

dissertation.

1.2 GAS HYDRATES

Gas hydrates are non-stoichiometric, crystalline molecular complexes formed from water and
low molecular weight gases. The water molecules form a lattice structure and the gas molecules
occupy the interstitial vacancies of the lattice. The vacancies are referred to as “cages” or
“cavities”. There is no chemical association between gas and water molecules; the gas molecules

interact with the water molecules through van der Waals type dispersion force. Instead, the water



molecules that form the lattice are strongly hydrogen bonded with each other (van der Waals and
Platteeuw, 1959; Parrish and Prausnitz, 1972; Holder et al., 1988). Although hydrates were first
discovered by Davy in 1810, gas hydrates became a subject of investigation after it was found
that formation of gas hydrates was responsible for the plugging of natural gas process and
transportation lines (Hammerschmide, 1934). This interest grew recently, particularly due to the
discovery of large hydrate deposits that could potentially be an energy source (Kvenvolden,
2000; Kerr, 2004) and the possibility of sequestrating CO; in hydrate form to mitigate the
buildup of this greenhouse gas in the atmosphere(Handa, 1990; Ormerod, 1996; Ormerod,
1996a; Wong and Hirai, 1997; Johnston et al., 1999).

All common natural gas hydrates belong to the three crystal structures: cubic I (sI), cubic

structure II (sII), and hexagonal structure (sH). Structure I is formed with gas molecules smaller
than 6 A, such as methane, ethane, carbon dioxide and hydrogen sulfide. Structure II is formed
with gas molecules somewhat lager (6 A <d<7 A ), such as propane or iso-butane. Still larger

molecules (7 2&< d<?9 A), such as iso-pentane or neo-hexane can form structure H when
accompanied by smaller molecules such as methane, hydrogen sulfide or nitrogen. (Sloan, 1998)
The properties of Structure I, IT and H are listed in Figure 1. The X-ray diffraction experiments
performed in the early 1950’s (Stackelberg and Muller, 1951; Stackelberg and Muller, 1954) led
to the determination of the two hydrate structures (sl and sII). The crystalline structural database
of water clathrates were further refined by neutron scattering experiments (Hollander and
Jeffrey, 1977; Tse et al., 1986). Structure H hydrate was discovered in 1987 by Ripmeester, et al.
(Ripmeester et al., 1987). The crystal structures of these gas hydrates (sl, sl and sH) are

illustrated in Figure 2.
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Figure 1. Properties of Structure I, Il and H of Gas Hydrate. Nomenclature: 5*%6* indicates a water

cage composed of 12 pentagonal and four hexagonal faces. The numbers in squares indicate the number of
cage types. For example, the structure | unit crystal is composed of two 5% cages, six 5'26° cages and 46 water
molecules (Sloan, 2003). Reprinted with permission from Nature



Figure 2. Crystal structures of (a) sl hydrate, four unit cells viewed along a cubic crystallographic
axis; (b) sll hydrate, two unit cells viewed along a face diagonal, and (c) sH hydrate, four unit cells viewed
along the six-fold crystallographic axis (Koh, 2002). Reproduced by permission of The Royal Society of
Chemistry



1.3  PROPERTIES AND SIGNIFICANCE OF GAS HYDRATES

The guest size determines to a large degree the occupation of hydrate cavities and the hydrate
structure I and II. Large molecules can stabilize sl or sII by occupying the large cavities, leaving
the smaller ones vacant. Structure H requires that both large and small cavities be occupied. For
Structure H, both size and shape of the gust molecule will need to be considered (Sloan, 1998).
The size ratio of the guest to cavity is a guide to determine crystal structure, although it occurs
over a molecular size range. Table 1 lists some ratios of guest molecules in the four common

cavities of sl and sII.

Table 1 Ratios of Molecular radius to cavity radius for some molecules. Molecular radius obtained
from von Stakelberg. (Sloan, 2003)

Molecule Guestradiusr | Ratio (r/R) of | Ratio (t/R) of
(A) Structure [ Structure 11
312 51267 512 ST267
N, 2.05 0.804 | 0.700 | 0.817 | 0.616
CH,4 2.18 0.855 | 0.744 | 0.868 | 0.652
H,S 2.29 0.898 | 0.782 | 0.912 | 0.687
CO, 2.56 1.00 | 0.834 | 1.02 | 0.769
C,He 2.75 1.08 | 0939 | 1.10 | 0.826
C;He 3.14 1.23 1.07 1.25 | 0.943
i-C4H)o 3.25 1.27 1.11 1.29 | 0.976
n-C4Hjo 3.55 1.39 1.21 1.41 1.07

The lower bound of these ratios is about 0.76, below which the molecular attractive force
cannot keep the cavity stable. The upper bound is about 1.0, above which the guest molecule
cannot fit into a cavity without distortion (Sloan, 1998).

In the three common hydrate unit crystal structures, typically each cage is occupied by

only one guest molecule. However, it was recently shown that at unusual conditions such as very



high pressure, it is possible to have an aberration i.e. multiple-cage occupancy with unusually
small guests, such as hydrogen or noble gases (Mao et al., 2002).

Structure I (sI) and Structure II (sII) gas hydrates have been identified existing in nature.
Most natural gas hydrates occur in the form of sl hydrate. Propane, isobutene and lighter
hydrocarbons form sII hydrate in natural environment (Ginsburg and Soloviev, 1998; Sloan,
1998; Lu et al., 2007). In the issue of Nature on 18 January 2007, scientists (Lu et al., 2007)
provided the first confirmation that structure H hydrate did exist in the natural environment after
it was predicted in 1987 (Ripmeester et al., 1987). They not only characterized a complex natural
hydrate sample which containing sH hydrate recovered from Barkley canyon, on the northern
Cascadia margin but also demonstrated that these mixed sII-sH hydrates were considerably more
stable than sI hydrate, which indicted that those methane-containing double hydrates would have
a much greater regime of stability in natural environment than sI methane hydrate. “It is clear
that a substantial occurrence of such complex hydrates must be expected likely in previously
unsuspected locations, such as shallow water or below the base of the gas hydrae stability zone
for methane hydrate.” (Lu et al., 2007)

Physical properties of hydrate determine the significance they have in both industry and

the environment.

e Hydrates are solid and non-flowing. Temperatures and pressures of many gas
pipelines are well within hydrate-formation conditions, especially for pipelines in
cold regions. Preventing the formation of these solids in gas and oil production and
transmission pipelines is very important. Otherwise, the solids can lead to blockage in

those pipelines (Koh, 2002; Sloan, 2003).



e Methane hydrate—known as “the ice that burns”—is a potential energy source, which
is about twice as abundant as all the world’s known oil, gas and coal combined. The
first successful controlled attempt to produce methane from hydrate in situ was
reported in the Science magazine (Kerr, 2004).

e Hydrated gas density is equivalent to a highly compressed gas, but less than the
density of liquefied gas. This suggests that hydrate could be used to transport and
store stranded gas (Gudmundsson and Borrehaug, 1996). However, gas hydrate
stability requires high pressures, so a high-pressure vessel is needed for storage.
Recently, attention has been given to form CH4 or CO; into sH hydrate with the
addition of a large-molecule guest. By forming sH CHy-methylcycrohexane hydrate
the equilibrium pressure will be drastically lowered to about half of that of CH,4
hydrate (Uchida et al., 2006).

e Ocean sequestration of CO, has been considered as an option mainly due to the
enormous reservoir size and the ability of the carbonate sediments to restore buffer
capacity. “Formation of a hydrate is but one component of the ocean disposal process,

and it can have a dramatic effect.” (Brewer et al., 1999).

1.4  CO,AND CARBON SEQUESTRATION

Carbon dioxide levels in the atmosphere arising from the combustion of fossil fuel (gas, oil, and
coal) and other human activities have increased from an insignificant level two centuries ago to

over twenty five billion tons worldwide today. Emissions of non-CO, greenhouse gases

8



(methane, nitrous oxides, and fluorocarbon refrigerants) increased to the total of over 30 billion
tons CO, equivalent in 2004 ("Carbon Sequestration Technology Roadmap and Program Plan,"
2006). Rising atmospheric greenhouse gases (GHG) concentrations are considered by many
scientists to contribute to the phenomenon of global warming. CO; is quantitatively by far the
greatest contributor (64%) to climate change among the gases arising from anthropogenic
activity (Johnston et al., 1999).

In 1992, 167 nations signed the United Nations Framework Convention on Climate
Change, which includes the objective to achieve “ stabilization of greenhouse gas concentrations
in the atmosphere at a level that would prevent dangerous interference with the climate system”
(Johnston et al., 1999). In October 2006, the UK government released a report on climate change
compiled by Sir Nicholas Stern, the head of the UK Government Economic Service and the
former chief economist of the World Bank. The report concluded that the world had to act now
on climate change or face devastating economic consequences. (Stern, 2006)

In any GHG emissions mitigation effort, the first steps are focused on conservation,
renewable energy and improvements in the energy efficiency. However, those approaches cannot
reduce the emissions to the level that is needed in order to stabilize the concentrations of GHG in
the atmosphere, especially when the demand of energy is growing globally.

A new approach, carbon sequestration, involves the capture and secure storage of carbon
that would otherwise be emitted to or remain in the atmosphere. “It offers the promise of a
reasonable compromise- fossil fuel resources can be used but at a slightly higher processing cost
in order to reduce net GHG emissions per unit of energy use by 80~100%.”("Carbon
Sequestration Technology Roadmap and Program Plan," 2006) The research on pathways to CO,

sequestration/storage in the Department of Energy (DOE)’s Carbon Sequestration Program are



include the following areas ("Carbon Sequestration Technology Roadmap and Program Plan,"
2006):

1. Oil and gas bearing geologic formations

2. Unmineable coal seams

3. Saline formations

4. Sequestration of CO; in Geological Formations

5. Basalt formations

6. Organic-rich shale

7. Mineland closure/reclamation

8. Ocean sequestration

Approximately 1 billion tones of carbon (GTC)/yr by 2025, and 4 GTC/yr by 2050 need
to be sequestered in order to meet the goal adopted by Intergovernmental Panel on Climate
Change (IPCC) of stabilizing the atmosphere at about 550 ppm CO, (Brewer, 2000). The goal
for the Carbon Sequestration Program by 2012 is to develop technologies that can capture and
store 90% of the carbon in the fuel fed to a power plant or other energy system, and after 100
years, less than 1% of the injected CO; has leaked. These sequestration techniques would also
only add less than a 10% increase in the cost of energy services. ("Carbon Sequestration

Technology Roadmap and Program Plan," 2006)

1.4.1 Oceanic Sequestration of CO,

Ocean sequestration of CO, research has been a part of carbon sequestration research.
(Handa, 1990; Ormerod, 1996a; Ormerod and Angel, 1996b; Wong and Hirai, 1997) The main

purpose of R&D in ocean sequestration within Carbon Sequestration Program at National Energy
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Technology Laboratory (NETL) is to gain a better understanding of ecosystem dynamics at
elevated CO; concentrations. The research pathways are mainly focused on deep ocean injection
technology and the use of hydrate to increase permeance. Due to the concerns on the cost of
delivering CO, 500 meters or deeper below the ocean surface, the permanence of injected CO,,
and possible negative effects on the deep ocean ecosystem, ocean sequestration research is
currently being phased-out in the Carbon Sequestration Program at NETL ("Carbon
Sequestration Technology Roadmap and Program Plan," 2006). While direct injection strategies
are no longer emphasized, the fundamental understanding of the physical and chemical behavior
of CO, droplets and CO, hydrate under high pressures and low temperatures (simulated deep
ocean situation) that have been obtained through this project is very meaningful. This knowledge
can be used to determine the fate and impact of any CO, leakage from sub-sea geologic storage
sites or releases from natural vents into the deep ocean or deep lakes.

If CO; enters an aqueous environment at depths of less than 500m, carbon dioxide exists
as a gas at ambient pressures and temperatures, and the bubble plumes created will rise with
most of the gas dissolving but some possibly escaping to the atmosphere. At depths between 500
m and 3000 m, carbon dioxide exists as a positively buoyant liquid. It will likely form a droplet
plume which is covered by a film of hydrate. Hydrates could lock-up the injected CO,, which
will increase the permeance of CO, sequestration and greatly decrease the contact between the
stored CO, and ambient aquatic life; however, the hydrate could also slow the dissolution
enough to allow more of the CO; to reach shallower depths and possibly the atmosphere. Below
3000 m, CO; is a negatively buoyant liquid plume and will form a lake of liquid CO, on the sea

bottom with hydrate on the surface (Johnston et al., 1999).
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In general, the retention time for CO, deposited in the ocean is considered a function of
the depth where it is discharged (Wong and Matear, 1993). There are considerable variations
and uncertainty in likely residence times because the models (Bacastow et al., 1995; Ormerod,
1996a) used to predict these times depend upon the data used to tune them and upon the accuracy
of factors describing physical and chemical phenomena.

The possible environmental impact of elevated CO, concentration in ocean also needs to
be fully understood. Experiments have shown that some fish are able to detect and avoid a CO,
plume. Others have shown that sessile marine organisms contacted by a CO, plume experience

high mortality rates ("Carbon Sequestration Technology Roadmap and Program Plan," 2006).
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20 LITERATURE REVIEW

21 HYDRATE THERMODYNAMICS

With the knowledge of the crystal structure of hydrates, which was discovered by von
Stackelberg and co-workers via X-ray diffraction in the early 1950s, a statistical thermodynamic
model was proposed by van der Waals and Platteeuw (vdWP model) (van der Waals and
Platteeuw, 1959). In this model, the chemical potential of water in the hydrate phase was
developed using a Langmuir adsorption model. Saito et al (Saito et al., 1964) first used the vdWP
model to systematically predict hydrate formation temperatures and pressures. Their approach
was extended by Parrish and Prausnitz (Parrish and Prausnitz, 1972), and later substantially
simplified by John and Holder (John and Holder, 1981). The vdWP model coupled with
simplified Parrish and Prausnitz algorithm has been used widely during the last 30 years (Sloan,
1998; Sparks et al., 1999; Zele et al., 1999; Balloard and Sloan, 2002; Lee and Holder, 2002;
Klauda and Sandler, 2003; Sloan, 2003a)

The approach is split into two parts: (1) a statistical part and (2) a classical part. The

method for predicting equilibrium is based on the criterion that at equilibrium g, = 1, , where
M, 1s the chemical potential of water in the hydrate phase, and g, is the chemical potential of
water in the water rich or ice phase. Using 4, the chemical potential of water in an empty

hydrate lattice, as the reference state, the condition for equilibrium can be written as
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Apy = Apy,, where Apy, = p, —p,, and Apy, = p, — gy, (Holder et al., 1988). Below the

calculation of these two parameters is discussed.
2.1.1 Calculation of Ay,

The original vdWP model was based on the following assumptions (van der Waals and
Platteeuw, 1959):
1. Each cavity can contain at most one gas molecule.
2. The interaction between a gas and water molecule can be described by a pair
potential function, and the cavity can be treated as perfectly spherical.
3. The gas molecule can freely rotate within the cavity.
4. There is no interaction between the gas molecules in different cavities, and the gas
molecules interact only with the nearest neighbor water molecules.
5. The free energy contribution of the water molecules is independent of the mode of
dissolved gases (the gas does not distort the hydrate lattice).
The equilibrium model developed by van der Waals and Platteew results in the following
expression for calculating Ay, :
Auy =-RT Y v, 1n[1—29ﬁJ (2.1.1)
J.cavities i

Where, vj is the ratio of j-type cavities present to the number of water molecules present

in the hydrate phase and
C.f
6, = 4 (2.1.2)
1+ CLf,
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where, C;; is the Langmuir constant for species 1 in cavity j; f, is the fugacity for the hydrate

forming species; 0;; is the fraction of j-type cavities, which are occupied by i-type gas molecules.
The Langmuir constant is determined by integrating the gas-water potential function over the

volume of the cavity.

w
C. = av 2.1.3
f kBTVj P (2.1.3)

where kg is Boltzmann’s constant, V. is the volume of the cavity available to the enclathrated
gas molecule, and W is the potential energy of interaction between the gas and the surrounding
water molecules. The greater the potential interaction, the larger the Langmuir constant is. The
Langmuir constant is a measure of the strength of the hydrate forming “ability” of the guest. The

larger the Langmuir constant, the lower the pressure required to form hydrates will be.

The Langmuir constant calculation

There are three approaches to calculate the Langmuir constant.

(1) Smooth cell Langmuir constant, C

The Lennard-Jones Devonshire (LJD) theory was applied by averaging and uniformly
distributing the pair potentials on a single spherical surface for each cage to obtain a cell
potential W(r). Van der Waals and Platteeuw (van der Waals and Platteeuw, 1959) originally
used the Lennard-Jones 12-6 potential to represent the interaction between enclathrated molecule
and water molecule in hydrate lattice. McKoy and Sinanoglu (McKoy and Sinanoglu, 1963)

suggested using the Kihara potential function, which gave better results for larger polyatomic

15



and rod-like molecules. The Kihara function is still used on a semi-empirical basis by most
investigators today.
The Kihara core pair potential for the gas-water interaction is

I'(x)=o x<2a

F(x) = 4el(- _C’zg)12 —( )] x>2a (2.1.4)

where I'(x) is the potential energy of binary interaction at a distance x between the gas molecule

and the water molecule; a is the radius of the spherical core; o is the core to core distance at
zero potential; ¢ is the depth of the intermolecular potential well.

The averaging is over both spherical angles (€ and ¢). In this case, a smooth cell

potential, WW(r), is obtained, which is independent of angular coordinates.

O'12 a 0'6 a
Wry=2z¢) |50+ L5 |- T [ 544 250 215
") Zg[R“r( TR j Rsr( TR ﬂ (15
| o -
5N=_K1_L_£j _(Hi_i) } 2.1.6)
NU R R R R

where, N is 4, 5, 10 or 11, indicated in Equation (2.1.5); z is the coordination number of the
cavity; R is the free cavity radius; r is the distance of the guest molecule from the cavity center.
One of the original assumptions of the vdWP theory was that only nearest neighbor water
molecules (first shell) had an effect on the energy of the enclathrated gas molecule. John and
Holder (John and Holder, 1982) found that the interaction between enclathrated gas molecule
and more distant water molecules in the hydrate structure (the second and third shells) are
significant and could influence hydrate equilibrium prediction to a large extent. The smooth cell

Langmuir constant was redefined as
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C*

Yrdr (2.1.7)

_4r R Wi(r) + Wy (r) + Wi(r)
L

0 KT
where W;, W», and W; are smooth cell potential contributed from the first, second and third shells
respectively.

(2) Aspherical Correction factor method — Q* method

The original vdWP theory assumed that water molecules are uniformly distributed over a
spherical hydrate cavity. But a degree of spherical asymmetry exists in all cavities, especially for
the large cavity, and that asymmetry also exists in the guest molecules, such as butane. In order
to predict correct equilibrium pressures, researchers arbitrarily adjusted the values of Kihara
parameters to fit the experimental data. This approach resulted in the adjusted Kihara parameters
not agreeing with those from second virial coefficient and viscosity data. John and Holder (John
and Holder, 1985) developed a perturbation type parameter, Q, an aspherical correction factor,
to incorporate aspherical elements into a generalized approach while using Kihara parameters
from viscosity and second virial coefficient data. The true Langmuir constant C was represented
by

C=0'C’ (2.1.8)
where C is represented in (2.1.7). The corresponding states correlation for O* was hypothesized

to be:

o)

where a,and n are empirical parameters which depend on the particular cavity, and o is the

acentric factor. This correlation is empirically intuitive and empirically postulated and is not

derived from the first principle. The values of a,and n were determined by forcing agreement
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between experimental data and calculated results for

correlations.
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Figure 3. The Q* correlations (John et al., 1985), reprinted with permission from Wiley InterScience

(3) Molecular simulation of the configurational properties

Monte Carlo molecular simulation of gas hydrate was first carried out by Tester et al

(Tester et al., 1972). Holder and Hwang (Hwang et al., 1993) evaluated Langmuir constants

through molecular dynamics (MD) with the assumption that the lattice was rigid. Their results

indicated that an average hydrate guest molecule was confined to the central area of the hydrate
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cavity. Sparks et al (Sparks et al., 1999) performed Monte Carlo and multidimensional
quadrature integrations for the water clathrate cavity with accounting for the asymmetries of the
host lattice by using complete crystallographic structural data, including multiple shells effect.

They found that the Lennard-Jones Devonshire approximation gives quantitatively correct results
for smaller guest molecules (o < 3.0 A), but has big deviations for larger guest molecules (o >

3.0 A ). They also calculated O* (C/C*) and one of their results was shown in Figure 4. The O*
obtained in their work is theoretical, compared to John and Holder’s results which was obtained
by fitting experimental P-T data. However, it should be note that the empirical correlation and
theoretical results display similar patterns, notably the reduction in Q* with ¢ and ¢ .

It is clearly illustrated that two Kihara parameters, @ and o, which are directly related to
the size of the guest molecule, have very strong effect on Q* factor. The greater the guest
molecule size, which is reflected in bigger a and o, the smaller the O* will be (the lattice is more

distorted).
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Figure 4. Theoretical Q* vs. ¢ (Sparks et al., 1999). Reprinted with permission from American
Chemical Society

2.1.2 Calculation of Ay,

The classical thermodynamic hydrate model uses the following equation for calculating

Au, ,

Tp

i, Aw,” f A,
Au,, Au _J-h

RT?

AV,
RT

dP-Ina, (2.1.10)
RT  RT,

P
dT+j
0

TH
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The terms Ahw and AV, are the molar enthalpy and volume differences, respectively,

between the empty hydrate and liquid water phases. Au. is the chemical potential difference

between the theoretical empty hydrate and liquid water at its reference state (273.15 K, 0 kPa).

The temperature dependence of the enthalpy difference is given by

T
Ah, = A"+ j AC, dT (2.1.11)

Ty
where Ak is the reference enthalpy difference between the empty hydrate lattice and pure water
phase at the reference temperature. AC, is the heat capacity difference between the empty

hydrate lattice and the water phase, and it can be evaluated by the following relationship (Holder

et al., 1988)

AC, =AC) +b(T-T,) (2.1.12)
where ACEW is an experimentally determined reference heat capacity difference, and b is a
constant fitted to the experimental data. (Holder et al., 1988)

The greatest uncertainties in this calculation are the values of Ax’ and Ah’. Several

methods have been suggested for obtaining these reference properties. Mainly there are two
ways:
1. Experimental method: Using compositional data on cyclopropane hydrate which
forms structure II hydrates at 273.15 K, values of Axu, (=Au, ) can be obtained.
Since cyclopropane only occupies the large cavity, the following modification of
Equation (2.1.1) is obtained:

Au, =—RTv, In(1-6,) (2.1.13)
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The right hand side of this equation can be calculated by measuring the overall

composition of the hydrate, which gives the fraction of the large cavities occupied by
gas molecules (6,). Au) and Ak} can be obtained by minimizing the difference

between the right and left side of Equation (2.1.10) using the experimental values for

T, P, and Au, . While this method is conceptually correct, the results were often
unreliable, because any experimental error in obtaining &, will cause substantial error
in the calculation of Ay . By now, there are two well accepted experimental studies,

one of cyclopropane hydrates by Dharmawardhana (Dharmawardhana et al., 1980;

Dharmawardhana et al., 1981; Holder et al., 1984) with analysis by Holder et al
(Holder et al., 1984) (Ax’= 1299 J/mol, AR’ = 1861 J/mol ), and the other NMR
study of xenon hydrates by Handa and Tse (Handa and Tse, 1986) (A, = 1287 J/mol,
AR’ =931 J/mol). These two sets of reference properties were analyzed recently by

Cao, et al (Cao et al., 2002) using experimental data and ab Initio methods. Cao, et al
(Cao et al., 2002) pointed out that the deviations introduced by the experimental

uncertainties in those two studies were large enough to cause significant changes in

the prediction of dissociation pressures. It was also found that the value of Au was

much more sensitive to the three-phase equilibria prediction than that of Ak (Cao et

al., 2002).

2. Analytical method: Az is calculated from the following equation:

r Ah, PAV,
>, 1n(1—249/.,.)+jroR—T‘;dT —jo P+ Ina,) (2.1.14)

J,cavities i

Au’y
H v _ _RT
RT,
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which is modified form Equation (2.1.1) and Equation (2.1.10). Note that at 7), the

enthalpy term is zero. This requires that the Langmuir constant C be calculated

correctly to set a good value of Ay . This equation can be used with any datum.

Once Az is determined, A4 can be calculated by using Equation (2.1.10).

2.1.3 The Lattice distortion model

When the statistical thermodynamic hydrate model was first developed, the free energy of water

in the empty hydrate lattice ( ,ug) was assumed to be known at a given temperature and this

single value was not, in theory, affected by any enclathrated guest molecule. Based on this

assumption, the vdWP model is able to use Au, (A, = u, — u,) as a constant, independent of

guest molecule and temperature. However, this assumption will require that the molar volume of
the empty hydrate lattice must be equal to the molar volume of the hydrate lattice at equilibrium.
X-ray diffraction (XRD) measurements of several different hydrates discovered that the volume
of the equilibrium hydrate lattice which is directly related to lattice constant did change with
different guest molecules and temperatures as shown in Figure 5 and 6 respectively, (Ikeda et al.,
2000; Hou, 2002), which means there should be an energy change due to this volume change i.e.
lattice distortion.

There are several experimental studies on thermal expansivity of CO, hydrate, Xe
hydrate and CH4 hydrates (Tanaka, 1997; Shpakov et al., 1998; Ikeda et al., 1999; Ikeda et al.,
2000; Takeya et al., 2006). It has been demonstrated that minor lattice parameter changes (i.e.
0.5%) could lead to a significant difference in the prediction of hydrate formation conditions.

This difference could be 15 % at high pressures for methane hydrates. (Balloard and Sloan,
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2002) It is important to incorporate the thermal expansivity effect into the hydrate equilibrium

calculation.
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Figure 5. The change of sl lattice constant vs. Guest size. Reprinted with permission from the
authors (Huo et al., 2002)
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In 1988 Holder and co-workers first questioned the assumption of fixed reference

properties and proposed the idea of lattice distortion (Holder et al., 1988). They suggested that

the reference chemical potential difference, Au, vary with guest molecules instead of using a

single value. Pradhan (Pradhan, 1985) found that the values of Au’ generally increased as the

size of the hydrate forming gas increased by fitting the experimental data while slightly adjusting
the Kihara parameters for some gases. Because the Langmuir constants will be somewhat
uncertain, the conclusions contain a degree of uncertainty that the present work will resolve.
Hwang et al’s calculations supported Pradhan’s work by showing that the total potential
energy changes according to the changes of the unit cell constant by MD simulation (Hwang et

al., 1993). His results showed that the lattice size giving the minimum total energy varied from
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guest to guest. In order to avoid the asymmetry in guest molecules, they restricted their

investigation only on spherical guests. Their results were shown in Figure 7. The “optimum”

lattice constant increased as the guest size increased and varied between 16.8 and 17.4 4. This is

an extremely strong theoretical basis for arguing that the guest size affects the lattice. Since the
degree of “stretching” varies with each guest, the lattice potential, Az, will vary with each
guest.

Lee and Holder (Lee and Holder, 2002) developed a new algorithm to predict hydrate

equilibrium with variable reference chemical potential. If the reference potential changes are due

to lattice volume, then the cavity radius used to calculate the Langmuir constant will also change.
To solve the relationship between A and cavity radius, an empirical correlation (Equation 2.

1.15) was developed by Zele et al, (Zele et al., 1999).

R=A+BxAu (2.1.15)

where Au is in cal/mol, and R is in A. A and B are constants for three water shells of each

type of cavity. In their investigation, they did not account for the asymmetry of the guest

molecule. They assume that the Langmuir constant is only the function of the cavity radius, R,

therefore equation (2. 1.15) relates the Langmuir constant to Az, which makes Ay the only

variable when they fit this to the experimental data. Basically, the value of Ay can be

calculated from experimental data from any guest using the algorithm above, although the

equations are implicit in nature.
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Figure 7. Total potential energy vs. Unit cell constant, structure I1. Reprinted from Hwang et al.
(Hwang et al., 1993) with permission from Elsevier.

In the series of papers published by Klauda, J and Sandler, S (Klauda and Sandler, 2000;
Klauda and Sandler, 2002; Klauda and Sandler, 2003), they proposed a fugacity model for gas

hydrate phase equilibria.
Instead of using ) =ul or Aul =Au’, where Au' =uf -yt =Au’", and
Aul = yfj —py =Aul" (u”? is the chemical potential of water in a hypothetical empty

hydrate lattice), which applies that the chemical potential of water in the hydrate phase is equal

to that in the water or ice phase (xphase) at equilibrium, they proposed to use

ST, P)=f7(T,P), where
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ST, Py = £[(T, P)exp( T

) (2.1.16)

VI (T, P)(P - PP (T))

B(T,P)= P (T, P)ex
S (I, P)=P;"(T,P)exp( RT

) (2.1.17)

vy (T, P)P - P (T))
RT

ST, P)= P (T, P)p:"* (T) exp( ) (ice phase) (2.1.18)

V.E(T,P)(P—P)"" (T))
RT

T, PYy=x,(T,P)y, (x,, TP (T, P)g:*" (T) exp( ) (water phase) (2.1.19)

Note: g refers to a hypothetical empty hydrate lattice; « refers to ice phase; L refers to
water phase. ¥/ is the molar volume of empty hydrate lattice. P:*” is vapor pressure of water
in empty hydrate lattice.

In order to obtain P *“” for each guest, the experimental data of I-H-V and a few data

points in the L-H-V region of each guest hydrate were fitted to the quasi-polynomial form

(Klauda and Sandler, 2000):
In(P:*“?[Pal)= AIn(T) + ? +C+DT (2.1.20)

In their model, “the assumption of a constant crystal lattice for different guests within a
structure, which is not in agreement with quantum chemistry calculations is removed.”(Klauda
and Sandler, 2000) However, in order to avoid a large number of parameters in their model, “the

shell radii were kept constant even though there is a different degree of lattice distortion for each

guest”. (Klauda and Sandler, 2000) This was compensated by obtaining P *“* for each guest

from its experimental data. As Klauda and Sandler also proposed, the fugacity of the
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hypothetical empty hydrate lattice depends upon the guest that occupied the lattice since the
guest also distorts the lattice; in another words, the hydrogen bonds of the hypothetical empty

hydrate lattice are stretched differently by different guests. This means that chemical potential of
the hypothetical empty hydrate lattice at a temperature of 273.15 K and zero pressure, Au!,

which is taken as a reference state, is dependent upon guest molecules. Thus, the models based
on the fugacity of the hypothetical empty hydrate lattice are in principal fundamentally similar as
those based on the variable reference chemical potential proposed by Lee and Holder (Lee and

Holder, 2002).

2.2 MASS TRANSFER MODELS FOR LIQUID CO, DROP IN WATER

Much work has been done on modeling CO, droplets with or without hydrates dissolving in
seawater under various conditions (Aya et al., 1996; Hirai et al., 1996; Teng et al., 1996; Hirai,
1996a; Mori and Mochizuki, 1997; Teng and Yamasaki, 1998a; Teng, 1998b; Holder et al.,
2001; Ogasawara et al., 2001; Anderson, 2002; Brewer et al., 2002; Radhakrishnan et al., 2003;
Gabitto and Tsouris, 2006).

In most cases, dissolution of CO, droplets can be described by two basic mass transfer
models. One is using mass transfer coefficient, 4:

J=HkCs-C) (2.2.1)
the other is using diffusivity coefficient, D:

. dC D
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where j is the flux of CO; in water, § is effective boundary layer thickness; C, —C is the carbon

dioxide concentration difference in the bounder-layer, which is also the driving force. The choice
between the two models depends upon the experimental measurements, which indicates the
approach of using mass transfer coefficient in most cases (Hirai et al., 1996; Ogasawara et al.,
2001; Radhakrishnan et al., 2003; Zhang, 2005; Gabitto and Tsouris, 2006). In the paper of
Zhang, Youxue (Zhang, 2005) , he used a model slightly varied from diffusivity coefficient
model, coupled with correlations of dimensionless numbers to model dissolution rates of CO,
droplets with or without hydrate shell obtained in Brewer’s experimental studies (Brewer et al.,
2002).

Several correlations of mass transfer have been proposed to calculate the mass transfer
coefficient, k. The most commonly used one (Hirai et al., 1996; Radhakrishnan et al., 2003;
Gabitto and Tsouris, 2006) is the following which applies to forced convection around a solid
sphere (Cussler, 1997):

Sh=2+0.6Re"? 8c'"3 (2.2.3)

The dissolution mechanisms of liquid CO; droplets with and without a hydrate shell in
seawater have been studied by three different groups (Ogasawara et al., 2001; Radhakrishnan et
al., 2003; Gabitto and Tsouris, 2006). The mass transfer model for CO, diffusing from liquid
CO; drop is shown in Figure 8 (Ogasawara et al., 2001). The research showed that the flux for
mass transfer from a CO, droplet without a shell and with a hydrate shell can be given
respectively in Equation (2.2.4) and Equation (2.2.5) (Ogasawara et al., 2001):

J=k,(C"=C,)=k,(C,-C,) (2.2.4)

J=ky(Cyp =Cp) =k, (5Cp, =C,) =k (C, =C,) (2.2.5)
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where C” is the CO, concentration in the inner surface of the boundary-layer water which is in

equilibrium with the liquid CO;,; C,, is the CO, concentration in the ambient water; Cj is the CO,
concentration in the liquid CO, drop (= pp, / M o0, =20.5kg/m>); Cp is the CO, concentration

in the inner layer of the hydrate shell; and Cj;, is the CO; concentration in the outer layer of the

hydrate shell; C; is the CO, concentration in the inner surface of the boundary layer; C; is a
function of Cj,. It was defined that C; =sC,,, where s is a constant. k, is a coefficient for mass
transfer through the boundary layer. &, is an overall mass-transfer coefficient &, is a coefficient

for mass transfer through the hydrate shell (Ogasawara et al., 2001).
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Figure 8. Mass Transfer model for CO, diffusing from liquid CO, drop, adapted from Ogasawara et
al (Ogasawara et al., 2001)
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3.0 THESIS OBJECTIVES

The overall objective of this thesis is to develop a better understanding of the physical and
chemical behavior of CO, in the simulated deep ocean situation by studying the phase behavior
of CO; hydrate formation from water and seawater with dissolved CO; and dissolution and mass
transfer of CO; from liquid CO; droplet traveling in seawater. Specifically, the detailed aims are

the following:

Conduct accurate and reliable thermodynamic experiments on formation of
CO; hydrate from single-phase solution with dissolved CO; by developing an
effective experimental procedure and modifying the experimental apparatus.

« Investigate the impact of different factors on hydrate formation, i.e. the CO;
concentration, temperature, pressure, and salinity of the system.

« Develop a thermodynamic model that is specific to Water Rich Liquid-
Hydrate equilibrium based on the classic van der Waals and Platteeuw model
with the lattice distortion effect included at all temperatures.

« Model the mass transfer of CO, from CO, droplet in seawater with and

without hydrate shell using the dissolution rates obtained by direct

measurement in a high-pressure water tunnel.

33



This thesis study provides the information under conditions that attempt to simulate the
natural behavior of CO, as it enters the deep ocean, either through unintentional releases or

through an engineered system.
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40 EXPERIMENTAL STUDIES

41  SINGLE-PHASE HYDRATE FORMATION

Formation of CO; hydrate from a single-phase aqueous solution using only the hydrate former
dissolved in the aqueous phase is the focus of this work. The impact of salinity on Liquid-
Hydrate (LH) equilibrium was also investigated. Most experimental studies, which E. D. Sloan’s
book (Sloan, 1998) documented in detail for different gas hydrates, were conducted under the
conditions in which hydrates were formed from two-phase systems consisting of liquid water and
a hydrate former in a separate gas or liquid phase, i.e., Vapor-Liquid-Hydrate equilibrium (VLH)
and Liquid;-Liquid,-Hydrate equilibrium (L;L,H). Information in the literature addressing the
formation of hydrate from a single-phase solution of hydrate former dissolved in water is limited
(Handa, 1990; Zatsepina and Buffett, 1998; Yang et al., 2000; Holder et al., 2001; Zatsepina and
Buffett, 2001). Prior work done at the National Energy Technology Laboratory (NETL) has
demonstrated that if CO, hydrate forms from a two-phase system of either gaseous or liquid CO,
with water, the hydrate formed was initially less dense than the aqueous solution. This is likely
due to occluded bubbles or drops of CO; in the hydrate clusters. However, if CO, hydrate forms
from a single-phase system, the hydrate formed was initially more dense than the aqueous phase.
In an oceanic water setting, this type of hydrate could transport the CO, farther down the oceanic

water column (Holder et al., 2001).
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In my studies, experimental single-phase CO, hydrate formation research was performed
that compliments and extends previous work (Holder et al., 2001) and also further validates the
thermodynamic model (Zele et al., 1999; Lee and Holder, 2002) that describes the phase
equilibrium of hydrate formation including the distortion of the hydrate lattice. Two-phase
equilibrium between CO, hydrate (H) and a water-rich liquid (L) were experimentally measured
between 273 K and 282 K and at pressures up to 30 MPa. The experiments were conducted both

in water and 35 salinity artificial seawater to study the effect of salinity on the hydrate formation.

4.1.1 Experimental Setup and Procedure

The experiments were conducted in a 100-ml Autoclave Engineers” EZE-SEAL™ laboratory
scale stirred autoclave (Range:0~29.65 MPa). The original air motor for the impeller was
replaced by an electric motor to provide consistent mixing. This reactor provides greatly
improved mixing over the viewcell we used before (Zhang et al., 2003). A stirring speed of 200
rpm was used. This was sufficient to mix the system, as evidenced by a test with soap flakes, but
slow enough to not cause frictional heat to be added to the system from the magnetically-coupled
stirrer.

The pressure transducer used in the experiments was a HEISE® DXD digital pressure
gauge (Accuracy: £0.02% and range: 0~57.71 MPa). The pressure transducer was installed in a
connection at the top of the autoclave stirring assembly (see Figure 9). Installation at other points
on the autoclave required a short section of tubing that would be occasionally plugged with
hydrate. The top connection only required an adapter, which did not experience plugging. An
Omega® RTD (Model: PR-13) with an accuracy of £0.3K within our measured range was used

as the temperature sensor. The entire system was enclosed in a TENNY® T10 temperature
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programmable environmental chamber that could maintain the temperature of interest to within
+0.1 K. Water purified by reverse osmosis and deionization (18 megaohm-cm) and CO, (SFC
grade, 99.99+% purity) were injected into the autoclave through TELEDYND® ISCO precision
high pressure D series syringe pumps. A 260 ml syringe pump (ISCO 260D) was used for
injecting water (flow accuracy of 0.5% of set point, displacement resolution is 16.6 nl, and
pressure range:0~57.71 MPa). A 100 ml syringe pump (ISCO 100DM) was used for CO; (flow
accuracy of 0.5% of set point, displacement resolution of 4.8 nl and pressure range:0~68.95
MPa). The amount of liquid CO; and water injected through the syringe pumps were determined
from the volume delivered. The density for CO, was obtained from the IUPAC International
Thermodynamic Tables of the Fluid State for carbon dioxide at the operating pressure and the
temperature of the pump. Figure 9 shows our experimental setup schematically.

A procedure was developed for completely filling the autoclave with water containing
dissolved CO, to achieve the desired concentration of CO, and at the same time avoid any CO,
trapped inside of the CO; inlet, which could cause erratic pressure spikes by forming hydrates
locally. After estimating the amount of liquid CO, and water needed in order to achieve a certain
concentration at a high pressure (typically at a pressure of 25.51 MPa) in the autoclave, the
autoclave was purged with CO,, and then evacuated using a mechanical vacuum pump. The
autoclave was charged by first adding most of the water through the water syringe pump. The
water entered the autoclave through valve #4 and valve #3. Then the liquid CO, was pumped into
the autoclave through valve #1 and valve #2 by the CO, syringe pump. Valve # 2 and valve #3
were shut off so that the autoclave was isolated from the outside. The fittings at point A and
point B were disconnected with valve #3 and valve #1, respectively. Then the fittings at these

two points were connected with each other shown as the dash line in the Figure 9. The air in the
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newly connected system was purged while valve #2 and valve #3 were kept closed. A small
amount of water was then added through valve #4, point A, point B and valve #2 to the autoclave
to flush any remaining CO; into the autoclave, which otherwise could be trapped in the inlet
tubing. The exact concentration of CO; solution was calculated based on the actual input of
water and CO,. The pressure drop of the system was closely monitored to determine when the
dissolution of the CO; in the water was complete, which usually took six days.

After total dissolution of the added CO,, the system was quickly subcooled to 271 K, and
then heated up to 290 K at the rate of 0.3 K/hr. We call this one cycle. The pressure versus
temperature trace for a typical experiment is presented in the Figure 10. Two repeated cycles are
shown in the Figure 10. Because of metastability in hydrate formation, the hydrate dissociation
trace obtained during heating was used to evaluate the equilibrium point. After completing the
cycles at the highest pressure, the pressure in the reactor was lowered by letting a couple of drops
of solution out of the reactor assuming that the concentration was consistent. Note that this trace
in Figure 10 is not consistent with the formation of ice. Ice formation would cause an increase in
pressure. Ice formation was not observed in the experiments reported here.

The following is the recipe we followed for preparation of salinity of 35.00 of artificial
seawater (1 kg) (Millero, 1996). In Table 2, the actual amount of salts we used in our artificial
seawater is also listed. The MgCl, and CaCl, were purchased as volumetrically diluted salts;

whereas, the small amount of SrCl, was added directly as a powder.
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Table 2. The recipe of preparation of salinity of 35.00 of artificial seawater of 1 kg from Millero
(Millero, 1996) and the actual amount of salts used in our artificial seawater.

Preparation of 35.00 of artificial seawater (1 kg) Our artificial seawater
Salt g/kg mol/kg MW g/kg
NaCl 23.9849 0.41040 58.4428 23.9850
Na,S04 4.0111 0.02824 142.0372 4.0100
KCl 0.6986 0.00937 74.5550 0.6985
NaHCO; 0.1722 0.00205 84.0070 0.1732
KBr 0.1000 0.00084 119.0060 0.1001
B(OH); 0.0254 0.00041 61.8322 0.0257
NaF 0.0029 0.00007 41.9882 0.0031
Volumetric Salts Volumetric Salts

MgCl, 5.0290 0.05282 95.211 5.0278
CaCl, 1.1409 0.01028 110.986 1.1431
SrCl, 0.0143 0.00009 158.526 0.0147
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Figure 10. Pressure versus Temperature history of the two repeated cycles of an experiment in which
hydrates were formed and decomposed in a single phase solution with mole fraction of CO, equal to 0.0163.

In order to determine the equilibrium point from the pressure vs. temperature trace more
accurately, the slope of dissociation curve (dP/dT) versus temperature was plotted as shown in
Figure 11. The peak of curve represents the point of maximum dissociation, but does not
represent the equilibrium for the overall CO, concentration, because the water phase composition
is changed. The minimum in this trace indicates the absence of any further hydrate dissociation.
The equilibrium condition is taken as the minimum point. This produces an estimated uncertainty
of +0.2K. As can be seen in Figure 11, the traces of two experimental cycles are highly

overlapped. In other words, the dissociation point in our experiment is highly repeatable. The
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location of the equilibrium point is indicated in Figure 10 and Figure 11. The concentration of

CO; in the experiment shown in Figure 2 and 3 is 0.0163 (mole fraction).

4.1.2 Experimental Results

We have conducted experiments at seven different concentrations in water solution and three
different concentrations in artificial seawater solution. For each concentration, at least four data
points were collected, except for concentration of 0.0242 in which only two data points were
able to be obtained. For each data point, at least two cycles were completed as indicated in
Figure 10 and Figure 11, and the average values of the temperatures and pressures at the
dissociation points were used as the results. The experimental results in water and artificial
seawater are listed in Table 3 and Table 4, respectively. The average standard deviation of the
temperatures in the experimental results is 0.04 K for the reported values, and the average
standard deviation of the pressures in the experimental results is 0.017 MPa for the reported
values.

The induction time of hydrate formation was also recorded in our experiments. The system
was set at 289 K and then was programmed to cool down quickly to 271K. The initial state of the
system at 289 K was time zero in our measurement. Table 5 and Table 6 lists experimental
hydrate equilibrium conditions and the induction time of hydrate formation from water solutions
and artificial seawater solutions with three different CO, concentrations, respectively. At each
temperature and pressure, the experimental cycle was repeated twice, in some cases, four times.
On two occasions as shown in Table 5, only one cycle was performed. As can be seen in Table 5
and Table 6, the concentration of CO, does not have an obvious impact on hydrate formation. It

was suggested that hydrate formation in pure water is characterized by a strong “memory effect”
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(Sloan, 1998; Uchida et al., 2000; Lee and Englezos, 2006). A considerable amount of structured
water still exists after hydrates dissociate. This residual structured water will promote more rapid
hydrate formation, which was the so called “memory effect” (Sloan, 1998). In the experiments
reported here, a strong “memory effect” does not always exist, even though our system was only
heated up to 289 K, not 301 K which was reported to be the temperature that no structured water
is left in the solution (Sloan, 1998). The salts in seawater solutions did not have obvious impact

on prolonging or reducing induction time of hydrate formation.
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Figure 11. dP/dT versus Temperature for the heating up section of the dissociation of CO, hydrate
into a single phase solution of CO, dissolved in water with mole fraction of CO, equal to 0.0163.
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Table 3. The experimental results for formation of CO, hydrates from various CO, concentrations in
water. The water solution is the only phase present prior to hydrate formation.

CO; concentration (mole fraction) | Temperature, K | Pressure, MPa
0.0163 274 .4 23.45
0.0163 274.3 16.22
0.0163 274.2 9.655
0.0163 274.1 5.449
0.0163 274.1 3.595
0.0163 274.1 1.874
0.0169 275.4 20.44
0.0169 275.0 10.53
0.0169 274.8 8.751
0.0169 274.8 6.704
0.0179 276.4 23.14
0.0179 276.1 16.35
0.0179 275.9 9.344
0.0179 275.9 5.031
0.0179 275.9 3.099
0.0187 277.2 22.00
0.0187 277.2 14.13
0.0187 276.8 7.722
0.0187 276.6 5.659
0.0200 278.8 23.24
0.0200 278.5 16.09
0.0200 278.3 9.293
0.0200 278.0 3.282
0.0200 278.0 2.502
0.0218 279.5 21.97
0.0218 279.3 14.66
0.0218 279.1 8.032
0.0218 279.0 5.957
0.0242 281.1 23.60
0.0242 280.9 15.09
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Table 4. The experimental results of formation of CO, hydrates in various CO, concentrations in
artificial seawater solution (Detailed artificial seawater composition is listed in Table 1.)

CO; concentration (mole fraction) | Temperature, K | Pressure, MPa
0.0180 276.8 19.20
0.0180 276.6 12.95
0.0180 276.6 8.127
0.0180 276.5 5.797
0.0180 276.4 3.544
0.0188 277.7 21.64
0.0188 277.5 14.99
0.0188 277.3 8.274
0.0188 277.1 4.417
0.0197 278.5 21.37
0.0197 278.2 13.62
0.0197 278.1 8.839
0.0197 278.0 4.417

Table 5. The experimental hydrate equilibrium conditions and the induction time for hydrate
formation from water solutions with different CO, concentrations

Experimental cycle number | Temperature, K | Pressure, MPa | Induction Time, hr
Xco, =0.0169
1 275.4 20.46 1.83
2 275.4 20.43 1.50
1 275.0 10.54 2.83
2 275.0 10.55 3.30
3 274.9 10.52 242
4 274.9 10.52 1.83
1 274.8 8.751 2.83
2 274.8 8.751 1.67
1 274.8 6.707 2.83
2 274.8 6.701 1.92
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Table 5. (continued)

¥co, = 0.0179
1 276.5 23.14 1.50
2 276.3 23.14 2.58
1 276.0 16.35 2.05
2 276.0 16.35 5.50
3 276.1 16.35 5.67
4 276.1 16.35 2.17
1 276.0 9.344 3.17
2 275.9 9.344 2.17
1 276.0 5.024 2.83
2 275.9 5.038 14.75
1 275.9 3.099 24.00
¥co, = 0.0200
1 2788 23.24 2.10
2 278.8 23.24 1.88
1 2785 16.09 187
1 2783 9.296 3.43
2 278.2 9.289 1.67
1 278.0 3.285 2.85
2 278.0 3.278 2.33
1 278.0 2.491 2.25
2 278.0 2512 1.87
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Table 6. The experimental hydrate equilibrium conditions and the induction time for hydrate
formation from artificial seawater solutions with different CO, concentrations

Experimental cycle number | Temperature, K |Pressure, MPa

| Induction Time, hr

x=0.0197
1 278.51 21.401 1.83
2 278.47 21.339 2.03
1 278.18 13.638 1.83
2 278.21 13.603 1.87
1 278.13 8.853 4.25
2 278.02 8.825 1.98
1 277.98 4.440 3.93
2 278.03 4.413 5.27
3 277.96 4.399 8.97

x=0.0188
1 277.64 21.621 3.87
2 277.79 21.648 3.63
1 277.45 14.995 6.67
2 2717.57 15.009 3.97
3 277.45 14.975 20.8
1 2717.3 8.274 9.97
1 277.13 4.068 13.4
2 277.15 4.054 10.0

x=0.0180
1 276.84 19.240 2.50
2 276.83 19.157 1.50
1 276.59 12.953 2.50
2 276.68 12.966 2.50
1 276.51 8.116 1.73
2 276.62 8.137 3.67
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Table 6 (continued)

1 276.4 5.783 3.15
2 276.51 5.811 3.85
1 276.35 3.540 7.50
2 276.39 3.547 3.50

Our results obtained in water are compared with CO, solubility in L-H equilibrium
obtained by Yang, et al. (Yang et al., 2000), as the L-H phase diagram we obtained also provided
the CO; solubility information under the L-H equilibrium condition. The results are compared at
two different pressures, 6.10 MPa and 10.44 MPa (see Figure 12 and Figure 13 respectively). It
can be seen that the two results are close but our results are a bit lower than Yang et al’s results.
A possible reason for this is that there is high possibility that in Yang et al’s experiments, some
very small CO; hydrate particles were in the sample they took after the hydrate formation. The
amount of dissolved CO, was measured by expanding the sample in an expansion chamber.
Therefore, if some hydrate particles were hidden inside of the sample, the result of the amount of
CO; in water in equilibrium hydrate would be higher. The evaluation conducted by Diamond and

Akinfiev concluded that “the precision of the measurement was relatively low” in Yang et al’s

experiments. (Diamond and Akinfiev, 2003)
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The comparison between Yang et al’s results and ours verified our results. It showed that

our method provided accurate and consistent values of CO; solubility in L-H equilibrium.

4.2 DISSOLUTION RATES OF CO,; DROP IN SEAWATER

4.2.1 Experimental Setup

The experimental measurements of the dissolution rates of drops of liquid CO; in simulated

ocean situation were conducted by the members of the team (Robert Warzinski, Ron Lynn, and
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Igor Haljasmaa) in National Energy Technology Laboratory. My work consisted of interpreting
this data.

At the National Energy Technology Laboratory (NETL) a unique device was used to
study the behavior of CO, under simulated free rise or free sinking conditions (Warzinski, 2004;
Haljasmaa et al., 2005). This device, the High-Pressure Water Tunnel Facility (HWTF), which
is shown in Figure 14, has been used to measure the rates of dissolution of CO, drops and the
impact of hydrate at various conditions of temperature, pressure, salinity, and dissolved CO,.

The basic operation of the HWTF has been previously described (Warzinski, 2004;
Haljasmaa et al., 2005). It consists of a flow loop that is used to stabilize a rising or sinking
object (bubble, drop or solid particle) in a visual observation section using a countercurrent flow
of water and internal flow conditioning elements that prevent the drop from contacting the walls
in the device (Warzinski, 2000). It also incorporates automated systems for controlling the
position of the object in viewing windows and for measuring and recording the size, shape and
motion of the object. Pressures to 34.5 MPa are possible.

The experimental data reported in this thesis are for rising and sinking (depending on the
density difference between the droplets of liquid CO; and the surrounding solution) CO; (99.5%
purity) drops suspended in a downward flow for rising drops or upward flow for sinking drops of
artificial seawater with salinity of 35 parts per thousand (ppt) that was prepared following the
recipe given by Millero (Millero, 1996). (Salinity is directly proportional to the amount of
Chlorine in sea water.) The same CO, was also dissolved into the artificial seawater in the
HWTF to prepare solutions of seawater with various levels of dissolved CO,. The diameters of
drops in our experiments are around 14 mm. The HWTF has two viewing sections, an upper one

for rising drops and a lower one for sinking drops. The diameter where the drop enters is 7.3 cm
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and tapers to 5.1 cm at opposite end. The diameter of the viewing sections where the observing

windows are located is close to 6 cm. More details can be found in Halijasmaa et al. (Haljasmaa

et al., 2005).

Flow conditioning section

%

Circulation pLD

e

Figure 14. High Pressure Water Tunnel Facility (HWTF) in the National Energy Technology
Laboratory
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4.2.2 Experimental Results

Here we report the data for CO, drops at simulated depths from 500 m to 3000 m, temperatures
from 2°C to 14°C and at dissolved CO, concentrations of 0 wt%, 2 wt% (4.64 mol/m’), 4 wt%
(9.47 mol/m®) and 4.6 wt% (10.96 mol/m®). These data are shown in Figures 15 through Figure
18, respectively. For the data at 0 wt% and 2.0 wt% dissolved CO,, nearly all of the points in
Figures 15 and 16, respectively, are the averages of the results for two or more individual drops.
At the higher CO; concentrations fewer replicate experiments were performed. The error bars in
these Figures represent the standard deviation of the data and in some cases are smaller than the
symbol size. The error bars for temperature represent the deviations between individual
experiments. Within any given experiment the variations in temperature and pressure are
typically less than +0.1°C and +0.01 MPa (+1-m depth), respectively.

The dissolution rates generally decrease with decreasing temperature, increasing depth
and increasing amounts of dissolved CO,. No stable hydrate formation was observed except at
the higher CO; concentrations of 4 wt% and 4.6 wt% at 2500 m and 3000 m simulated depth and
around 2.0°C, although hydrate formation is possible at any of these depths at temperatures
below 10°C. All the drops reported here were rising in the experiments expect for the ones at
3000 m with background concentrations of Owt% and 2wt% dissolved CO,. At 3000 m and
around 4 °C in both concentrations, the drops reached neutral buoyancy where density of the
drops of liquid CO; reached the same value as that of the surrounding solutions. The drops at the
temperatures below this point would sink and at above this point would rise. This point, which
represented neutral buoyancy, was the inflection point shown in Figure 15 and Figure 16.

The dissolution rate data obtained at 0 wt%, 2 wt%, and 4 wt% dissolved CO, were fit to

first and second order polynomials of the form: dR/dt = AT’ + BT + C. Table 7 gives the values
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for A, B and C and the sample coefficients of determination. As evidenced in these data, a linear
correlation fits the individual data sets for 0 wt%, 2.0 wt% and 4 wt% very well with nearly all
R’ values greater than 0.98, except for 3000 m and 2500 m at 0 wt%. We used two polynomials
to fit the data of rising and sinking drops at 3000 m respectively in Figure 15 and Figure 16. The
data sets at 4.6 wt% were not described as well by a first order polynomial which gave R’ values
for the three shallower depths less than 0.50. Inspection of the 4.6 wt% data shows that even
though some curvature of the individual data sets is apparent, all of the dissolution rates are close
to 1.5 pmol/cm’s indicating that the effects of pressure and temperature are minimal at this
higher level of dissolved CO,. The compressibility of the carbon dioxide is significant at these
conditions and this may be the cause of the curvature. Slight changes in temperature or pressure
can cause significant changes in properties. It should also be noted that at some of these
conditions, the background CO, concentration exceeded that which would be in equilibrium with
hydrates. Without hydrate formations at such conditions, this indicates that operation at
metastable conditions is possible.

Also noteworthy is the fact that the only time a stable hydrate shell formed on a drop was
at the highest levels of dissolved CO; (4 wt% and 4.6 wt%). The point at 2 °C and 2500 m in
Figure 18 represents the average of three separate drops. The shell on these drops became visibly
less thick with time, as evidenced by the change from a rough, translucent shell to a nearly
transparent shell in a matter of minutes. While the presence of a hydrate shell may not be
discernable from the transparency of the shell, our visual observations show that when a drop
with a hydrate shell is present in the HWTF the drop surface is more rigid than in the absence of
the shell. That is, it is subject to less distortion (wobbling) by the flow in the HWTF. No

Hydrate shells were observed on any of the drops other than those noted.
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Figure 15. Dissolution rate of CO, drops in 35 salinity artificial seawater as a function of temperature
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Figure 17 Dissolution rate of CO2 drops in 35 salinity artificial seawater as a function of temperature
and simulated depth with 4 wt% (9.47 mol/m?) dissolved CO,.
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Table 7. Regression coefficients and correlation coefficients for the regression of dissolution rate
data: dR/dT= AT*+BT+C

Depth,m | A, 4oL | g _mol o pmol R’
cm“s’C cm°s’C cm’s
No Dissolved CO,
500 0.1315 3.3393 0.9529
1000 0.1368 2.9121 0.998
1500 0.1429 2.4948 0.9944
2000 0.1401 2.1962 0.9983
2500 -0.0079 0.3054 1.1829 0.9942
3000 (sinking) -0.0419 -0.2354 2.7957 0.9826
3000 -0.0134 0.4875 -0.5058 0.9954
2.0 wt% Dissolved CO,
1000 0.1101 2.1369 0.9891
1500 0.1101 1.9657 0.9781
2000 0.1235 1.7072 0.9993
2500 0.1384 1.2664 0.9804
3000 (sinking) -0.1051 0.0635 1.8228 1.000
3000 -0.0125 0.4055 -0.3425 0.9900
4.0 wt% Dissolved CO,
1000 0.0596 1.6333 0.9740
1500 0.0647 1.5133 0.9924
2000 0.0737 1.3117 0.9721
2500 0.0867 1.0031 0.9960
3000 -0.0033 0.1716 0.3015 0.9940
4.6 wt% Dissolved CO,
1000 -0.0062 0.0846 1.4467 0.9684
1500 -0.0034 0.0446 1.5737 0.9970
2000 -0.0052 0.0970 1.2686 0.8689
2500 -0.0027 0.0775 1.1338 0.9614
3000 -0.0098 0.2393 0.1866 0.9962
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5.0 THEORETICAL STUDIES

51 GASHYDRATE THERMODYNAMICS

Since the original and classic van der Waals-Platteeuw (vdWP) model, thermodynamic models
for gas hydrates generally treat the reference properties of the empty hydrate lattice as fixed or
independent of the guest that occupies the hydrate. Since 1989, Holder and co-workers (Hwang
et al., 1993; Zele et al., 1999; Lee and Holder, 2002) have proposed that the correct empty
lattice to use in the model is dependent upon the guest that occupies that lattice and thus the
reference properties should vary from guest to guest. A number of models developed by many
investigators have overtly or more subtly used the variable reference models to predict and/or
correlate experimental vapor pressures.

In this section, the calculation and the comparison of reference chemical potential, Ax’,
using Lee and Holder’s variable potential model and Klauder and Sandler’s fugacity mode were
performed. A semi-empirical method of calculating Ah’, the reference enthalpy difference
between the empty hydrate lattice and pure water phase at the reference temperature, was
proposed. A modified model that specifically applies to Liquid-Hydrate equilibrium was
presented. The calculated results and experimental data collected in our experiments agree very
well. The effect of thermal expansivity of hydrate structure on the results of the calculation was

investigated in the end.
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5.1.1 Calculation of the reference properties (Aux’ and Ax°)

Calculation of Az’
When water is present, at equilibrium,

ST, Py = [ (T, P) (5.1.1)
Au’ was calculated from Klauder and Sandler’s model by using Equation (2.1.16), Equation

(2.1.17), Equation (2.1.20), and Equation (5.1.1). At reference pressure (Py = 0 Pa) and
temperature (7) = 273.15 K), the values of parameters of A, B, C, and D in Equation (2.1.20) of

different guest molecules were from the paper of Klauda and Sandler (Klauda and Sandler,
2000). First, P*(T,,P,) was obtained by using Equation (2.1.20). Second, /”(T,,P,) was
obtained by plugging P:“#(1,,P,) into Equation (2.1.17). The temperature and pressure
dependence of ¥/ can be found in Klauda and Sandler (Klauda and Sandler, 2000). When
hydrates form at Ty and Py, f, (T, F,) =/, (T,,F,). Because at zero pressure, the fugacity
coefficient of water is considered to be unity, £ (7,,B,)=P:*"(T,,F,), which can be calculated
from the Steam Table. Therefore, f(T,,P,))=P*""(T,,P,). Using Equation (2.1.16) with the
values of f”(T,,P,) and f”(T,,P,), we obtained Au'(T,,P,), which also is represented as
Aul.

We also use the variable potential model described in Lee and Holder’s paper (Lee and

Holder, 2002) to calculate Az’ . All the experimental data used in this work were cited from

Lee,’s PhD dissertation (Lee, 1999) and were in the V-L-H region. Tables 8 and Table 9 are the
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comparisons of our calculation results of Az using the Lee-Holder (Lee, 1999) model and the

fugacity model by Klauda and Sandler (Klauda and Sandler, 2000).

Table 8. Comparison of the results of Ayvov calculated using the Lee-Holder (2002) model and the
fugacity model by Klauda and Sandler (2000) for structure | gas hydrates

Gas Diameter of Gas Klauda and Sandler model Lee-Holder model
Molecule Molecules (A) (J/mol) (J/mol)

CH,4 4.36 1931.2 1069.8

H,S 4.58 2637.1 1867.2

CO, 5.12 3639.5 2245.6

C,He¢ 5.50 1939.0 1748.4

Table 9. Comparison of the results of Aufv calculated using the Lee-Holder (2002) model and the
fugacity model by Klauda and Sandler (2000) for structure 11 gas hydrates

Gas Diameter of Gas | Klauda and Sandler model Lee-Holder
Molecule Molecules (A) (J/mol) model (J/mol)
Ar 3.8 Not Determined 1028.6

C;Hg 6.28 1671.4 1489.8
i-C4Hjo 6.50 444 .1 1885.1

From Table 8 and Table 9, Aux’ from Lee-Holder model increases with the increase in

the diameter of guest molecules, except for CO, hydrate. There is no such trend in the results

obtained from Klauda and Sandler model. There is no explanation for the differences in the
reference potential (Ax. ) other than the differences in Langmuir constants which depend upon

the cavity radius which in the Lee-Holder model in turn depend upon the guest. In the Klauda

and Sandler model the cavity radius is treated as constant, as most current models do. What is
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clear is that the calculated potential is extremely dependent on the potential model and the model

parameters.

Calculation of Ah) (AR” %)

From the basic thermodynamic relations, there is

Au Pt
- ﬂ; )——AhW/H (5.1.2)
ar  T1* o

For Klauda and Sandler’s fugacity model (Klauda and Sandler, 2000),

A,

AuP™t = Au”" (T, P), when hydrates form. Hence, can be calculated using the model

p-L
from Klauda and Sandler’s model with the method described before. When we plot Aﬂ+ VS.

p-L
T, the slope is —

;2
At the reference temperature (7p=273.15 K),
Ah, "™t = ARP S + AR (5.1.3)
where Ah,is the latent heat of converting water to ice and is fixed at -6010 J /mol. Knowing
ARD " is equivalent to knowing Ah/,*. In other words, we can obtain Ah/,* using the above

method. In most cases, researchers report the values of Ah”* as the reference molar enthalpy

difference AK .

Ahfj(Ahﬁ “) was calculated by using another method that we developed as follows.

Au’" is calculated by Equation (5.1.4). Equation (5.1.5) is obtained from Equation (5.1.4).
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Al Apl AR PAV,

Py _2Fe _ [ So—ar+ [ edp-iny,x, (5.1.4)
RT  RT, I RT? 0 RT,

AuP™t Apd P AV r Ab, S

B i —I ~dP+1Iny, x, =—I ——dT (5.1.5)
RT  RT, % RT T, RT?

At Vapor-Liquid-Hydrate (VLH) equilibrium,
ApP ™ = AP (5.1.6)
Plugging Equation (5.1.6) into Equation (5.1.5), after obtaining the derivatives of the

both sides of Equation (5.1.5), we obtain Equation (5.1.7) as the following:

AP AU P AV A S
OBk Ak, [P aping,x, =T (5.1.7)
oT\ RT  RT, % RT RT?

0

Au,, . . . . .
Because —* is a constant for a given gas hydrate, the equation can be further simplified
0

as follows:
AuP1 AV Ab PE
LA "2V ptny x| (5.1.8)
oT| RT o RT e RT?
T

Since Akt = ARPE + AR + jT AC,, dT, (5.1.9)
S (Aul Ay M,/ + Ay + [ AC,,dT
0 [ Awy, ‘f » dP+Iny, x, |=— d (5.1.10)
oT\ RT o RT RT?

where AC,, is the heat capacity difference between the empty lattice and the water phase.

Finally, we have the following relationship:

T
; Ah, " +| AC,,dT
AuP P AV, Ah "0 m
0 [ Auy - P +iny,x, — Ay Ty (5.1.11)
oT\ RT o RT R T, T RT?
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p-a (T
Ao + | AC,,dT

The slope of AU vs. Tis —

RT? ’
where,
AuP P AV Ah
NI dP+iny x, ——t L _ 1) (5.1.12)
RT 0 RT R T, T

We define that AU could be represented by the polynomial: aT> +bT +c, where a, b,
and c are parameters fitted to the data points that were calculated from the experimental data. For

temperatures that are lower than Ty, Aj , is zero in Equation (5.1.11). Therefore, for the whole

temperature range,

T
Ah, "+ AC,,dT
- 0 =2aT +b 5.1.13
ITE ( )

and at 7y,
ARS* =—(2aT, + b)RTy . (5.1.14)
Figure 19. shows AU vs. T for CHs gas hydrates with the data from the temperatures
above and below 7). This plot shows that AU vs. T can be fitted smoothly by quadratic
polynomial. Similar trends were found for other gases. These mean that the integral (Equation
(5.1.15)) is a simpler, but more accurate method of calculating the contributions of the

temperature difference.

b+ [ AC,,dT
T w,0 P

- - dT =aT? +bT +c¢ (5.1.15)
Ty RT

0
pw?

Previous models use heat capacities, AC, , of somewhat dubious accuracy; but the

experimental data show that the heat capacity is not needed here (Although it could be calculated

as —2aRT,(b+3aT,)).
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Table 10 and Table 11 compared our results of Ak’ using the method developed here
and the values derived from Klauda and Sandler (Klauda and Sandler, 2000). Note that Az’ is a
constant and does not have any impact on obtaining the value of AA). Ak varies with

encapsulated guest. The values reported are at T (273 K). The value of Ay’ for i-C4Hjo from

Klauda and Sandler seems inconsistent with the change of the size of guest molecules.
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Figure 19. AU vs. Temperature of CH, gas hydrates
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Table 10. Comparison of our results for A% and the values derived from Klauda and Sandler's
model for structure I gas hydrates

Gas Diameter of Gas | Values calculated from This work
Molecules | Molecules (A) Klauda and Sandler (J/mol)
(J/mol)
CH4 4.36 2194.1 1429.4
C,Hg 4.58 2164.3 1557.5
H,S 5.12 3013.9 1670.3
CO; 5.50 3863.5 1409.1

Table 11. Comparison of our results for Ak’ and the values derived from Klauda and Sandler's
model for structure Il gas hydrates

Gas Diameter of Gas Values calculated from Klauda This work
Molecule Molecules (A) and Sandler (J/mol) (J/mol)
Ar 3.8 Not Determined 1666.6
CsHg 6.28 2186.7 1960.1
1-C4Hy 6.50 681.1 1544.2

From Table 10, Ak} from Lee-Holder model increases with the increase in the diameter

of guest molecules, except for CO, hydrate, like the behavior of Au’ shown in Table 8. There is

no obvious trend in the results obtained from Klauda and Sandler model. The trends for both

models are not obvious for sII gas hydrate shown in the Table 11.
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5.1.2 Liquid-Hydrate Phase Equilibrium

The two-phase (L-H) thermodynamic model was based upon the variable chemical potential
model (Lee and Holder, 2002). For the water species in the hydrate phase, the value of Ay (the

chemical potential of water in the hydrate phase) is obtained by using the following equation:

w=—RT ) v, 1n[1—29ﬂj (2.2.1)

Jjscavities

where, v; is the ratio of j-type cavities present to the number of water molecules present in the

hydrate phase and
C.f.
Q = I 2.1.2
Ji 1 + Zcﬂf; ( )

where, Cj; is the Langmuir constant for species i in cavity j; f, is the fugacity for the hydrate

forming species; 6; is the fraction of j-type cavities, which are occupied by i-type gas molecules.
The value of Az (the chemical potential difference of water in the water-rich phase) is calculated

from the following equation (Holder et al., 1988):

Ay _Aw’ f
RT  RT, RT?

dr + j AV P —ngr x,) (2.1.10)

The terms Ahand AV are the molar enthalpy and volume differences, respectively,

between the empty hydrate and liquid water phases. X, is mole fraction of water in the water-rich
phase. y, is the activity coefficient for water, which was usually taken to be 1.0 when only water

and gas systems are studied due to the low solubility of gas in water (Holder et al., 1988).

Although solubility of CO, in water is higher than hydrocarbons, in many cases, the activity
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coefficient for water is still taken as 1.0 for the simplicity to the calculation (Yang et al., 2000;

Sun and Duan, 2005).
At equilibrium, Ay = Agy, hydrates can form. The first two terms of Equation (2.1.10)
on the right represent Ay, (T, P = 0), the chemical potential difference at a fixed temperature and

zero pressure. At a fixed temperature, hydrate forms from single-phase solution. The following

relationship is obtained (Zhang, 2003):

_ ZVJ'“{ Zeﬂ} Ay p 0)+j —dP—ln(x) (5.1.16)

J,cavities

At VLH equilibrium, the following relation is obtained:

-2 1n( Zé’"ﬂl e p=0)+ [ S ap et (5.1.17)

Jscavities

Subtracting Equation (5.1.17) from Equation (5.1.16), following equation is obtained:

1- 0.
- ZV In| — Z:: : P AVdP X, -
J ,cavities g 1- Z eji VLH P RT (5 . 8)

Since for single hydrate species, it has the following relationship:

20 g, aac, (5.1.19)
1_Z€AZLH l_eVLH 1+Cﬂf‘l
Combining Equation (5.1.18) and (5.1.19), the following equation is obtained:

1 f;l‘at [;[ (P _ Psat)
+
Cﬂf[VLH f,-VLH exp{ RT J AV(P_PVLH) x (5.1.20)

Zvjln = —ln( VXHJ

s RT X

J —g +1 w
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where, P and f™ are the pressure and corresponding fugacity of the CO,, which are required

to dissolve the experimental levels of CO; in the water phase at the given temperature. The
solubilities of CO, in water at different temperatures and pressures were calculated from

Diamond’s model (Diamond and Akinfiev, 2003). The exponential term is the Poynting

correction (Prausnitz et al., 1999) to f*“ giving the fugacity at pressure P. Vl is the partial

molar volume of CO; in liquid water. xVHH is the mole fraction of water in the water-rich phase
at VLH equilibrium. It was calculated as the following:

XV g = x (5.1.21)

where x/;, is the solubility of CO; at the temperature of interest and at VLH equilibrium.

Equation (5.1.20) can be solved for the pressure. In this approach, reference state
properties are not directly relevant, but Ax’ was used in calculation of Langmuir constants. We
used the empirical correlation between the shell radii of all cavities, R, and Au’ developed by
Zele et al (Zele et al., 1999; Lee and Holder, 2002) as shown in the following:

R=A+BxAu (2.1.15)

where A and B are constants for three water shells of each type of cavity. The values of A and B
are listed by Lee (Lee and Holder, 2002). The Langmuir constants were calculated as the

following (John and Holder, 1982; Lee and Holder, 2002):

o O G GRG

2
7 Pt T ydr (2.1.7)

where W,(r), W,(r), and W,(r) are smooth cell potentials of the first, second, and third shells

based upon the Kihara potential function.
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The values of the pressures from Equation (5.1.20) can be easily compared to those

obtained in our experiments. Further simplification was also applied as following:

sat sat

P )

In many cases, C;, f;>>1, fV[‘H = prui and LA
i i

w

11
—_

Then, the following simplified equation is obtained:

P (P =Py || AV(P -P™M)
ZV]. In| ——ex =
— 7 p RT RT

(5.1.22)

In this equation, P is the dissociation point of hydrates formed from single-phase
solutions, which is the unknown variable. The values of all the other variables can be obtained

from either experiments or literature data. Note that we used 32 cm*/mol (Holder et al., 1988) as

the partial molar volume, V;, of the CO; gas in our calculations for all the concentrations expect

for the concentration of 0.0163 where the value of 30 cm’/mol was used to better represent the
trend of the experimental results. Figure 20 presents the comparison of experimental and

predicted data that are calculated by Equation (5.1.20).
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Figure 20. The comparison of experimental results and calculated results from our model for CO,
hydrate formed from single phase water solutions with various CO, concentrations The literature data
(Sloan, 1998) on VLH and L;L,H equilibrium were also shown. Note that the concentrations of results are
shown from left to right: 0.0163, 0.0169, 0.0179, 0.0187, 0.0200, 0.0218 and 0.0242.
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It can be seen in Figure 20 that the calculated results from our model fit the experimental
results well. It is very clear that for a given CO, concentration, the equilibrium temperature for
hydrate stability increases with pressures. At constant temperature, the equilibrium pressure for
hydrate stability decreases with increasing CO, concentration.

In Figure 21, the results of using simplified model Equation (5.1.22) and rigorous model
Equation (5.1.20) are shown. It is clear that the simplified the model can provide very good
estimation of the equilibrium pressures, especially when the concentration of CO, is low. At low
concentrations, such as 0.0150, 0.0160, the results from simplified and rigorous model almost
overlap each other. The maximum discrepancy is no more than 6% at the highest pressure. The
discrepancy between the simplified and rigorous model increases when the concentration of CO,
increases, and it also increases with the pressure. As expected, at higher pressures, the error
attributable to using pressure to replace fugacity gets greater. When this simplified model is used
on systems with concentrations no higher than 0.0190 and the pressure no higher than 55 MPa,
the average error is less than 12% and the maximum error is less than 20%. This simplified

model can therefore provide a quick estimation of the system behavior.
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Figure 21. Comparison of the results from using the simplified model Equation (5.1.22) and rigorous
model Equation (5.1.20) for CO, hydrate formation in a water system. Literature data (Sloan, 1998) on VLH
and LL,H equilibrium are also shown. Note that the concentrations of calculated results are shown from left
to right: 0.0150, 0.0160, 0.0170, 0.0180, 0.0190, 0.0200, 0.0210, 0.0220, 0.0230 and 0.0240.
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When it comes to the calculation of hydrate formation from seawater, the activity

coefficient of water, y,, needs to be included and the following Equation (5.2.8) was used.

1 f;.?ﬂl VI (P _ Psat)
o T v SXP RT VL
Cif: Ji AV (P —P"™) VX (5.1.23)
ZV/ In| I = RT —In  VEH (VL
J W +1 w w
jiJi

Margules expressions for the activity coefficient of water in systems containing inhibitors
were used (Holder et al., 1988). Figure 22 shows that calculated results fit our experimental
results very well in artificial seawater system. The VLH equilibrium data of CO, hydrate
formation in artificial seawater were obtain from Dhelabhai (Dhelabhai et al., 1993). The
solubility of CO, in seawater was obtained from Duan’s program (Duan and Sun, 2003; Duan,
20006)

The effect of salinity on the formation of CO; hydrate from solutions with dissolved CO,
was also studied. We compared the calculated results of mole fraction of 0.0180 of CO; in water
and seawater solutions in Figure 23. As can be seen, for the same concentration, and the same
pressure, CO, hydrate forms at a higher temperature in seawater than in water with dissolved
CO;. In other words, salts in seawater serve as promoters rather than inhibitors in this situation.
This is not the result that most people would have intuitively expected, because it is well known
that salts are inhibitors to hydrate formation, not promoters. However, this is only true when
hydrate forms from a two-phase system which means excess gas exists. As Zatsepina and Buffett
pointed out (Zatsepina and Buffett, 1998), when hydrate formed from a single-phase system
which means the gas was totally dissolved, the salts lower the solubility of hydrate-forming gas

in the water. Thus, at the same concentrations of CO;, the fugacity of CO; is higher when salts
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are present and hydrate formation is promoted. Therefore, CO, hydrate can form at a lower

concentration in seawater than that in water.

60.000
50.000 4 seawater x=0.0197
x=0.0188 ® seawater x=0.0188
QCC_S 40.000 A seawater x=0.0180
=
R model x=0.0180 seawater
(&)
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n =0. =0.
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0.000 T T T
274 276 278 280
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Figure 22. Comparison of experimental results and calculated results from the model for CO,
hydrate formed from single phase artificial seawater solutions with various CO, concentrations (Literature
data of VLH equilibrium of CO, hydrate formation in seawater are shown (Dhelabhai et al., 1993).
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Figure 23. Effect of salinity on the formation of CO, hydrate from the solutions with dissolved CO,,
The insert illustrates the relationship of VLH and LH of CO, hydrate in seawater and water.
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The equilibria data shown in Figure 20 and Figure 22 represent the solubility of carbon
dioxide hydrate in a water phase and if a constant aqueous composition LH curve is extrapolated
to the three-phase VLH curve, the composition characterizing the LH curve also represents the
solubility of carbon dioxide in water at the VLH conditions. Table 12. lists the solubility of CO,
in water at VLH equilibrium obtained by extrapolating our experimental results to the VLH
curve. Since the solubility of carbon dioxide in water at hydrate- forming conditions is difficult
to obtain, this method provides an excellent way of indirectly measuring this three-phase
solubility. Figure 24. compares the three-phase solubility obtained from our experimental results
with the calculated results from the models in the literature (Holder et al., 1988; Anderson, 2002;
Diamond and Akinfiev, 2003). It can be seen that our experimental solubility fits the predictions
from Anderson’ s model and Diamond and Akinfiev’s model well. It appears that the prediction
from Holder et al’s model has relatively great discrepancy with experimental results compared to

the other two models.

Table 12. Solubility of CO, in water at three-phase VLH equilibrium obtained by extrapolating our
experimental results to the VLH curve

T (K) Solubility of CO; in water, mole fraction
274.1 0.0163
274.4 0.0169
275.7 0.0179
276.5 0.0187
278.0 0.0200
278.8 0.0218
280.2 0.0242
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Figure 24. Our experimental results of solubility of CO, in water at VLH equilibrium are compared
with calculated results from the literature (Holder et al., 1988; Anderson, 2002; Diamond and Akinfiev,
2003).
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Our model can also be used for prediction of other gas hydrates, for example, methane
hydrate. In Figure 25, the methane hydrate LH equilibrium was calculated at three different
concentrations. The solubility of methane hydrate was obtained from Duan’s program (Duan and
Zhang, 2006a). The literature data on VLH of methane hydrate were obtained from Sloan’s
book.(Sloan, 1998). Based upon the accuracy of the CO; calculations, the LH methane hydrate

predictions are expected to also represent any experimental data quite well.
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Figure 25. Prediction of LH equilibrium of methane hydrate at three different concentrations of
methane in water by using Equation (5.1.20) Literature data of VLH equilibrium of methane hydrate
formation in water are shown (Sloan, 1998).

5.1.3 The impact of thermal expansivity on the calculation

The temperature impact on hydrate lattice stretching was also investigated in our study. There

are several experimental studies on thermal expansivity of CO, hydrate, Xe hydrate and CHy

80



hydrates (Tanaka, 1997; Shpakov et al., 1998; Tkeda et al., 1999; Ikeda et al., 2000; Takeya et al.,
2006). It was found that inclusion of the guest molecule was the reason for the large thermal
expansivity of gas hydrates compared to that of ice (Tanaka, 1997). In this study, we

incorporated the thermal expansivity factor into the calculation of Langmuir constant as

following:
4R _R da (5.1.24)
dT  a dT

where R is the cavity radius; Ry is the cavity radius at reference temperature (7 =273.15 K); a is

lattice constant.

R (T da
R(T)=Ry+—| —dT 5.1.25
(N)=Ry+— ] = (5.1.25)

where d_aT is derived from the following correlations for the lattice constant is a function of

temperature.

0
For Xe hydrate, a(T)(4)=11.833+4.9692x107°T +1.7966 x10°T* (Ikeda et al., 2000)
0
For CO, hydrate, a(T)(4)=11.818 +4.2451x107°T +2.1238 x107° 7% (Ikeda et al., 2000)

0
For CH, hydrate, a(T)(A4)=11.84+5.39x107°T +1.78x107°T* (Shpakov et al., 1998)

Define a(T)=y +aT + fT?, then

R(T)=R, +§[a(T—TO)+ﬁ(T2 —TOZ)] (5.1.26)

Ry is calculated using the correlation developed by Zele, et al. (Zele et al., 1999; Lee and Holder,
2002):

Ry=A+BxAu’ (2.1.15)
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where A, B are constants for the three water shells of each type of cavity, which are listed in

Table 1 of Lee’s paper (Lee and Holder, 2002).

The ratio of LS was obtained from Table II of the papers of John, et al (John and Holder,
a

1985) and Holder et al (Holder et al., 1988). The cell radius for each different cavity was used as
R (Holder et al., 1988) and a cell constant of 12.0 A for structure I and 17.31 A for structure II
were used as a (John and Holder, 1985).

Table 13 shows the results for A%’ calculated using the method we developed in this

work with the inclusion of the thermal expansivity in the calculation. The results are also

compared with the values that were calculated without including thermal expansivity.

Table 13. The comparison of Ahg calculated with and without the inclusion of thermal expansivity
of gas hydrates using the method developed in this work. Ahg_l was calculated without using thermal

expansivity and Ahg, _2 was calculated with thermal expansivity

Guest molecule AR) 1, J/mol AR} 2, J/mol
CH4 1429.4 1300.7
%AAD 2.44 2.42
CO, 1409.1 1748.8
%AAD 3.61 3.63
Xe 1164.3 986.6
%AAD 2.56 2.59

abS(Pexp erimental "~ Pculculated )) %100

1
Note: %0AAD =(—
2

N exp erimental
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As can be seen from Table 13, inclusion of thermal expansivity leads to different values
of Ah), as expected. The values of Ak for CHy and Xe decreased and that of CO, increased

after inclusion of the thermal expansivity. When lattice expands, the hydrogen bonds in the

lattice become weaker, which will release less heat than the one that is not expanded. Therefore,
the values of Ak’ 2 are expected to be lower than those of A#’ 1. The abnormal trend of AA’

for CO; could caused by several reasons. First, the experimental data of CO, below freezing

point could have errors due to the difficulty in the measurements. As our method depends upon
the experimental data, the error in that can cause incorrect value or trend for A4’. Second, CHy

and Xe are spherical molecules and their hydrate cavity potentials can be described well by the
spherical Lennard-Jones Devonshire theory. However, the actual potential energy between CO,
guest molecule and the surround water molecules is much more complicated than CH,4 and Xe.

The inaccuracy in the potential energy and cavity potential will lead to error in the calculation of
Langmuir constant which is very critical to the calculation of A

From Table 13, we can also see that the inclusion of thermal expansivity did not
significantly increase the accuracy of the calculation; in other words, the values of the %AAD

between calculated pressures and experimental pressures did not go down obviously. Our

original method of obtaining Ak already included the impact of thermal expansivity by fitting

AU vs. T to a quadratic polynomial and finding the best value of Ak to fit all the data. AU was

obtained by using experimental temperature and pressure data. The accuracies are probably
within experimental scatter. No better fits of the data are obtainable with better models. Any

error caused by not including thermal expansivity in the calculation was minimized by fitting

AU vs. T to the quadratic polynomial and using the quadratic polynomial to obtain A#.
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Therefore, the Ah) we obtained from this method should be the best fit to the data. The results of

calculating A#’ with the inclusion of thermal expansivity further demonstrated that including

thermal expansivity into the calculation can produce equally good results and provide a more

realistic representation of the physical phenomena.

52  MASS TRANSFER OF LIQUID CO; IN SEAWATER
5.2.1 Mass transfer of liquid CO, drop without hydrate shell

The dissolution behavior of the liquid CO, droplet is described by Equation (5.2.1).

d(p(;zV) — _kA(C. -C) (5.2.1)

where, p_, is the molar density of liquid CO,; V and 4 are the volume and surface area of a

liquid CO; droplet, respectively. k is the mass transfer coefficient in the boundary layer between
the liquid CO; and seawater, or between the outer hydrate layer and seawater if hydrates form. C;
is the interfacial concentration of the CO,, which is the solubility of CO; at the system pressure
and temperature. When hydrates are not present, C; is the two-phase solubility where the CO,
phase can be either gas or liquid. In our present experimental study which was described in detail
in Section 4.2, the temperatures and pressures were in the hydrate forming region, therefore the
solubility, C;, is the solubility of CO, in the metastable liquid in the absence of hydrates. When
hydrate is present, C; is the CO; solubility at Liquid-Hydrate phase equilibrium (LH) and is
denoted by Cj;. C is the ambient concentration of CO, in seawater which is sometimes set at

non-zero values in the experiments.
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The equivalent spherical diameters of the drops are used in all calculations. Although
drop non-sphericity can be an important factor in drop dissolution, in most experiments it was
rather close to unity (0.7 < E < 1, where E = height/width of the drop). Equation (5.2.1) can then
be converted into equation (5.5.2).

P B = —k(C, - ) (522)

Hence, the mass transfer coefficients from a liquid CO, droplet can be obtained by measuring its
shrinkage rate, dR/dt.

Equation (5.2.2) applies whether hydrates are present or not. Hydrate formation does
induce a significant change in the rate of the interfacial mass transfer, as subsequent calculations
will demonstrate. However, the lower rate of mass transfer is due to the lower solubility of CO,,
Csn, not to a reduction in the mass transfer coefficient as proposed by Teng (Teng, 1998a). At a
fixed temperature, the dissolution rate is a function of the driving force, which is Cs-C, as shown
in Equation (5.2.2). In our case, when the dissolution rate obtained from our experiments,
background concentrations (C) and solubility of CO, (Cy) to Equation (5.2.2) were used, we were
be able to obtain mass transfer coefficient, £, at a fixed temperature and pressure.

A correlation for mass transfer coefficient given by Cussler (Cussler, 1997) and a
correlation given by Clift (Clift et al., 1978) were studied. The average drop size is around 7 mm.
Cussler’s correlation applies to large liquid drops (3 mm diameter or larger) rising in unstirred

solution, shown as follows:

kd dsA 1/3 0.5
R = I (5.2.3)
D, PV D,

Clift’s correlation applies to free fall or rise rigid spheres in water with diameter greater

than 1 mm, shown in Equation (5.2.4):

85



k= 0.45(2203 03,04 401 (g 213 (5.2.4)
P

Clift’s correlation can be re-grouped into these following dimensionless groups:

3 0.3 1/3
kd _ 0.45(61 A’z’g j [Lj =0.45Gr"3Sc'? (5.2.5)
D, PV L

where £ is the mass transfer coefficient; g is the acceleration due to gravity; v is the kinematic

viscosity; d is the drop diameter, Apis the density difference between a CO, drop and the

surrounding fluid; p is the density of the fluid surrounding the drop, and Sc is the Schmidt

number defined as Sc = 2 where D; is the diffusion coefficient of CO,;.Gr is Grashof number,
L

3

defined as Gr= d A’fg
pv

. It was found that due to the different background concentrations in the

experiments, the density of seawater was different, and hence, the flow velocity was also

different, which had an impact on the mass transfer coefficient, k. This will be reflected in M ,
P

which is the fractional density difference, and v, which is the kinematic viscosity of seawater.
Note that the correlation for calculating density of CO, aqueous solutions given by Teng and
Yamasaki (Teng, 1998b), only applies to certain conditions when the mole fraction of CO», xcop,
is the solubility of CO; at the given pressure in the seawater. If the seawater is undersaturated as
in many of our experiments, the correlation will not provide the correct density.

The correlation for calculating the density of seawater with dissolved CO, given by
Giggenbach (Giggenbach, 1990) and also used by Fer and Haugan (Fer and Haugan, 2003), was

used in this paper:
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B 1000 x C
7.5x107* x C +1000/ p,

P>

where C is the CO, concentration, g/kg; p,is the density of seawater without dissolved CO, ,
kg/m®. p, was obtained by UNESCO equation of state (Fofonoff and Millard, 1983). An online

program was used to obtain the value from UNESCO equation of state (Kelley). The values of

the density of seawater obtained from the online program were shown in Table 14.

Table 14. Densities of seawater at various depths calculated from UNESCO equation of state (Kelley)

Density of seawater, p, (kg/m’)
1500 2000
T (°C) 1000 (m) (m) (m) 2500 (m) | 3000 (m)
2 1032.6 1034.9 | 1037.2 1039.4 1041.5
4 1032.4 1034.7 1036.9 1039.1 1041.3
6 1032.1 1034.4 | 1036.6 1038.8 1041.0
8 1031.8 1034.0 1036.2 1038.4 1040.6
10 1031.4 1033.6 | 1035.8 1038.0 1040.1
12 1031.0 1033.2 | 10354 1037.5 1039.6
14 1030.6 1032.8 1034.9 1037.0 1039.2

Viscosities of seawater containing various CO; concentrations were obtained by
correlating the viscosities of aqueous solutions (Kumagai and Yokoyama, 1998) and correcting
them to those of seawater solutions. A detailed calculation is given in Appendix A. The viscosity
of the aqueous solution when the mole fraction of CO; in aqueous solution was zero, which was
the viscosity of water, was substituted by the viscosity of seawater("Chemical Hazards Response
Information System (CHRIS)," 2001), assuming that mole fraction of CO; has the same impact

on viscosity of seawater solution as that of water. The temperature dependence of the diffusivity,

~ constant, as suggested

. . . . . D
Dy, of CO; in seawater is based on the assumption that it varies by %
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in Perry’s Chemical Engineers’ Handbook (Perry et al., 1997), where u is the absolute viscosity
of the seawater,. D, is 1.9x 10” cm/s at 1 bar, 24 °C in seawater (Millero, 1996).

Diamond, L. and Akinfiev, N. did an extensive evaluation on the literature data on the
solubilities of CO, in water and developed a thermodynamic model which reproduces the
accepted experimental solubilities with a precision of less than 2% (Diamond and Akinfiev,
2003). We have used the solubility data produced from Diamond and Akinfiev’s model with a
correction for the effect of salinity on the solubilities of CO, in seawater in our model. A salting-
out coefficient, kK molality”’, was interpolated from the experimental results from Stephen
Cramer’s report (Cramer, 1982) to determine to effect of salinity as suggested in Diamond and
Akinfiev’s paper (Diamond and Akinfiev, 2003) ks was also corrected proportionally to the
molality of dissolved salts in our synthetic seawater. With the data on different background
concentrations of dissolved CO;, the methods described previously were applied to obtain the
mass transfer coefficients. In these experiments, a seawater velocity in the range of 6 cm/s to 13
cm/s was required to stabilize the droplets in the viewing section of the HWTF.

The comparison of mass transfer coefficients at different background concentrations
obtained from Equation (5.2.2), those calculated from Cussler’s correlation (Equation (5.2.3))
and Clift’s correlation (Equation (5.2.4)) are shown in Figure 26. As can be seen in Figure 26,
mass transfer coefficients calculated from Cussler’s correlation are generally three to four times
greater than those obtained from Clift’s. This is also true for our results at the other
depths/pressures (10 MPa, 15 MPa, 20 MPa and 30 MPa). The following Figures 27~30 show
the results of mass transfer calculated from Clift’s correlation and those obtained from Equation
(5.2.2) using our experimental results. It is somewhat surprising that Cliff’s correlation for rigid

spheres was effective in correlating the data. With a hydrate coating, the use of a rigid sphere
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model is more reasonable, but we only observed a hydrate coating in a few instances. The
efficacy of the correlation may be attributable to a pseudo hydrate like surface around the carbon

dioxide shell which affects the hydrodynamics. There is certainly something that should be

investigated.
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Figure 26. The comparison of mass transfer coefficients obtained from Equation (5. 2. 2) using our
experimental results and those calculated from Cussler’s (Equation (5.2.3) and Clift’s (Equation (5.2.4))
correlations at 25 MPa.
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Figure 27.The comparison of mass transfer coefficients obtained from the experimental data using
Equation (5. 2. 2) and those calculated from Clift’s correlation (Equation (5.2.4)) at 10 MPa.
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Figure 28. The comparison of mass transfer coefficients obtained from the experimental data using
Equation (5. 2. 2) and those calculated from Clift’s correlation (Equation (5.2.4)) at 15 MPa.
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Figure 29. The comparison of mass transfer coefficients obtained from the experimental data using
Equation (5. 2. 2) and those calculated from Clift’s correlation (Equation (5.2.4)) at 20 MPa.
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Figure 30. The comparison of mass transfer coefficients obtained from the experimental data using
Equation (5. 2. 2) and those calculated from Clift’s correlation (Equation (5.2.4)) at 30 MPa.

As can be seen from Figures 27 ~30 Clift’s correlation can give reasonable predictions to
the mass transfer coefficients in various concentrations and pressures. However, it appears to
underestimate the impact of background concentration. Moreover, mass transfer obtained from
our experimental results shows that the higher the background concentration is, the greater the
mass transfer coefficient will be. Although the effect of background concentration is small, the
results from Clift’s correlation predict the opposite effect for all pressures except for 30 MPa. At
30 MPa, the impact of background concentrations on mass transfer coefficients obtained from
the experiments matches with that predicted by the correlation. We do not fully understand the

exact reasons for these behaviors.
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To determine if there might be an error in the calculated rise velocity, we compared
calculated and experimental rise velocities. We calculated the terminal velocity of the droplets
under the different background concentrations using the equations suggested in Youxue Zhang’s
paper (Zhang, 2005). The calculated velocities were 20% different (higher or lower) than the
experimental values. Alendal, G. et al (Alendal et al., 2006) predicted that the calculated
velocities should be 50% higher than the observed values. These comments suggest that the
models may not fully describe the hydrodynamics of hydrate/water interfaces.

The impacts of different parameters on the correlation were studied and compared in the
Table 15. It can be seen that the correlation is very sensitive to the density of seawater containing
dissolved CO,. However, the possibility of having errors in the density is very low. We suspect
that there could be some inaccuracy on the impact of CO, background concentration on the
values of diffusivity Dy, which might cause the discrepancy between results of the correlation
and the experiments, compared to the well documented viscosity and density of seawater

solutions. Dy is 1.9x 10” cm/s at 1 bar, 24 °C in seawater (Millero, 1996), and then estimate Dy,

. D .
at other temperatures and pressures by solving #ﬂz constant, as suggested in Perry’s

Chemical Engineers’ Handbook (Perry et al., 1997). Different background concentrations will
lead to different viscosities of the solution. However, we do not know whether the estimation

technique has taken the impact of background concentrations on diffusivity into a full account.
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Table 15. Comparison of impacts of different parameters to Clift’s correlation at 10 MPa and 2 °C

Background concentration, wt% 0 2 4 4.6
Mass transfer coefficient k, ¥10~, m/s 2.144 2.049 1.960 1.949
k, ¥*10™, m/s, when viscosity of seawater
solution increases 10% 2.090 1.998 1.911 1.900
Percent of changes of k when viscosity of
seawater solution increases 10% -2.510 -2.510 -2.510 -2.510

k, 107, m/s when density of seawater

solution increase 10% 2.798 2.647 2.509 2.488
Percent of changes of k, when density of
seawater solution increase 10% 30.489 29.163 27.996 27.673

-3 2 .
k, ¥10~, m/s, when D m*/sec increase

10% 2.285 2.183 2.089 2.076
Percent of changes of k when Dy increase
10% 6.560 6.560 6.560 6.560

We also observed appearance of a reflection point at 4 °C at the 0 wt% background
concentration at 30 MPa. This is because at 4 °C and 30 MPa, the density of CO, drop reached
the same value as that of its surrounding seawater. In other words, the CO, drop is in neutral
buoyancy. At temperatures above this point, the drop was rising up in the column, at
temperatures below this point, it became to sink

Due to the big difference between the results generated from Cussler’s and Clift’s
correlations, the impact of different powers on the dimensionless group (Gr and Sc) was studied
at fixed temperature and various depths and the results were shown in Table 16. It can be seen
that compared to the difference in terms of Gr, the difference resulting from the difference in

power of Sc contributed the majority of the difference in the results from these two correlations.
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Table 16. Comparison of impact of Gr and Sc on Cussler’s and Clift’s correlations at 4 °C and various depths

0 wt% 2 wit%
depth, m |Gr'?/Gr%? | 8*%18c"? depth, m |Gr'?/Gr*? | §c°3/Sc'?
1000 1.570 3.383 1000 1.566 3.457
1500 1.547 3.392 1500 1.544 3.467
2000 1.520 3.400 2000 1.520 3.476
2500 1.484 3.408 2500 1.490 3.481
3000 1.337 3.416 3000 1.409 3.486

5.2.2 The effect of hydrate shell on mass transfer of CO, in the seawater

It is clear from the experimental data in Figures 15 and 16 that the mass transfer rates
decrease dramatically when hydrates are present. The mass transfer coefficients should not
change dramatically when hydrates are present since they describe the mass transfer through
liquid water from the surface of the drop to the bulk. Thus, the lower dissolution rates are the
result of lower surface concentrations when hydrates are present, and in this instance we are
referring to the surface defined by the hydrate/ liquid water interface when the hydrates form a
shell around the carbon dioxide drop.

Originally, it was proposed that hydrates prevented the surface concentration from
exceeding that which could be obtained under three phase (VLH) conditions because any
carbon dioxide in excess of this amount would combine with water to form hydrates
(Radhakrishnan et al., 2003). We refer to this concentration as C;. However, this is an
approximation, and the correct value to use in this situation is the two-phase LyH concentration,
C,, as obtained when no vapor is present. Although the three phase concentration, C;, is a
reasonable approximation to C,, C, is slightly lower than C; and should be used now that

experimental data are available for these equilibrium conditions as shown in Table 3 and Table 4.
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C, is the concentration that would be obtained if the bulk water concentration were in
equilibrium with the hydrates. However, when hydrates are present, our background
concentration is often higher than the equilibrium concentration C, that was estimated from the
experimental results, rather than shrinking, the hydrate layer should continue to grow and in fact
additional hydrates should form. However, this did not happen and the hydrate covered drop
shrank in all cases. This meant that carbon dioxide was diffusing from the drop into the bulk and
the surface concentration in equilibrium is higher than the background concentration.

Using the mass transfer coefficients obtained in experiments where hydrates were not
present, but where the background concentrations were the same as when hydrates were present,
we extrapolated to the experimental conditions where hydrates were present to obtain mass
transfer coefficients at those conditions. From these mass transfer coefficients we were able to
solve Equation (5.2.2) for the surface concentration. These values, referred to as C4 were slightly
higher than either C; or C, although they were substantially below the values obtained by
assuming that the surface concentration was the two-phase L.,;Ly concentration, Cs, which was
used in the other experiments. Table 17. shows a comparison of the various possible

concentrations at the surface of hydrate.
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Table 17. A comparison of possible values of CO, concentrations at the external hydrate surface

At 4 wt% (9.54~9.55 x10> mol/m?) background concentration

Cy, x10%, C,. x107%, C3.x107, C4 x107,

T,°C|P, MPa] mol/m’[1] mol/m’[2] mol/m’[1] mol/m’[3]
1.0 | 30.0 8.70 7.98 19.27 9.99
1.9 | 30.0 9.14 8.41 19.09 11.46
3.1 | 30.0 9.87 9.21 18.84 10.79

At 4.6 wt% (10.97~10.99x10” mol/m’) background concentration

2.1 | 30.0 9.26 8.57 19.05 11.03
2.0 | 25.0 9.23 8.68 19.06 11.96

Note: (C,= solubility of CO, at three-phase (VL,H) at system temperature,

C,= solubility of CO, at two-phase (L,,H) at system temperature and pressure,

C;= solubility (metastable) of CO, at two-phase (L,L..,) at system temperature and pressure,
C,= solubility obtained from experimental data)

[1]: Solubilities were obtained by using the computer program provided by the paper of Diamond (Diamond, 2003),
and corrected for the effect of salinity on the solubilities of CO, in seawater (Cramer, 1982).

[2]: Based on the experimental results obtained in our lab which is shown in Figure 10 and corrected for the effect of
salinity on the solubilities of CO, in seawater (Cramer, 1982).

[3]: Calculated using the experimental data and model reported in this paper.

From Table 17, it is clear that the LyL.o; solubility is not the correct value to use as it
gives driving forces about 100 times too high. The theoretically correct value to use is C, and the
experimentally correct value to use is C4. C; occasionally gives negative driving forces which is
impossible given that the drop was clearly dissolving. C4 is the value that reproduces the
experimental dissolution rate. The difference in C, and C,4, while slight, is important.

Unfortunately, there is no a priori way to estimate C4 for design purposes. It appears that
the hydrates serve to prevent the concentration from approaching a value that would be present if
the liquid carbon dioxide was in contact with the water, but the concentration is still slightly
higher than that which would be obtained by assuming that the solid hydrate was in equilibrium

with the water. Since the hydrate phase is so thin, perhaps it is oversaturated with carbon dioxide
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resulting in a correspondingly higher concentration at the hydrate surface. Empirically, adding
20% to the value of C, would approximate the value of estimating C4, which is the concentration
needed to estimate mass transfer rates in any background concentrations.

As an aside, it was originally hoped that the experiments would allow an independent
measurement of the solubility of CO, in liquid water at L,H equilibrium calculations. If C4 and
C, were identical, this would have demonstrated that the method was valued. However, the
difference in C4 and C, is greater than the experimental error in C, (~ 2%) and Cy is only an

approximation of C.

5.2.3 Modeling dissolution of CO, droplets in deep seawater

Much work has been done on modeling CO; droplets with or without hydrates dissolving
in seawater under various conditions (Hirai et al., 1996; Ogasawara et al., 2001; Radhakrishnan
et al., 2003; Zhang, 2005; Gabitto and Tsouris, 2006).

Several correlations have been proposed to calculate the mass transfer coefficient, k. In
our case, CO, droplets free rise or sink in the simulated deep ocean situation, under certain
circumstances covered with hydrate shell. Therefore, we chose to use Equation (5.2.4) or (5.2.5),
which applies to freely rising or sinking rigid spheres in water (Clift et al., 1978), to model our
results as we discussed above. The study conducted by Teng et al (Teng et al., 1995) showed that
the hydrate layer formed on the surface of CO, droplet was very thin (8=36x10" m) and the
formation time was less than two seconds. The hydrate layer on the surface of CO, droplet
underwent a continuous cycle of collapse and re-establishment of itself during the course of
dissolution of the droplet. Due to the very thin hydrate shell, the density of liquid CO, droplet
covered by hydrate was not much different from that of pure liquid CO, droplet., which indicated
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that the buoyant motion of dispersing CO, droplet should not be significantly influenced by the
formation of hydrate shell. The hydrodynamics of the flow around the drop changes when a
hydrate shell is present. The drop, while still flexible, is somewhat less prone to deformation.
However, we do not have enough data to justify using a different hydrodynamic correlation and
we find that the data with and without the hydrate shell can be described with one correlation.
The main contribution to differences in dissolution rates is not the hydrodynamic differences, but
rather the reduced solubility when a hydrate shell is present. If a thick shell were present, the
sphere would become more rigid and the dissolution rate might be influenced more strongly by
the hydrodynamics.

We have used Equation (5.2.2) and (5.2.4) or (5.2.5) to calculate the dissolution rate of
CO; droplets with hydrate freely rising from about 800 m depth to about 400 m depth in the
ocean. The calculated results were compared with the results experimentally measured by
Brewer (Brewer et al., 2002). Equation (5.2.4) or (5.2.5) was first used to calculate the mass
transfer coefficients under the same conditions as Brewer’s experiments, and then mass transfer
coefficients obtained were plugged in Equation (5.2.2) together with two phase (L,H)
solubilities, C,, measured in our experiments (as shown in Table 3 and Table 4) to calculate the
dissolution rates. The following Figure 31 shows the comparison of calculated results of using
Equation (5.2.2) and (5.2.4) and experimental results from Brewer’s experiments (Brewer et al.,

2002). It can be seen that our model can predict the experimental results fairly closely.
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Figure 31. Comparison of calculated and experimental results (Brewer et al., 2002) of radius of CO,
droplets change with time rising from about 800 m depth to about 400 m depth and temperatures range from
4°C to 7°C

We compared our model’s predictive power to the model proposed in by Zhang, Youxue
(Zhang, 2005) in Figure 32, where the calculated results from both models were compared to the
experimental results obtained in HWTF. It is clear in Figure 32 that both models overestimated
the dissolution rate of CO, drop in our experiment and our model did a slightly better job than
Youxue Zhang’s model. Hydrate shell outside of droplet will retard dissolution of the droplets as
shown from the calculation.

As mentioned above, the fact that we were able to use the Equation (5.2.4) (Clift et al.,
1978) which applies to rigid sphere to CO; droplets both with and without hydrate shell, and we

were not able to use the Equation (5.2.3) (Cussler, 1997) which applies to drops suggests that in
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the hydrate-forming region, CO, droplets without a hydrate shell would behave more like rigid

spheres rather than liquid droplets.
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Figure 32. Comparison of radius of CO, droplet without hydrate shell changing with time calculated
from our model and Youxue Zhang’s model along with the experimental results from our experiments
conducted in HWTF at 800 m and 4.5 °C. Radius of droplet with hydrate shell changing with time was also
calculated by our model.
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6.0 CONCLUSIONS

The overall goal for this thesis study is for a better understanding of the fate of CO; in the deep
ocean situation. Here are the conclusions we achieved from the project:
« CO; hydrate can form directly from water and seawater containing dissolved
CO; at various CO; concentration, temperature, and pressure conditions as our
experiments demonstrated. Accurate and reproducible experimental
measurements of Liquid-Hydrate phase equilibrium for CO,-water and CO;-
seawater system were reported. The experimental results and theory show that
the addition of salts at fixed CO, concentration lower the pressure required to
form hydrate. While this result was unexpected, it is easily predicted using
well established theoretical models.
« A thermodynamic model which applies to Liquid-Hydrate phase equilibrium
was obtained based upon the variable chemical potential model (Lee and
Holder, 2002). There was a good agreement between the calculated and the
experimental results obtained in our experimental study, which further
verified the need for a variable reference chemical potential model for
predicting hydrate equilibria. The investigation of the effect of thermal

expansion of the hydrate lattice shows that the incorporation of thermal
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expansivity allows for accurate prediction of hydrate equilibria for the gases
studied (methane, carbon dioxide and xenon).

Dissolution rates of CO, in seawater under simulated deep ocean conditions
were reported. A model was developed to obtain the mass transfer coefficients
in seawater. The results obtained from the model were compared to a
correlation from Clift (Clift et al., 1978). This correlation gives reasonable
predictions of our results, even though it was developed for a solid sphere.
Although we only observed a hydrate coating in a few instances, the efficacy
of the correlation may be attributable to a pseudo hydrate-like surface around
the carbon dioxide shell which affects the hydrodynamics. The effect of the
background concentration on mass transfer was opposite to that obtained
experimentally, with the theoretical mass transfer coefficients decreasing with
background concentration and the experimental mass transfer coefficients
increasing with concentration. However, these trends were slight and the
calculated and experimental results agreed with average 20% difference. Our
model and correlation together were able to predict the dissolution rate of CO,
droplets in seawater with and without hydrate shell correctly. For design
purposes, the mass transfer coefficients calculated here are needed for

calculation of dissolution rates at design conditions.
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7.0 RECOMMENDATIONS FOR FUTURE WORK

Although thermodynamic modeling of gas hydrates has been studied since 1959 when van der
Waals and Platteeuw proposed their original thermodynamic model for prediction of gas hydrate
equilibrium, more work is still needed on developing a thermodynamic model which can provide
not only the ability to predict the phase behavior of gas hydrates but also have a better
representation of physical reality.

When the variable reference chemical potential difference is the focus in this study and
many others (Holder, et al, 1988; Klauda and Sandler, 2000; Lee, et al, 2002, Ballard, et al,
2002), the Langmuir constants were calculated by assuming that a hydrate cavity could be
described as a uniform distribution of water molecules smeared over a sphere of radius R. This is
a simplified approximation of describing a hydrate cell. Obtaining an accurate Langmuir
constant is critical to the prediction of hydrate phase equilibrium. It is recommended that the
exact computations of Langmuir constant needs to be carried out. In the exact computations, the
cell potential W will be evaluated by using a discrete summation of binary interactions between
the guest molecules and the host molecules located at their crystallographic positions. The
thermal expansivity should also be integrated into the exact calculation of Langmuir constant as
we have demonstrated the importance of incorporating thermal expansivity in our study.

Due to the abundance of methane hydrate reservoirs both on-shore and off shore, methane

hydrate is considered as a potential energy resource. Much attention has been focused on gas
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recovery and drilling through hydrates (Sloan, 1998; Kerr, 2004). It is important to understand
how hydrate exists in off-shore deep sea deposits and on-shore permafrost. It is recommended
that methane hydrate experiments and modeling be conducted under conditions that simulate
these environments, i.e., deep ocean, porous media, and the reservoir in the permafrost.

The rigid sphere nature of CO, droplet discovered in our study should be further
investigated in order to have a better understanding of the hydrodynamic behavior of a CO,

droplet.
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APPENDIX A

VISCOSITIES OF SEAWATER SOLUTIONS

Viscosities of seawater containing various levels of dissolved CO, were obtained using following
method. Based on the experimental values in Table 1 of the paper of Kumagai and Yokoyama
(Kumagai and Yokoyama, 1998), which contains viscosities of water solution of four different
CO; concentrations under three different high pressures, we obtained the correlations of viscosity
of the solutions vs. concentrations of the solutions at fixed temperatures and pressures, viscosity
of the solutions vs. temperatures at fixed pressure and concentration, and viscosity of the
solutions vs. pressures at fixed temperatures and concentrations. Figure 33, Figure 34, and Figure
35 show the examples of our interpolation of the data of Kumagai and Yokoyama (Kumagai and

Yokoyama, 1998).
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As we can see from Figure 33, Figure 34, and Figure 35 that viscosity of CO, solution
increases with the increase of CO, concentrations at fixed temperature and pressure, and
decreases with the increase of temperature and pressure. Note that the mole fractions of our
experimental background solutions of 2 wt%, 4 wt% and 4.6 wt% are 0.0083, 0.016 and 0.019,
respectively. Note that the temperature range of the regressions of viscosity data was extended
from 0 — 5 °C to 0 — 14 °C in order to cover our experimental range.

The viscosities of seawater at different temperatures under atmosphere were obtained
from Chemical Hazards Response Information System (CHRIS) ("Chemical Hazards Response

Information System (CHRIS)," 2001). The effect of high pressure on liquid viscosity was
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calculated by using the following equation recommended in Poling’s book (Poling et al., 2001):

7 _1+D(AP, /2.118)"
Ne 1+ CaoAP,

where, 7 is viscosity of the liquid at pressure P,
ng 1s viscosity of the saturated liquid at Pyp,
AP. =(P-P,)/ P, Pywas negligible in our situation.
@ 18 acentric factor,
A=0.9991-[4.674x107/(1.0523T**77_1.05130),

D=[0.3257/(1.0039-T*°7*)**%].0.2086,

C=-0.0792142.1616T,-13.4040T,*+44.1706T,>-84.8291T,*+96.1209T, -

59.8127T.%+15.6719T, .
We assumed that mole fraction of CO, has the same impact on viscosity of seawater
solution as that of water solution. The viscosities of seawater containing various levels of CO,

were determined based on the viscosity of seawater with the correction of the impact of CO, to

the viscosities and high pressures.
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