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Abstract

Pipeline blockage by clathrate hydrate formation is a major problem encountered in
the oil and gas industry. Hydrate induced plug formation causes product flow inter-
ruption, severe equipment damage, environmental pollution and personnel fatalities. In
order to efficiently and economically prevent hydrate formation, understanding of the un-
derlying physical principles leading to hydrate blockage is required. This work addresses
correlation of rheological properties of cyclopentane hydrate-forming emulsions with ther-
modynamics, nucleation by ice and morphology. Cyclopentane, used as hydrate-former
in the model emulsion under atmospheric conditions, forms the same natural gas hydrate
structure found in the oil and gas industry.

The effect of aqueous phase salinity on density-matched 40% (v/v) hydrate-forming
emulsion are reported in Chapter 2. Using micro-differential scanning calorimetry and
rheometry, a correlation of the rheological properties to thermodynamic driving forces is
obtained. The cyclopentane hydrate-brine system liquidus line is determined from the
calorimetric study. Equilibrium temperature and thermodynamically-allowed conversion
of water to hydrate are computed from the hydrate-brine phase diagram. Good agreement
was found between the experiments and calculations by an established thermodynamic
simulation tool. Rheological properties, including the viscosity evolution time, final vis-
cosity and its shear rate dependence, and yield stress of the hydrate-forming emulsion are
determined; the material viscosity increases markedly as hydrate forms and the mixture
develops a yield stress. The viscosity evolution time is smaller at lower temperature,
i.e., at higher subcooling relative to the hydrate equilibrium dissociation temperature.
The final hydrate slurry exhibits shear thinning effects describable by the Ostwald-de
Waele model, and displays very little hysteresis in the shear rate dependence. Maximum
viscosity is attained when the thermodynamic water to hydrate conversion is 61-85%

while the yield stress was found to be a maximum at about 80% conversion; this non-



monotonic rheological property dependence on the thermodynamically-allowed water to
hydrate conversion demonstrates that both liquid (residual brine) and solid hydrate con-
tent are important to the mechanical properties of the network structure developed when
hydrate is present.

In Chapter 3, the effects of heterogeneous nucleation of cyclopentane hydrate by ice
on the morphological properties of hydrate formed on a single aqueous drop immersed
in cyclopentane and the rheological properties of density-matched 40% (v/v) aqueous
fraction hydrate-forming emulsions are reported. Experimental observations indicate that
the ice-oil-aqueous phase contact line is the hydrate heterogeneous nucleation site. A
novel observation showing the critical nature of heterogeneous nucleation is reported: the
heterogeneous nucleation of hydrate from ice is found to be qualitatively controlled by
the temperature ramp rate in the experiment. Apparently, a low temperature ramp rate
results in more heterogeneous nucleation sites for hydrate, and thus a higher surface area
crystal structure than a rapid heating rate. The viscosity of a metastable hydrate-forming
emulsion evolves rapidly when the emulsion is seeded with ice, although more slowly than
when seeded with the hydrate itself. The critical time, defined as the time (measured
from the seeding time) when an abrupt jump in viscosity is observed, decreases with
higher subcooling; for hydrate-seeded emulsions this time varies from about 15 minutes
to three hours as the subcooling is decreased from 7.3 °C to 4.3 °C; the slower growth
with ice relative to hydrate seeding is seen in the larger critical time for ice seeding, as the
critical time for ice seeding lags approximately one hour when compared to hydrate-seeded
hydrate-forming emulsions, over this same range of subcoolings.

A comparison of cyclopentane hydrate- and ice-forming emulsions is reported in Chap-
ter 4. Density-matched 40% (v/v) water emulsions are studied at various salt concentra-
tions using experimental tools of rheometry and direct visualization of the morphology
under formation of hydrate or ice from the liquid water. Viscosity and yield stress were

measured at similar subcoolings (temperature differential between dissociation or melting
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temperature and the system temperature, with the latter lower) and water conversions,
which was controlled by the initial salt concentration in the aqueous phase of the emul-
sions at a fixed temperature. Large differences in viscosity and yield stress of the final
structure were observed between the hydrate- and ice-forming emulsions. At water con-
versions of X,, = 58-81%, the ratio of final relative viscosity (final slurry viscosity relative
to continuous phase viscosity) of hydrate- to ice-forming emulsion is Tﬂ = 0(10%);

rel—ice

at complete water conversion X,, = 100%, the ratio is :’;elﬂ = 0O(10). At water con-

rel—ice

version of X,, > 58%, the yield stress ratio of hydrate- to ice-forming emulsions is %
> O(10%). Morphological results show that with no salt, the hydrate seed surface punc-
tures the drop in the hydrate-forming emulsion, consequently as the drop wets the seed,
hydrate is formed; whereas in the ice-forming emulsion, the whole water drop freezes as
a bulk and its spherical shape is retained. When brine is present, in the hydrate-forming
emulsion, hydrate crystals form at the oil-aqueous phase interface of the drop and as
they grow they puncture adjacent drops causing coalescence and wetting of the newly
generated hydrate; in the ice-forming emulsion, ice growth occurs inside the drop and the
growing ice remains completely wetted by residual brine, thus no significant change in the
oil-aqueous phase interface is observed. These observations indicate that the ice-forming

emulsions do not capture the rheological properties and mechanism of morphology evo-

lution of hydrate-forming emulsions.
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1 Introduction

1.1 Motivation

At the beginning of the 20" century, frequent blockages in pipelines caused economical
losses in the gas and oil industry. The crystalline plugging material inside the pipeline
was initially thought to be ice. However, in 1934, Hammerschmidt found that clathrate
hydrate, not ice, was the main cause of pipeline blockage [3]. Following hydrate blockage
of flow, huge pressure may build up and cause bursting of the pipeline. The cost of flow
lines is about 38% of an offshore investment, which often exceeds $1 billion [4]. Thus,
flow assurance is considered the most critical technical problem encountered by the oil
and gas companies [4, 5]

Hydrate forms when water and a hydrate-forming component such as light hydrocarbon
are present under high pressure and low temperature [4, 5, 6, 7|. Therefore, hydrate
plug occurrence is favored in areas along the pipelines where water is accumulated by
condensation, or the flow direction is altered such as in jumpers and risers [5]. Flow
failure is the undesired consequence of hydrate plugging. Rupture of the pipeline may
further lead to severe equipment and environmental pollution [5]. In cases where the
operation remediation is not done properly, e.g., by depressurizing only one side of the
plug, the hydrate mass may eject as a projectile reaching speeds as high as 270 ft sec™!
[6, 5]. Fatal injuries have been reported in the field by high momentum hydrate masses.
Following blockage, the remediation period my last from several days to weeks, thus

1



CHAPTER 1. INTRODUCTION 2

posing a serious financial burden on gas and oil companies.

The oil and gas industry has adopted several methods to prevent and remediate hydrate
formation: chemical, mechanical and thermal processes. Thermodynamic inhibitors such
as methanol [5, 8, 9, 10, 11, 12] and ethylene glycol [5, 4, 10, 11, 13, 14, 15] have been
widely used in field operation. These chemicals shift the equilibrium condition of hydrate
to lower temperatures and higher pressures by competing for hydrogen bond formation
with water. This method is very effective but a large amount of additives is required
to be injected in water (about 60% (w/w) [7]) making them financially unattractive.
Recovery of the material from water is often difficult and costly. Alternatively, kinetic
hydrate inhibitors (KHIs) are a class of low dosage polymer additives, which are injected
in the pipelines. KHIs mitigate plug formation by slowing down hydrate nucleation and
growth [16, 17, 18]. KHIs compete with the hydrate-forming hydrocarbon by occupying
the hydrogen-bonded water cage cavity [5]. Therefore, the KHI inhibition of hydrate is
only temporary. Ultimately, the hydrocarbon occupation of the hydrate cages takes over
due to higher thermodynamical stability. Anti-agglomerants are another set of attractive
chemicals. They prevent agglomeration by adsorbing onto the surface of the particle and
changing their hydrophilicity [19, 20], thus interfering with capillary bridge formation
[5, 21, 22]. Flow-driven pipeline pigging is a mechanical removal of hydrate deposition
formed within a pipeline [7, 5]. Depressurization method involves shifting to low enough
pressure to cause dissociation of hydrate [5]. Heating of pipes to decompose the hydrate
is another method used in the industry. Challenges associated with this method involve
proper location and maintaining uniform temperature throughout the length of hydrate
plug [7, 5]. If temperature is not kept uniform, high pressure gas pockets may burst the
pipeline.

Classical hydrate prevention methods are expensive. The amount of hydrate inhibitor
in the pipeline is intrinsically dependent on the amount of water present and pose a

financial burden as high as $1 million per 8 days as reported by Canyon Express [5].
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Therefore, newer, more economically attractive hydrate plugging prevention methods are
needed. Current research is focusing on risk management, i.e. prevention of plugging and
not necessarily hydrate formation. Attaining a better understanding of the mechanism
involved in hydrate formation and hydrate particle interaction will lead to reliable cost-

effective flow assurance management.

1.2 Background

Clathrate hydrates are crystalline compounds in which hydrogen-bonded water cages are
stabilized by a small molecule (e.g. light hydrocarbon) residing in their center. The
hydrocarbon and water molecule do not form any chemical bond [19]. The size range
of molecules that interact with the water cage spans from nitrogen to pentane (3.5-9 A)
[23, 5]. Molecules with size larger than the hydrogen-bonded water cavity dimensions do
not enter the cages and do not form hydrates. Three major hydrate crystal structures
are known: cubic I (sI), cubic II (sII), hexagonal H (sH) [23, 5, 20]. Recently a much
denser trigonal structure T (sT) characterized by a low number of empty small cavities
and higher ratio of number of large to small cavities was found [24]. The basic building
blocks of structure I and I are the small pentagonal dodecahedral cage, 512 (12 pentagonal
faces) and the large tetrakaidecahedral cage, 5'26% (12 pentagonal and 2 hexagonal faces).
Structure I is formed by combination of two small cages (5'?) and six large cages (5'262),
containing a total of 46 water molecules. Structure II is composed of sixteen small cages
(5'2) and eight large cages (5'262), consisting of a total of 136 water molecules. The third
structure, sH is formed of three small cages (5'?), two midsize cage (45%6%) and a large
icosahedral cage (5'26%), containing 34 water molecules. Relatively heavier molecules such
as ethane, propane, pentane fit only in the large cavities and form structure II. If no light
molecules are present to occupy the small cages, slI crystals are formed with vacant small

cavities, 5'2. Light molecules such as methane and nitrogen can fill both small and large
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cages. Whether structure I or II is formed by small guest molecules is mainly dependent
on the ability of the small molecule to stabilize large cages. If large cage stabilization
is not achievable, sl is the predominant crystal structure [23]. In this work we will be
concerned with sII hydrates.

Although hydrates are mostly composed of water [6, 2] and have similar physical prop-
erties to ice [25], the mechanism of hydrate formation is intrinsically different from ice.
Ice formation is a bulk phase change of water from liquid to solid. In comparison, hydrate
crystallization involves another guest molecule in addition to water. In most cases, when
the two components are immiscible, hydrate formation rate is limited by mass transfer to
the interface. Thus, mass transfer of the hydrate-forming water-immiscible component
to the water becomes critical in hydrate formation.

Hydrate research interests span from environmental concerns to energy and technology
applications. The energy of natural gas stored as hydrate, which ranges from 10% to 10°
trillion cubic meters, is estimated to be twice that of the global fossil fuel, approximately
10,000 Gigatons [25, 7, 26]. The molar amount of methane stored in hydrate is 164 times
the amount of methane found in an equivalent volume as gas at standard temperature
and pressure. As fossil fuel sources become scarce, hydrate sediments may be utilized
to meet our future energy demands. New ways to harness the energy in the hydrate are
under investigation.

In addition to hydrate sediments potentially providing energy in the future, they also
pose a serious threat to global climate. The amount of methane present as hydrate
in the arctic regions and oceans, if released in the atmosphere by decomposition, may
adversely affect global climate [27, 28]. Methane has the ability to absorb 24 times more
infrared radiation than carbon dioxide, presenting a serious greenhouse effect concern [29].
Englezos and Hatzikiriakos [19] predict that hydrate depositions below the permafrost
may start to melt in the next 100 years, but suboceanic hydrates will not be affected

for another 1000 years [28]. Nevertheless, hydrate also offers a venue for carbon dioxide
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sequestration as suggested by several studies [19, 28, 30]. Carbon dioxide injection into
methane hydrate (to displace the hydrate as carbon dioxide hydrate is thermodynamically
preferred state of water under certain conditions) has been suggested as a method of
carbon hydrate sequestration and methane capturing [31].

Gas separation is also achievable through use of processes involving hydrate. Under high
pressure and low temperature, hydrate-forming gases can be separated from a gas mixture
and sequestered as a solid phase. The cost required to achieve high pressures is often the
most challenging aspect of commercializing hydrate gas separation technology. Promising
studies have shown that promoters reduce the pressure required to form hydrates [32, 33,
34, 35, 36]. Another favorable feature of separating gas by forming hydrate is the fact
that it can be safely and densely packed as solid. For example, methane hydrates are
metastable at moderately low temperatures and atmospheric pressures [37]. Therefore,
storage of gas may be achieved more safely in hydrate formation than classical high
pressure cylinders.

In addition to being an energy source, hydrate can also be a source of clean fresh water.
Due to the rapid growth of world population and scarce resources, shortage of fresh water
is a threat for the well-being of humanity [38]. Salt is not incorporated into hydrate, thus
water can be concentrated as hydrate solid and then melted providing high purity water.
In areas where fresh water sources are rare, hydrate can be useful in providing fresh water
by desalination of seawater [39, 19]. Furthermore, desalination through hydrate rather
than ice is not limited to temperatures below the freezing point of ice.

The high latent heat and thermodynamic stability above ice melting temperature make
hydrate a candidate in phase change material (PCM) slurries [40, 41, 42, 43, 44, 45, 46].
PCM slurries serve as heat transfer and storage fluids, finding application in cooling
systems such as refrigerators and air conditioners. Currently, ice slurries are the most
widespread method. However, some hydrate slurries such as CO, hydrates have intrinsic

advantages, i.e., higher latent heat than ice slurries. The latent heat of COy hydrate is
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507 kJ kg~!, while that of ice is 333 kJ kg™! [47]. Hydrate slurry is appropriate for air
conditioning because it can form in temperature range of 5-12 °C, while ice slurry lowers
its efficiency due to the fact that phase change occurs at a lower temperature, 0°C [43].
Nevertheless, agglomeration occurrence leading to plugging hinders full implementation
of hydrate based PCM technologies [41]. In order to have the highest heat transfer
efficiency, hydrate slurries are required to fully flow in the device. Thus, assurance of
flow is necessary to have economical and efficient hydrate based refrigerators. The focus
of this work is a mechanistic understanding of the process involved in hydrate formation

in slurries.

1.3 Outline

This thesis is arranged in five self-contained chapters. Figure 1.1 provides an overview
of the main topics discussed in this thesis. Chapter 2 describes an experimental analysis
on the salt effect on thermodynamic and rheological properties of cyclopentane hydrate-
forming emulsions. Using calorimetry we devised a novel method of measuring the equi-
librium temperature of hydrate at various salt concentrations in the aqueous phase and
cyclopentane concentrations in the oil phase. Since oil and water are immiscible, a hy-
drate shell forms at the oil-aqueous phase interface, which acts as mass transfer barrier
between the two phases and inhibits the reaction. Since hydrate formation is limited
by mass diffusion, there is negligible change in the salt and cyclopentane concentra-
tion. Equilibrium temperature can be measured when the hydrate shell melts in contact
with known salt and cyclopentane concentrations. Experimental data compare well with
thermodynamic simulations. Hydrate-forming rheological properties, including viscosity
critical time (time when an abrupt jump in viscosity is observed), the viscosity evolution
time (time from critical time to achieve final viscosity), final viscosity and its shear rate

dependence, and yield stress are determined. The rheological properties are correlated
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to the thermodynamic driving forces. The viscosity evolution time is smaller at lower
temperature, i.e., at higher subcooling relative to the hydrate equilibrium dissociation
temperature. The final hydrate slurry viscosity is shear thinning. At thermodynamic
water to hydrate conversion of 61-85%, a peak in final viscosity is observed. The maxi-
mum yield stress is achieved at 80% conversion. The viscosity and yield stress behavior
indicate that liquid (brine) may form capillary bridges between the hydrate particles.

The importance of the ice-oil-aqueous phase (IOA) contact line in hydrate nucleation
and growth is discussed in Chapter 3. Morphological experiments show that heteroge-
neous nucleation by ice and hydrate growth occurs at the oil-aqueous phase interface.
In single drop experiments, hydrate conversion rate increases with more IOA contact
line. A novel experiment where ice is in contact with three regions, aqueous phase, oil
and oil-aqueous phase, indicates that the hydrate nucleation occurs at IOA followed by
hydrate growth at the interface. Rheological experiments show that when an otherwise
metastable hydrate-forming emulsion is seeded with ice, an abrupt increase in viscosity
is observed. Thermodynamic conditions such as temperature and salt concentration are
specifically designed in this study to eliminate or minimize water to ice conversions; thus
the observed mechanical properties are unambiguously related to hydrate formation only.
As the abrupt increase in viscosity occurs faster at lower temperatures, this study eluci-
dates the fact that both nucleation and hydrate growth rate are dependent on subcooling.
A larger critical time for ice seeding compared to hydrate seeding is observed.

In Chapter 4, modeling oilfield emulsions under low pressure conditions is discussed. An
experimental comparison of the rheological and morphological properties of cyclopentane
hydrate- and ice-forming emulsions is given. Final viscosity and yield stress were measured
at similar subcoolings and water conversions. The water conversion was controlled by
varying salt concentration at a fixed temperature. Hydrate-forming emulsion final and
yield stress is orders of magnitude higher compared to ice slurry at moderate and full

water conversions. Morphological results showed that at no salt conditions, the hydrate
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Hydrate-Forming Emulsion
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Figure 1.1: A schematic depiction of thesis topics: hydrate-forming emulsion rheological proper-
ties, nucleation at the ice-oil-aqueous (IOA) phase contact line and the morphology
of hydrate forming emulsion without and with salt.
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seed punctures the drop and a mushy/hairy morphology is observed; such puncturing
mechanism is not present in ice-forming emulsion and the whole drop freezes as bulk
and retains a spherical shape. In the presence of brine, hydrate forming at the interface
punctures the other drops and coalesces them causing wetting of the newly generated
hydrate; in the ice-forming emulsion, ice growth occurs inside the drop and is fully wetted
by brine, thus no significant change if oil-aqueous phase interface occurs.

In Chapter 5 a summary of the main thesis conclusion is given. Based on these con-
clusions, future topics of interest are proposed. Possible ways to approach future investi-

gations are discussed.



2 Salt effects on thermodynamic and
rheological properties of hydrate

forming emulsions”®

2.1 Introduction

Due to the fact that offshore petroleum wells occur under the seafloor, the effect of the
salinity of the aqueous phase in water produced with petroleum is an important factor
to be considered for the formation of hydrate. Here, we consider the case of water-in-
oil emulsions, modeling the case of produced water (or brine) emulsified with crude oil,
considering only NaCl solutions although numerous other ionic species may generally be
present in produced water. Salt is a thermodynamic inhibitor of hydrate formation. At
the simplest level, the presence of dissolved salt results in an increase in ionic strength
in the water, and causes a colligative effect that lowers the equilibrium temperature of
hydrate; this is the same phenomenon as the well-known freezing point depression of water
by addition of salt. In addition, the salt ions have more specific effects, as they interact
with the water molecules preventing formation of hydrate cages [5]. Note that the hydrate
lattice does not incorporate ions, and thus the chemical potential of water embedded in

the hydrate structure is not affected by the presence of salt [49]. Salt does, however,

*The contents of this chapter are published as a paper in Chemical Engineering Science [48].
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affect the chemical potential of the aqueous phase [49, 50].The chemical potential model
of water in the form of hydrate was developed by van der Waals and Platteeuw [51, 52].
A few models [49, 50] incorporate the effect of electrolytes in the aqueous solution to
calculate hydrate equilibrium conditions and salt precipitation.

As noted, increase of salt concentration in the aqueous phase lowers the equilibrium
temperature for hydrate stability (effectively the melting point of the hydrate). Re-
gardless of the salt concentration of the aqueous phase, the dominant factor affecting
morphology of hydrate crystals appears to be the level of subcooling AT = T, — T'; at
higher subcooling, crystal size is decreased [53, 54]. Maeda et al. [55] reported that after
nucleation, hydrate growth rate (for chlorodifluoromethane gas hydrates) is independent
of the salt concentration in the aqueous phase. However, in an emulsion studied here,
the concentration of salt inside the water droplet increases with hydrate formation and
consumption of water, and this impacts on the growth rate. As salt concentration rises,
the equilibrium temperature is further shifted to lower values, consequently resulting in
less subcooling, slowing hydrate growth [56] and limiting the ultimate conversion.

Rheological properties are essential in understanding the flow behavior of hydrate sus-
pensions and avoiding plugging of pipelines. In the case of a water-in-oil emulsion, vis-
cosity generally increases and a yield stress may develop as hydrate forms at the water-oil
interface. Colombel et al. [57] and Sinquin et al. [58] developed a model describing the
viscosity of hydrate suspensions (assuming the water drops to convert to hydrate parti-
cles) in oil as a function of effective volume of hydrate agglomerates. This approach is
based on the theoretical model of Mills [59] for flocculated suspensions. In the model,
viscosity is dependent on the initial water fraction [57], and this indicates that an im-
portant factor in determining the mechanical properties of a hydrate-forming emulsion,
which needs to be carefully considered when salt is present in the aqueous phase, is the
extent of conversion of water into hydrate.

In order to assess the importance of conversion in determining rheological properties, an
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experimental investigation of density-matched cyclopentane hydrate-forming emulsions in
the presence of salt is performed here. Cyclopentane, the hydrate forming component in
the oil system, forms the cubic hydrate structure II (sI1) [6], as does natural gas, but
cyclopentane hydrate is stable under atmospheric pressure. Thus cyclopentane hydrate
provides a model for natural gas hydrate behavior in an emulsion system, without the
need for pressurized experimental environments. In this work, a binary phase diagram
for cyclopentane hydrate-brine system is constructed employing calorimetric data. At the
salt concentrations and temperature range studied here, no precipitation of salt was visu-
ally observed by Kishimoto et al. [54]; simulated data (employing the package PVTsim;
Calsep) further confirm the absence of solid salt phase for our experimental conditions.
Equilibrium temperature and theoretical hydrate conversion are extracted from the binary
phase diagram. The correlation of rheological data measured at varying conversion levels
of water to hydrate elucidates underlying physical principles involved in the mechanical

properties of hydrate-forming emulsions.

2.2 Experimental

2.2.1 Materials

Sodium chloride (99+% pure, Fisher Scientific) is dissolved at various concentrations in
deionized water obtained from a Millipore QTM system to form the aqueous phase. For
the calorimetric experiments, two oil phases were examined: 1) a simpler oil phase con-
taining only light mineral oil (NF/FCC Fisher Scientific) and cyclopentane (99+% pure,
Fisher Scientific) and 2) the density-matched emulsion oil phase composed of halocar-
bon 27 (polychlorotrifluoroethylene polymer, Halocarbon Products Corporation), light
mineral oil and cyclopentane. The oil phases containing 37, 50 and 100% (v/v) cyclopen-

tane were investigated in the micro-differential scanning calorimeter (¢DSC) experiments
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where hydrate formation occurs between the aqueous and oil bulk phases. Additional
experiments were carried out for the case of 100% (v/v) cyclopentane concentration by
adding sorbitan monooleate (Span 80 from Sigma-Aldrich) at a concentration of 0.05%
(v/v on the organic component); agitation was not performed on the calorimetric exper-
iments. Equivalent volumes of 50 L. of the aqueous and oil phases were used to measure
the equilibrium temperature of hydrate formed at the interface in a segregated system at
various cyclopentane and salt concentrations.

Hydrate-forming emulsions with various salt concentrations are investigated in the rhe-
ological experiments. The oil phase of hydrate-forming emulsion is composed of 50% (v /v)
cyclopentane. The rest of the oil phase is a mixture of light mineral oil and halocarbon 27
used to match the density of the oil and aqueous phase in order to minimize sedimentation
of the droplets in the emulsion (or ‘creaming’, given that the drops rise in this mixture).
Span 80 is used as a surfactant to stabilize the emulsion at a concentration of 0.05% (v/v)
in the oil phase. Span 80 is a non-ionic surfactant with a hydrophilic-lipophilic balance
(HLB) of 4.3 [60]. Due to high hydrophobicity, Span 80 does not form stable lipid bilayers
in the aqueous phase [61]. The measured critical micelle concentration of Span 80 in the
emulsion oil phase is 0.027% (v/v), which closely agrees with previously reported values

[62]. Relevant physical properties of the materials are provided in Table 4.1.

Table 2.1: Materials physical properties

Material Chemical | Mol. Weight Density Viscosity
Formula (g molt) (g cm™) (cP)
Cyclopentane CsHig 70.1 0.751 (25 °C) 0.44 (20 °C)
Halocarbon 27 | (C2ClFs3), - 1.96 (37 °C) 51 (37.8 °C)
Light mineral oil - - 0.83 (15.6 °C) 46 (25 °C)
Span 80 C24H14 06 428.6 0.986 (25 °C) | 1200-2000 (20 °C)
Water H,0 18.0 1.00 (4 °C) 1.00 (20 °C)

Sodium Chloride NaCl 58.4 2.16 (25 °C) -
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2.2.2 Micro-differential scanning calorimeter (:DSC)

A micro-differential scanning calorimeter (uDSC VII; Setaram) is used to measure the
equilibrium temperature and the cumulative dissociation heat of the cyclopentane hydrate
and brine system. The uDSC measures the heat flux required in the sample vessel to
match the temperature of the reference vessel as the temperature is raised at a specified
rate. The heat flux resolution is 0.02 uW. A more detailed setup of the apparatus is
described by Le Parlouér et al. [63]. The procedure in the uDSC experiments involves
lowering the temperature to -40°C to form ice. Thereafter, the temperature is raised above
the equilibrium temperature of ice, but below the equilibrium temperature of hydrate
formation (both of which are dependent on the concentration of salt in the aqueous
phase) following a protocol described by Karanjkar et al. [64]. The temperature is kept
steady for one hour, to provide time for hydrate formation to occur. The temperature is
then steadily increased at 0.2°C min™ in order to detect hydrate dissociation as shown in

figure 2.3.

2.2.3 Interfacial tension

An optical tensiometer (Theta; KSV Instruments) was employed to measure the inter-
facial tension between the oil and aqueous phases. To dispense the oil drop in the bulk
aqueous phase, a 16 gauge inverted needle (Ramé-Hart Instrument Co.) was used. The
Young-Laplace equation is applied to the acquired image to find the interfacial tension
between the two phases. The critical micelle concentration (CMC) for the oil phase (light
mineral oil, halocarbon 27, and cyclopentane; hereafter called oil mixture) similar to
the emulsion but slightly density mismatched (p = 0.91 ¢ ml™!) to allow pendant drop
formation, was determined experimentally at 0.027% (v/v) Span 80 concentration. The
interfacial tension of the aqueous droplet formed in the oil mixture is O(10 N/m) as

plotted in figure 2.1 for various salt concentrations. Salt does not affect interfacial ten-
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sion between the aqueous and oil mixture phases in the presence of 0.05% (v/v) Span
80 as shown in figure 2.1. The interfacial tension of the oil mixture containing no Span
80 and aqueous phase is also shown in figure 2.1; at salt concentrations of 7.5, 10 and
12.5% (w/w), the interfacial tensions between the oil mixtures and aqueous phases are
the same whether Span 80 is absent or present. At salt concentrations of 0, 3.4, 5 and 15
% (w/w), absence of Span 80 causes a larger interfacial tension between the oil mixture
and aqueous phases. Apparently, salt concentration causes interfacial tension in the oil
mixture without Span 80 to change. In order to further investigate the effect of salt on
the interfacial tension between the oil mixture and aqueous phase, the interfacial tension
of individual components in oil mixture (light mineral oil, halocarbon 27, cyclopentane)
and aqueous phase at specified salt concentrations were measured. In comparison with
light mineral oil and cyclopentane, halocarbon 27 interfacial tension with aqueous phase
is lower; with addition of salt in the aqueous phase, the interfacial tension between halo-
carbon 27 and aqueous phases approaches the interfacial tension of the oil mixture and
aqueous phase at 0.05% (v/v) Span 80, indicating the presence of surface active agents
in halocarbon 27 oil.

The presence of salt ions (Nat and C17) is known to decrease the interaction between
the polar head of Span 80 and water in the aqueous phase [65, 66]. Salt ions interact
with water molecules; they exist in the hydrated form in the aqueous phase [66]. Thus,
due to water molecules interacting strongly with the salt ions, a diminished non-ionic
surfactant-water interaction referred to as a salting out is observed [65, 67]. In figure 2.1,
the interfacial tension between the aqueous phase, and the pure oil phase components,
cyclopentane and light mineral oil, initially decreases reaching a minimum value followed
by an increase at higher salt concentration. In figure 2.1 the small decrease in interfa-
cial tension of light mineral oil at salt concentration in brine of X < 3.4% (w/w) and
cyclopentane at X; < 5.0% (w/w) may be associated with impurities in the oil phase

which partition to the aqueous phase [67]. In the presence of salt, surface active impu-
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rities tend to accumulate in the interface region rather than in the bulk aqueous phase
due to the salting out phenomena, resulting in a decrease in interfacial tension. At high
salt concentration, at X5 > 3.4% (w/w) for light mineral oil and Xy > 5.0% (w/w) for
cyclopentane there is an increase of interfacial tension which is due to additional energy
needed to create an ion free zone in the interface [68]. In the case of halocarbon 27, a
small concentration of unsaturated alkenes is present (information provided from Halo-
carbon Products Corporation brochure and representative correspondence). Unsaturated

alkenes react with water resulting in acidic components which may behave as surfactants.
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Figure 2.1: Interfacial tension between oil and aqueous phases at various salt concentrations.
Oil mixture (p = 0.91 g ml~!) is similar to the emulsion oil phase.
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2.2.4 Rheology

Rheometric analysis was performed on density-matched 40% (v/v) aqueous fraction emul-
sions. Mixing of a total volume of 50 ml of water and oil to form a water-in-oil emulsion
is achieved using the IKA T25 Digital Ultra-Turrax at an intensity of 7000 rpm for a du-
ration of 5 minutes. To estimate the numerical average mean and volume mean diameter,
700 droplets for each condition were measured under microscope following emulsification.
Photomicrographs are shown in figure 2.2. The droplet size is O(10® m) as shown in
Table 3.2. The droplet size numerical average and volume mean diameter have the lowest
value at 3.4% (w/w) salt concentration and the highest value at 15% (w/w) salt concen-
tration. The ratio of the highest and lowest numerical average mean size is 2.4, while for

the volume mean diameter it is 2.5.

Table 2.2: Hydrate-forming emulsion droplet size

Salt Numerical Standard Volume
Concentration | Average Mean Deviation | Mean Diameter
4
% (w/w) b (um)  (um) &l (pm)
0.0 11.7 10.9 44.9
3.4 9.7 6.9 29.1
5.0 10.9 11.1 53.5
7.5 13.3 10.2 45.9
10.0 13.3 8.6 40.0
12.5 18.4 14.0 47.6
15.0 23.2 16.0 71.4

In all experimental conditions the maximum capillary number, the ratio between the

viscosity forces and the capillary forces, is estimated to be Ca,ee = "C:d =0 (10_2) ,
where 7. = 0.0055 Pa s is the continuous fluid viscosity of the emulsion, 7 is the shear
rate, d is the droplet diameter and o is the interfacial tension between the two phases.
Therefore, negligible droplet deformation is expected for the conditions of the experiments
[69].

The emulsions do not coalesce for several days. However, flocculation and sedimenta-

tion have been observed under quiescent conditions after a few hours. Hydrate-forming
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emulsions at 40% (v/v) aqueous fraction are shear thinning [62]. Disruption of flocs of
drops formed under quiescent conditions may be responsible for shear thinning behavior
[70]. Matching oil and aqueous phase densities at room temperature reduces separation,
but matching densities at all temperatures is not possible; thus, sedimentation of droplets
(or ‘creaming’, the term often used when the drops rise as in our case) is slowed but not
eliminated. We estimate the effects of segregation due to density difference by computing
the time for hydrate particles (which will generally contain liquid aqueous phase when salt
is present) to move a distance necessary to affect the rheometric measurements, namely
a fraction of the Couette bob length, I: for simplicity we will take the distance to be
[ so that the time estimate is t; = [/U, where U is the settling (rising in this case)
velocity. At low conversions of water to hydrate, sedimentation can be considered neg-
ligible due to small density differences between the oil and hydrate particles, which are
still mostly liquid aqueous phase. The density difference is at its maximum at highest
conversion, achieved at the lowest temperature, 7' = -13°C. Sedimentation is hindered
by the presence of other particles and liquid back flow [71, 72, 73]. The settling velocity
of a particle in suspension is U = Uy(1 — ¢)", with n = 4.65, Uy = % is Stokes
settling velocity for a single particle in infinite fluid [72], and ¢ is the volume fraction of
the suspension|[71, 72, 73]. The volume fraction of hydrate suspension after conversion is
assumed to be the aqueous phase fraction, ¢ = 40%. The continuous phase density, p, is
estimated after hydrate conversion, with the remaining mixture density of the Halocarbon
27, light mineral oil and the unconverted cyclopentane. The particle phase density, p,, is
estimated from the remaining aqueous phase and hydrate. Particles are assumed to have
the diameter of the numerical average droplet diameter given in Table 3.2. Density of
the cyclopentane-hydrate has previously been estimated as 0.965 ¢ cm ™2 [64]. Estimated
suspension settling velocity and time for the highest conversion at each salt concentration
are given in Table 2.3.

Experiments are started immediately following mixing to attenuate the effects of floccu-
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Table 2.3: Estimated settling velocity and time of hydrate suspension

Salt Maximum Conversion Density Difference Settling Settling
Concentration (T =-13°C) P — Pp Velocity U Time tg4
% (w/w) % (kg m~3) (um s™1)  (hours)

0.0 100 98.9 0.124 74.6

3.4 87.4 91.6 0.0794 117

5.0 81.2 87.4 0.0957 97.3

7.5 71.2 79.9 0.130 71.5

10.0 60.6 70.8 0.115 80.6

12.5 49.5 60.1 0.187 49.6

15.0 37.8 47.8 0.237 39.3

lation and sedimentation; depending on the specified condition experiments may last from
1/2 to 12 hours. Since the dominant conversion takes place at shorter times, the result-
ing increase in viscosity and eventual development of a porous network will significantly
decrease the segregation velocity. It should also be noted that for lower conversions, time
required for settling is larger due to lower density differences. The experimental times
are thus well below the estimated settling times, and suspension settling is not believed
to affect the flow properties significantly.

A volume of 15 mL emulsion is transferred to the Couette cup of the rheometer at
room temperature (T & 25°C). The cup is placed inside a fluid bath in the rheometer,
where it is quickly quenched to a lower temperature. Two approaches are used in crystal
nucleation. The first approach is to allow nucleation to occur on its own; this method is
used in the investigation of critical time of hydrate formation (figure 2.8). The second
method involves seeding the emulsion at t = 90 s (shearing starts at ¢ = 0) with a hydrate
crystal of approximately 1 mm in diameter placed on the upper surface of the emulsion,
specifically on the layer covering the inner cylinder in the Couette geometry; this method
is used for the investigation of the viscosity evolution time and final viscosity (figure 2.8).

A strain controlled rheometer (ARES Rheometrics) is used to measure the rheological
properties of the hydrate-forming emulsion. This rheometer is equipped with a dual-range
force rebalance transducer (2K FRTN1). The software automatically switches between

the lower range (2 x 107% to 2 x 1072 N m) and higher range (2 x 107* to 2 x 107! N
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. (b) 75% (w/w) salt

Figure 2.2: Representative photomicrographs of the hydrate-forming emulsions.

m) when necessary, and this is observed to occur under certain of the conditions studied
here. The Couette geometry is used in the rheometer. The cup diameter is 34 mm. The
bob diameter is 32 mm with a length of 33.5 mm. Thus, there is 1 mm gap between the
concentric cylinders. Temperature control is achieved through a re-circulating fluid bath.
Temperature is measured by a thermocouple in direct contact with the cup.

The emulsions are sheared at constant rates of 1 s7! and 100 s~ until the measured
viscosity reaches a steady value. The final formed slurry structure without any aging
process (i.e., immediately following hydrate formation under shear) is run through a
shear rate loop from 1 to 100 s™' and back to 1 s~ (total loop duration is 2000 s) to
determine whether hysteresis is present. The yield stress of the final slurry material was
determined by the method used by Yang et al. [74]; shear stress was measured as the
rate increased from 107 to 1 s7!, the yield stress was identified as the value of the stress

plateau at low shear rate in the plot.
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2.2.5 Thermodynamic data simulation

The thermodynamic simulator, PVTsim version 20 (Calsep A/S) was used to predict the
liquidus data and water to hydrate conversion in the emulsion at various salt concentra-
tions. A comparison of PVTsim to other softwares in predicting hydrate formation is
given by Ballard and Sloan; experimental data are predicted quite well by PVTsim [75].
The volumetric concentration of cyclopentane was adjusted by the addition of normal-
octane which is comparable to light mineral oil (a mixture of alkanes) used in the uDSC
experiments. Water and sodium chloride formed the aqueous phase. The aqueous frac-
tion of the emulsion was set at 40% (v/v) as in the experiments. The Soave Redlich
Kwong (SRK) equation of state with Peneloux volume correction equation [76] is used in
the simulations. Solid salt formation was observed in the simulation at 7" < -16.0 °C for
3.4% (w/w) salt concentration and at 7' < -15.6 °C for 15% (w/w) salt concentration.
Therefore, no solid salt precipitation is expected in temperature range of 7' > -13.0 °C

at which the rheometric experiments are run.

2.3 Results and discussion

2.3.1 Thermodynamic conversion

Figure 2.3 shows the heat flow measured by uDSC during the study of cyclopentane hy-
drate formation in a segregated water/organic sample. Recall this is the system without
surfactant added. These experiments allow determination of properties at a precise con-
centration, because conversion is minimal under these segregated conditions with only a
small surface area between the organic and aqueous phases. When the temperature of
the aqueous and cyclopentane bulk phases is lowered from 25 °C to -40 °C at a rate of 1.5

1

°C min™", an exothermic peak is observed at -10 °C due to ice formation. This is higher

than the homogeneous nucleation temperature for ice observed at -38 °C by Zhang et
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Figure 2.3: uDSC graph for hydrate formation between aqueous and oil bulk phases.

al. [77]. Homogeneous nucleation is rarely achieved [78], while heterogeneous nucleation
occurs at a significantly higher temperature due to the presence of solid interfaces [77, 6],
as discussed in Karanjkar et al. [64]. The exothermic peak observed in the experiment
corresponds to the heterogeneous nucleation and growth of ice crystals in the bulk aque-
ous phase. The formation of ice is further confirmed when the solution is heated to 1°C,
above the melting temperature of ice (0°C) and an endothermic peak of comparable total
energy is seen. The asymmetrical non-bell shaped exothermic peak is typical of the ice
formation in bulk water as opposed to a symmetrical bell-shaped crystallization of an
emulsion [79]. During ice melting, free liquid water becomes available allowing hydrate
crystal growth [64] and it has been argued that long-lived hydrogen bonds [80] supplied
from ice dissociation cluster together forming hydrate crystal nuclei between the aqueous
and cyclopentane-containing oil phase. The nucleation of hydrate based on the thermal
history such as melting of ice is referred as the memory effect of the solution [81], but
may also be due to the nearby ice surface during the period of melting.

The fraction of water converted to hydrate in the two bulk phase experiments is

Q

Xw = AH ’
hydTMw—in

(2.1)
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where @), the heat released during the hydrate dissociation, is calculated from the area
under the small endotherm (enlarged in the inset) at 6.3-8.8 °C in figure 2.3. The initial
water content is m,,_;,. The hydrate formation enthalpy is AHj,q = 348.9 kJ/kg water
converted. The heat of formation of hydrate on a converted water basis is computed from
the heat of cyclopentane hydrate dissociation, 283.9 kJ/(kg hydrate) [82], and the ratio
1:17 of cyclopentane to water molecules forming the hydrate [77].

When no Span 80 is present, the computed fractions of water converted to hydrate
ranges from X, = 0.1 to 5.4% with most cases below 2% conversion as shown in Table 2.4.
Therefore, the change in salt and cyclopentane concentrations in the aqueous and oil
phase, respectively, are small and considered to be negligible. The temperature data in
Table 2.5 represent an experimental evaluation of the liquidus line in the hydrate-brine
system, which is the highest temperature at which the hydrate crystal and brine coexist,
i.e. this represents the melting point of the hydrate in contact with such a brine. Above
the liquidus line as shown in figure 2.6, hydrate is not thermodynamically stable and only
brine is present. Below the liquidus line as temperature decreases, the ratio of solid to
liquid phase increases.

When no Span 80 is present, the melting point of cyclopentane hydrate in cyclopentane-
water system without salt is found to be 7.11 4 0.10 °C, which is close to the value
reported by Zhang and Lee [33] of , 7.02 °C, and the quadruplet point reported by Fan
et al. in which four phases (a liquid water-rich phase, a cyclopentane-rich phase, a solid
hydrate phase, and a vapor phase of cyclopentane + water) are in equilibrium is 7.07
°C [83]. When 0.05 % (v/v) Span 80 is dissolved in cyclopentane, the water fraction
converted to hydrate without salt is significantly higher (X,, = 42.6%) compared to when
Span 80 is absent (X, = 0.7%); note that no agitation is performed. Moreover, the
equilibrium temperature is lowered by AT = 0.63°C in the presence of 0.05% (v/v) Span
80. Hydrate formation in the interface is highly affected by surfactant activity. Karanjkar

et al. [64] observed that without Span 80 a polycrystalline shell is formed on the water-
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oil interface; when Span 80 is present, a mushy porous structure with small needle-like
crystals is formed in the interface which fill the aqueous phase as more hydrate is formed.
This is consistent with the conversions observed in our uDSC experiments where in the
presence of Span 80 up to a sixty fold increase in water to hydrate conversion is measured
even with no agitation. Porous hydrate may cause a melting temperature depression
referred to as the Gibbs-Thomson effect due to more interface being present similar to

porous ice; the premelting of ice is reviewed in detail by Dash et al. [84, 85].

Table 2.4: Liquidus data for ice [1] and cyclopentane hydrate at 100% (v/v) cyclopentane

Ice Hydrate
Data interpolated from | Cyclopentane Concentration
Stephen and Stephen [1] 100% (v/v)
Salt Equilibrium Equilibrium Water
Concentration Temperature Temperature Converted
(% w/w) (°C) (°C) (%)
0.0 (no Span 80) 0.0 7.11 £ 0.10 0.8 £0.2
0.0 (0.05% Span 80) - 6.57 £ 0.01 42.3 + 3.3

3.4 -2.5 5.28 4.9

5.0 -3.6 4.27 5.4

7.5 -4.8 2.71 1.8

10.0 -7.0 1.16 0.7

12.5 -8.5 -0.79 0.6

15.0 -11.0 -3.51 1.1

17.5 -13.1 -5.50 1.0

20.0 -16.2 -8.00 0.9

23.0 -21.1 -11.66 0.4

In figure 2.4, the experimental and simulated liquidus temperatures for various salt
concentrations are plotted. The ice-brine equilibrium data plotted in figure 2.4 are taken
from Stephen and Stephen [1]. The limits of cyclopentane concentration used are chosen
to guide our understanding of the results from the emulsion studies. The 50% (v/v)
cyclopentane concentration represents the initial condition in the emulsion when no water
is converted to hydrate (X, = 0%). The 37% (v/v) cyclopentane concentration represents
the concentration of cyclopentane when all water is assumed to be converted to hydrate
(X = 100%). Thus, these two conditions represent the absolute upper and lower limits

of cyclopentane concentration in the emulsion under study.
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Table 2.5: Hydrate liquidus data for the simple oil phase (light mineral oil and cyclopentane
(LMO+CP)) and the emulsion oil phase (light mineral oil, Halocarbon 27 and cy-
clopentane (LMO-+HLC+CP)).

\ LMO-+CP | LMO-+HLC+CP
Cyclopentane Salt Equilibrium Water Equilibrium Water
Concentration | Concentration | Temperature Converted | Temperature Converted

(% v/v) (% w/w) (°C) (%) (°C) (%)
50 0.0 5.40 0.4 5.39 3.5
3.4 3.30 0.6 3.50 3.7

5.0 2.45 0.9 2.68 0.03

7.5 1.01 0.7 1.30 2.9

10.0 -1.03 1.6 -0.23 0.1

12.5 -2.71 1.2 -2.73 2.1

15.0 -4.61 0.4 -5.03 1.5

17.5 -7.38 0.6 -7.29 1.2

20.0 -9.79 0.1 -9.44 0.4

23.0 -13.68 0.3 -13.45 0.2

37 0.0 4.41 0.2 4.70 3.4
3.4 2.32 0.4 2.80 1.5

5.0 1.55 0.5 1.76 2.6

7.5 -0.46 1.8 0.04 14

10.0 -2.10 1.1 -1.94 2.3

12.5 -4.14 0.5 -3.58 1.0

15.0 -6.07 0.5 -5.93 1.3

17.5 -8.04 0.5 -7.95 0.6

20.0 -10.90 0.3 -10.67 0.3

23.0 -15.35 0.3 -14.48 0.3

Water conversion to hydrate is given by

X, = Syt (2.2)

where 1, _pyq is the mass of water in hydrate and m,,_;, is the initial mass of water in

the emulsion. The mass of water in hydrate is expressible as

My—hyd = mtotthd<1 - Xsfhyd> ’ (23)

where my, is the total mass of water and salt, Xj,q is the fraction of aqueous phase
converted to hydrate and X;_j,4 is the fraction of salt in hydrate. The fraction of aqueous

phase converted to hydrate is obtained by mass balance of two phases, Xpyq + Xprine = 1,
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Figure 2.4: Ice [1] and experimental and simulated cyclopentane hydrate liquidus curves.

where Xj,.ine is the fraction of aqueous phase remaining as brine. The equation balancing

the mass of salt is Xpya Xs_nya + XprineXs—prine = Xs—in, and thus we obtain

Xs—brine - Xs—in

‘;ih —
yd
écs—brine écs—hyd

: (2.4)

which can be seen as a lever rule calculation.
To illustrate the situations encountered and application of this thermodynamic data,
consider figure 2.6, where point A represents a condition at which water is present only

in the liquid brine phase. As the temperature is lowered, the system reaches point B, at
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Figure 2.5: Cyclopentane hydrate liquidus curves for the 37 and 50% (v/v) cyclopentane con-
centrations for the simple oil phase (light mineral oil and cyclopentane (LMO+CP))
and the emulsion oil phase (light mineral oil, halocarbon 27 and cyclopentane
(LMO+4HLC+CP)).

which hydrate crystal formation is thermodynamically stable. With further cooling we
reach point C, for which the hydrate to brine aqueous mass fraction is represented by the
ratio of the length of dashed red line, CCy, to solid (blue) line, C,C. The concentration
of salt in the hydrate phase is zero, while the concentration of salt in brine is the salt
concentration of point Cy. As the temperature decreases, at point D, the ratio of hydrate
(DDy) to brine (D;, D) aqueous mass fraction increases when compared to conditions in

C'. The concentration of brine increases from C} to Dy as we move from C to D.
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Figure 2.6: Binary phase diagram.

As noted salt is not present in the hydrate crystal (X;_p,q = 0). Thus, for a given
temperature 7', the maximum conversion of water to hydrate is obtained from equations

(2.2), (2.3) and (2.4),
Xs—brine(T> - Xs—in
Xs—bm'ne<T)(1 - Xs—in) '

Xo(T) = (2.5)

Equation (2.2) is used to calculate the conversion of water to hydrate for both the absolute

upper and lower limits of cyclopentane concentration in the emulsion. The fraction of
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water converted to hydrate is then weighted between the two values as

Xp—37+ X X371+ Xow_
X, = ( 37 50) X, 4+ (1 B 37 50) Xy so. (2.6)

2 2

where X,,_37 and X,,_5o are the conversions of water estimated at cyclopentane concen-
tration of 37% and 50% (v/v), respectively. Since direct measurement of equilibrium
temperature is not achievable due to large changes in salt and cyclopentane concentra-
tions in the two bulk phase experiments when Span 80 is present, an assumption of
shifting the equilibrium temperature by AT = 0.54°C , which is the shift in the equi-
librium temperature of pure cyclopentane and pure water when 0.05% (v/v) Span 80 is
added, is made. The difference between the theoretical conversion values when the shift in
equilibrium temperature caused by Span 80 is neglected and taken into consideration by
this assumption is no more than 4% as shown in Table 2.6. Furthermore, the simulated
water to hydrate conversion data from PVTsim agree with our computed conversions
from the experimental liquidus data (cyclopentane and light mineral oil in the oil phase)
as shown in figure 2.4; in the simulation, n-octane is substituted for light mineral oil used
in the experiments. In figure 2.5, a comparison of liquidus data using two different oil
phases is given; the oil phase composed of light mineral oil and cyclopentane (LMO+CP),
which agrees well with PVTsim, and the oil phase used in the hydrate-forming emulsion
composed of light mineral oil, Halocarbon 27 (substituting approximately 53% by vol-
ume of light mineral oil in the previous case) and cyclopentane (LMO+HLC+CP). The
data given in Table 2.5 and plotted in figure 2.5 for the two oil phases with and without
Halocarbon 27 agree well. There is only a slight increase in cyclopentane activity due to

the presence of Halocarbon 27.
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Table 2.6: Thermodynamic conversion of water to hydrate in emulsion

Temperature | Salt Concentration | Water Conversion | Water Conversion
(°C) (% w/w) (%) Corrected (%)
-7 0.0 100 100
34 82.2 81.3
5.0 734 72.2
7.5 59.4 57.5
10.0 44.9 42.4
12.5 30.0 26.8
15.0 14.3 10.7
-10 0.0 100 100
34 85.5 84.0
5.0 78.4 7.7
7.5 67.0 66.0
10.0 55.1 53.8
12.5 42.7 41.2
15.0 29.9 28.1
-13 0.0 100 100
34 87.5 87.4
5.0 81.3 81.2
7.5 71.4 71.2
10.0 61.0 60.6
12.5 50.1 49.5
15.0 38.7 37.8

2.3.2 Viscosity evolution

There is a slight increase in viscosity associated with a decrease in temperature when
the emulsion is quenched from room temperature (25°C) to the desired experimental
temperature [62]. Following quenching, nucleation of hydrate occurs in the emulsion. As
hydrate grows, a network structure starts forming in the emulsion. The viscosity of the
emulsion changes as hydrate is formed. Critical time (t.) is defined as the onset time of
sharp viscosity increase as previously described by Peixinho et al. [62] and described in
figure 2.8 where the line fit to initial viscosity (7;,) intersects with the steeply-sloped line
describing the viscosity evolution. Following t., viscosity evolves until it reaches a final
value (7¢). Depending on the experimental conditions an overshoot or smooth approach
to the final viscosity value may be observed. The period from critical time to the time at
which viscosity initially reaches 90% of its final value is defined as the viscosity evolution

time (fe).
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Figure 2.7: Plot of maximum water conversion to hydrate as a function of salt concentra-
tion in the aqueous phase. The computations are based on the experimental data
(LMO+HLC+CP). The simulation (PVTsim) contains normal-octane as substitute
to light mineral oil and Halocarbon 27 (LMO+HLC) with no surfactant.

2.3.3 Ciritical time

Critical time (¢.) is presumably equal to or larger than nucleation time (¢,); most likely a
single nucleation site is not enough to trigger an abrupt increase in the hydrate-forming
emulsion viscosity. Mechanical effects also depend on the rate of nucleation and growth
of crystals from different drops connecting into a network structure. Since t. > t,, then

critical time is affected by the nucleation time. Although stochastic in nature [81], hydrate
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Figure 2.8: Schematic depiction of initial viscosity (nin), critical time (t.), evolution time (te)
and final viscosity (7¢) of the hydrate-forming emulsion. The data shown is for a
seeded hydrate-forming emulsion at X;_;, = 0% (w/w) salt concentration and 7" =
-13 °C (100% water to hydrate conversion).

nucleation is dependent on the level of subcooling, AT = T,, — T', in the emulsion. The
presence of salt lowers the equilibrium temperature (7,,) of hydrate. At lower subcooling,
a larger radius of nucleation needs to be formed to allow stable crystal growth. The critical
radius of nucleation allowing crystal growth is expected to be inversely proportional to

the subcooling, AT = T,, — T [86, 87],

(2.7)
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where 7 is the energy per unit area on the crystal-liquid interface and L, is the latent
heat per unit volume of crystal. The dependence of critical time on nucleation time is
substantiated in figure 2.9, where the hydrate-forming system has a lower critical time
with higher subcooling.

At lower shear rate, average critical time is larger and a higher variance is observed. It
is hard to distinguish whether shear rate affects the nucleation process or hydrate growth
the most, although at higher shear rate droplet interaction increases. Thus, a droplet
where hydrate is formed at the interface may act as nucleation site for other droplets as

they come into contact enabling the growth of hydrate to increase in the emulsion.

2.3.4 Viscosity evolution time

Our data suggest that subcooling, the difference between the equilibrium temperature and
the set temperature, is the main parameter affecting viscosity evolution time. Subcooling
is determined by initial salt concentration because conversion has not started at the
moment the hydrate-forming emulsion reaches the set temperature. Shear rate apparently
does not have a significant effect on the time it takes viscosity to increase. In figure 2.10,
viscosity evolution time decreases with initial emulsion subcooling. The data can be fitted

to the following empirical relation,

te = Ae BAT (2.8)

where £, is the viscosity evolution time, and AT is the initial emulsion subcooling. Fitting
coefficients A and B are given in Table 2.7.

Viscosity increase is attributed to the increase in total hydrate mass and its growth in
a network structure. Thus, hydrate particle growth in the emulsion may be associated
with viscosity evolution rate. A higher hydrate growth rate would result in shorter time

to reach final viscosity. Uchida et al. also found that CO, hydrate growth was mainly
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Table 2.7: Fitting coefficients for viscosity evolution time.

Experimental Conditions

Fitting Coeflicients

Coefficient of Determination

Fit Line | Temperature Shear Rate | A/10% B R?
T (°C) SACH) (s) (°c7 )
(1) -7 100 7.3 0.43 0.93
(2) -7 1 6.3 0.37 0.85
(3) -10 100 6.5 0.34 0.96
(4) -10 1 7.0 0.30 0.94
(5) -13 100 18 0.34 0.73
(6) -13 1 3.3 0.19 0.94
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Figure 2.10: Viscosity evolution time versus the initial subcooling (AT = T, — T') of the emul-
sion. Fitting coefficients for line described by equation 2.8 are given in Table 2.7.

dependent on the subcooling [56]. The dependence of hydrate growth on temperature
was based on a heat-transfer-limited growth model proposed by Mori [88].

At 40% (v/v) aqueous fraction, the hydrate-forming emulsion is highly concentrated.
Contact-induced agglomeration by collision of crystallizing droplets [57] under quiescent
conditions is unlikely. Shear-induced aggregation is dependent on shear rate; higher shear
rates result in higher number of collisions between particles [89, 90]. In our study shear
rate plays negligible role on viscosity increase, indicating that collision-agglomeration

is not the mechanism of hydrate-forming emulsion viscosity growth. Our data suggest
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that viscosity increase in the emulsion is due to the simultaneous crystallization process of
water droplets into porous hydrate particles [64, 91] and residual aqueous content forming
capillary bridges binding porous particles together [5, 21, 22]. This mechanism is mainly
dependent on the thermodynamic driving forces and our data suggests that subcooling
plays a critical role. The strength of the network formed by this mechanism is attributed
to capillary forces. Capillary forces surpass in magnitude other colloidal forces such as
van der Waals and electrostatic forces [92]. Capillary bridges may also overcome weight
for particles less than 100 um (p, = 3000 kg m~?), consequently preventing suspension

sedimentation [92, 93].

2.3.5 Viscosity after conversion

The viscosity after conversion, or final viscosity, is rather obviously dependent on the
amount of hydrate present as the water in the emulsion converts. However, it is not
so simple as more hydrate implies higher viscosity; this is shown by figure 2.11. The
limiting component for hydrate conversion is water; cyclopentane in the oil phase is in
excess. The maximum hydrate content is limited by thermodynamics. Given temperature
and initial salt concentration in the aqueous phase, the thermodynamic limit on water
to hydrate conversion can be calculated using equation (2.6). It is assumed that thermal
conductivity and mass transfer do not ultimately prevent the hydrate-forming emulsion
from reaching its final thermodynamic limit, i.e. thermodynamically-allowed conversion
is attained when viscosity of emulsion reaches a final steady state value, a value considered
statistically constant within instrumental measurement error. The final viscosity of the
hydrate-forming emulsion is plotted as a function of the maximum achievable water to
hydrate conversion in figures 2.11 and 2.12. In figure 2.11, the final viscosities of hydrate-
forming emulsions with various initial salt concentrations (the points from left to right
for each symbol are for X, ;, = 15, 12.5, 10, 7.5, 5, 3.4, 0% (w/w) at three different

temperatures (T' = -7, -10, -13 °C) and at two shear rates (¥ = 1, 100 s™!) are plotted.
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As water to hydrate conversion increases, final viscosity reaches a maximum at 61% <
X, < 85%. After the peak value, there is a significant decrease in the final viscosity
as conversion increases. In figure 2.12, the ultimate mixture formed from two hydrate-
forming emulsions with initial salt concentrations of 1.5 and 3.4% (w/w)) are subjected to
different conditions by increasing temperature (the points from right to left represent 7" =
-13,-7.4,-0.5, 1.5, 2.4, 2.8, 3.7, 6.4 °C for 1.5% (w/w) salt concentration; and 7" = -10.8,
-7.3,-4.2,-1.2, 1.4, 2.4, 4.8 °C for 3.4% (w/w) salt concentration). At each temperature,
water conversion to hydrate is computed. At the lowest temperature, conversion of water
to hydrate is at a maximum. The viscosity at maximum conversion for the initial 1.5%
(w/w) salt concentration hydrate-forming emulsion (n = 11 Pa s at X,, = 94%) is lower
than peak viscosity achieved at lower conversion values (n = 29 Pa s at X,, = 82%). The
behavior of hydrate-forming emulsions with initial concentration of 1.5 and 3.4% (w/w)
are similar; the measured peak viscosity for 3.4% (w/w) initial salt emulsion is achieved
at the same level of water to hydrate conversion, X,, ~ 82%.

The results in figure 2.12, in which initial salt concentration is kept fixed but temper-
ature is varied, and figure 2.11, in which temperature is kept fixed but the initial salt
concentration is different, both show that peak viscosity is achieved at intermediate con-
versions of X, = 61-85%. The behavior of hydrate-forming emulsions in figures 2.11 and
2.12 suggests that cohesive forces between hydrate particles are a function of conversion.
The maximum in viscosity achieved at lower conversions may be attributable to the lig-
uid (or capillary) bridge mechanism keeping the hydrate particles in a network structure
[5, 21, 22]. Similar behavior is shown in figure 2.8 where a maximum in viscosity is ini-
tially reached before the hydrate-forming emulsion attains a lower final viscosity. The
apparent decrease in viscosity cannot be associated with sedimentation, which results
in an increase in measured viscosity [94], but it may be a result of network reaching a
lower viscosity as the water to hydrate conversion approaches 100%. If we postulate that

initial conversion yields at least a shell (likely porous) on a drop which we will now term
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Figure 2.11: Final hydrate-forming emulsion viscosity plotted as a function of theoretical water

to hydrate conversion. The points left to right of each symbol correspond to initial
salt concentration of X,_;, = 15, 12.5, 10, 7.5, 5, 3.4, 0% (w/w).

“particle”, the number of capillary bridges connecting particle surfaces becomes larger,

or their size larger, as more aqueous phase remains unconverted due to thermodynamic

limitations, and consequently the structural strength of the hydrate network may increase

21, 22]. In work with simpler suspensions McCulfor et al. [95] found that addition of

small amounts of water to glass particles suspended in mineral oil significantly increases

the viscosity of the suspension due to capillary bridge formation, and the viscosity of

suspension went through a maximum as more water was added. A similar maximum in
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viscosity due to water content has also been reported by See et al. in electrorheologi-
cal fluids [96]. Our data suggest that a similar mechanism is affecting the viscosity of
the hydrate-forming emulsion as the unconverted aqueous content, which is responsible
for capillary water bridges in the complex fluid, is controlled by temperature and salt
concentration.
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Figure 2.12: Viscosity dependence on water to hydrate conversion. Points from right to left,
in which temperature is increased in the experiment, correspond to T' = -13, -7.4,
-0.5, 1.5, 2.4, 2.8, 3.7, 6.4 °C for Xs_;, = 1.5% (w/w) salt concentration, and T =
-10.8, -7.3, -4.2, -1.2, 1.4, 2.4, 4.8 °C for X,_;;, = 3.4% (w/w) salt concentration.
The residual aqueous phase salinity for the points from right to left correspond to
Xs_trine = 21.5, 16.2, 7.8, 4.6, 3.6, 2.9, 1.9, 1.5 % (v/v) for Xs_ip = 1.5% (w/w)
salt concentration, and X;_prine = 19.7, 16.2, 12.8, 9.0, 5.6, 4.2, 3.4% (w/w) for
X in = 3.4% (w/w) salt concentration. Shear rate is 4 = 100 s~ 1.



CHAPTER 2. SALT EFFECTS ON HYDRATE FORMING EMULSIONS 40

Capillary bridges were also found responsible for shear thinning in the work on glass
particle suspensions [95]. Shear thinning [2] is observed in our hydrate suspension for
all conversion levels, as shown in figure 2.13. McCulfor et al. [95] reported that small
additions of water caused the glass particle dispersion in oil to show a highly shear
thinning behavior. Capillary bridges were found to be the main cause of shear thinning
behavior in that study, as surfactant addition decreased the viscosity of the glass particle
suspension and less shear thinning behavior was observed. The surfactant (Span 80)
lowered the interfacial tension between the oil and water phases, consequently weakening
the water bridging capillary force [95]. A similar mechanism may be responsible for the
shear thinning observed in our hydrate-forming emulsions, but we are unable to alter the
concentration of surfactant without also altering the basic emulsion. At similar water to
hydrate conversions, the 3.4% (w/w) salt concentration system residual aqueous phase has
a higher salinity than the 1.5 % (w/w) system. Therefore, the apparent higher viscosity
at 3.4% (w/w) salt concentration when compared to the 1.5% (w/w) salt cocentration
system in figure 2.12 may be attributed to an increase in capillary bridges interfacial
tension [95] caused by additional energy needed to create an ion free zone in the aqueous-
oil interface at elevated salt concentrations [68].

A power law fit, known also as Ostwald-de Waele law [97], describes the viscosity

dependence on shear rate of the hydrate-forming suspension in its final state:

n= Ky, (2.9)

where 7 is the effective viscosity of the suspension, K is the flow consistency index, ¥ is
the shear rate, and n < 1 is the flow behavior index (n = 1 implies Newtonian response).
No significant hysteresis is observed in figure 2.13: the hydrate-forming emulsion final

structure appears to be non-thixotropic.
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Figure 2.13: Shear thinning behavior of hydrate-forming emulsion structure formed at T = -7°C
and 4 = 100s™ (closed symbols 4 = 1 — 100s~!, open symbols ¥ = 1 — 1005 1).

Table 2.8: Shear thinning fit parameters.

Theoretical Water Conversion | Flow Consistency Index Flow Behavior Index
% (w/w) K (Pas") n
100 220 0.18
81.3 1200 0.16
72.2 650 0.33
57.5 190 0.11
42.4 62 0.023
26.8 0.94 0.53
10.7 0.99 0.74
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2.3.6 Yield stress

The minimum shear stress needed to make a suspension flowable is given by yield stress
measurements [98]. Yield stress quantifies suspension network rigidity and it correlates
to the magnitude of interparticle forces and the number of interparticle bonds required
to be broken for the suspension to flow [98, 99]. Employing the method used by Yang
et al. [74], yield stresses, 7,, were measured for the final structures formed at various
water to hydrate conversions shown in figure 2.14. In this method, in the logarithmic
plot of shear stress versus shear rate, stress forms a plateau at low shear rates, indicating
a finite stress at zero shear rate or yield stress behavior [74]. In the emulsion of 40%
internal aqueous phase, at low water to hydrate conversions up to 27%, the yield stress is
quite small, O (107! Pa). At higher water to hydrate conversions in the range of 42-81%,
yield stress increases 1000-fold to O (10 Pa). The yield stress slightly increases with
higher conversions in 42-81% conversion range; it reaches a maximum of 7, ~ 145 Pa at
81% conversion. At maximum theoretical conversion 100%, 7, = O (10 Pa), an order
of magnitude lower than seen at 42-81% conversion. The behavior of yield stress as a
function of conversion follows a similar trend as the viscosity, and thus also suggests the
influence of capillary bridges between hydrate particles. The peak yield stress of 145 Pa
indicates the maximum strength of capillary bridges achievable in the studied hydrate-
forming emulsion. The maximum value may be interpreted as the optimal number of
bridges and particles surface needed to achieve a maximum network strength is attainable
at 81% water to hydrate conversion. At lower conversions, the aqueous content availability
for bridges is higher, but the hydrate particle surface area is lower. The opposite is true
at higher conversions; the hydrate particle surface area is larger but the residual aqueous
content to generate an optimal number of capillary bridges is insufficient.

Koos and Willenbacher reported that the addition of a second immiscible fluid to a

suspension can increase the yield stress of a material by more than one order of magnitude
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[100]. The presence of an immiscible fluid causes a particle suspension to transition from
fluid behavior to particle network formation resulting in gel or paste properties. The
authors reported that the dominant force keeping the particles in a gel state is caused by
capillary bridges, with van der Waals forces having negligible contribution to the adhesion
mechanism [100]. We propose that a similar behavior is seen in the hydrate suspension.
The unconverted aqueous fraction serves as a binder between hydrate particles. Thus, at
100% water to hydrate conversion, where the highest content of hydrate exists, the yield

stress for the material is lower than yield stress observed at &~ 80% conversion.
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Figure 2.14: Yield stress of hydrate-forming emulsion structure formed at T = -7°C. The points
left to right correspond to initial salt concentration of Xs_;, = 15, 12.5, 10, 7.5, 5,

3.4, 0% (w/w).
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2.4 Conclusion

We have analyzed the effects of salt on both the thermodynamic and rheological properties
of a hydrate-forming emulsion. This has provided insight to the role of conversion of water
to hydrate on the mechanical properties of the hydrate slurry formed from a water-in-oil
emulsion.

Using calorimetry, specifically microDSC, we measured the equilibrium temperature
of cyclopentane hydrate at various salt concentrations in the aqueous phase and cy-
clopentane concentrations in the oil phases. Under conditions with no surfactant, the
experimental setup for the calorimetry tests was designed so that the change in salt
and cyclopentane concentrations in the aqueous and oil phases remained negligible as
cyclopentane hydrate formed in the interface. As salt concentration increases, the equi-
librium temperature for hydrate stability is shifted to lower values, a result of chemical
potential changes of water in the brine solution. Similarly, as cyclopentane concentra-
tion is decreased in the oil phase, its activity is reduced, resulting in lower equilibrium
temperatures. Using the liquidus experimental data, we were able to construct a phase
diagram for the hydrate-brine system. From the phase diagram, theoretical maximum
water to hydrate conversions were determined as functions of temperature and initial salt
concentration.

In order for water-in-oil emulsion to transition to hydrate suspension, with the observed
rapid change in the mechanical properties (viscosity primarily in this work) at a critical
time, nucleation needs to occur. Nucleation is highly dependent on subcooling. Our data
suggests that critical time decreases with higher subcooling. In addition, critical time
was found to decrease at higher shear rate. The evolution time of viscosity is found to
be dependent on the subcooling effect of the hydrate forming emulsion. This observation
is consistent with heat conduction limiting hydrate growth [56, 88].

Since the amount of hydrate is thermodynamically dependent on salt concentration
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in the aqueous phase, final viscosity is directly affected by the salinity in the aqueous
phase. The highest viscosity occurs at X,, = 61-85% (not X,, = 100%) water to hydrate
thermodynamic conversion. The yield stress of the material is higher in the X, = 42-
81% range, reaching the peak yield stress at X,, = 81%. Both of these findings suggest
strongly that capillary bridges affect the ultimate rheology of hydrate-forming emulsions,

a factor which is critical when water conversion is limited as in brine emulsions.



3 Nucleation of cyclopentane hydrate
by ice studied by morphology and

rheology™

3.1 Introduction

Hydrate formation consists of two steps: 1) nucleation and 2) growth. Higher subcooling
increases the rates of hydrate nucleation [6, 81, 19, 102, 103, 104, 105, 91, 106, 107]
and growth [56, 108, 109, 110, 111, 112, 88, 19]. Even though hydrate growth occurs
at any temperature below the hydrate equilibrium temperature (" < T.,), spontaneous
nucleation is highly improbable at a low subcooling where a metastable supersaturated
mixture exists [6, 113]. Thus, investigating mechanisms of hydrate nucleation is crucial
in understanding hydrate formation. Experiments [6, 114] and simulations [115] indicate
that the site of gas hydrate nucleation is the gas-water interface. Due to low solubilities of
hydrocarbon in the aqueous phase and water in the oil phase (if oil is present), nucleation
is highly unlikely to occur in the bulk of either phase, but more likely at the interface where
the two components of hydrate are both found at abundant concentrations. Nucleation of
hydrate is a highly stochastic event [6, 81, 116, 117] and the stochastic behavior increases

with smaller sample volumes [117, 118] and low subcooling [119, 120].

*The contents of this chapter are published as a paper in Chemical Engineering Science [101].

46
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The influence of ice nucleation is conceptually related to what is termed the memory
effect in hydrate formation. The issue raised here is that thermal history, describing
a solution which at a previously lower temperature contained hydrate or ice, has been
reported to shorten nucleation time and this phenomenon has been referred to as the
memory effect [121, 122, 114, 123, 81]. The basic idea is that previously structured
water associated with melted hydrate may play a role in nucleation of new hydrate when
the system is chilled again. Two opposing views [124] exist in the scientific community
for the explanation of the memory effect of hydrate: 1) the memory effect is due to
residual molecular structures of water [6, 114, 125, 123, 81, 126, 119] and 2) the higher-
than-equilibrium concentration of the hydrate-forming component in the aqueous phase
following hydrate melting causes the memory effect [127, 124, 128, 129, 116]. Wilson
et al. [129, 116] claim, based on data from an ‘automated lag time apparatus’ (ALTA),
which can automatically detect nucleation and run hundreds of freeze/thaw cycles on
the same hydrate-forming sample, that there is no evidence for memory effect in THF
hydrate. These authors argue that the reports of memory effect can be explained in
terms of stochastic behavior of heterogeneous nucleation, unmelted residual hydrate, or
evolution of dissolved gas concentration in water following hydrate melting.

Addition of solids such as ice, silica particles, rust, or clay has been reported to shorten
hydrate nucleation time [130, 18, 131, 132, 133]. Silica particles have been observed to
reduce the stochastic nature of hydrate formation [130], rendering the process more reg-
ular. Sloan and Fleyfel [133] proposed a molecular mechanism based on labile clusters
for cyclopropane gas hydrate formed from a ball mill-agitated ice. The formation mech-
anism of a critical nucleus through agglomeration of labile clusters has been criticized by
Radhakrishnan and Trout [134] due to the large free energy that needs to be overcome
during this process; these authors have instead proposed a local structuring hypothesis,
in which thermal fluctuations induce rearrangement of guest molecules in a clathrate-

like structure leading to nucleation. Yingming et al. [132] devised a novel method of
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fast dichlorofluoroethane hydrate formation from the melting of ice without the need of
mechanical stirring. Instantaneous hydrate formation was observed when ice melted, oth-
erwise hydrate formation required over 16 hours when no ice was present in the reactor
[132].

From the foregoing, it is clear that the onset of hydrate formation has been a topic where
there is a lack of clarity regarding the role of nucleating agents, although their importance
has been established. In this work, the heterogeneous nucleation of cyclopentane hydrate
by ice, which is a potential candidate in hydrate-forming systems when the temperature
drops low enough, is investigated experimentally. We address the zone of influence of
the ice and the macroscopic consequences of ice nucleation relative to seeding by the
hydrate itself. Under atmospheric pressure, cyclopentane forms the cubic hydrate sIT
6], as does natural gas (but under elevated pressures), and thus it is used as a model for
investigating gas hydrate behavior in an emulsion, eliminating the need for a pressurized
environment. We have devised an experimental technique of observing the site of hydrate
nucleation by ice. A striking dependence of a single drop conversion to hydrate on the
temperature ramp rate controlling the melting rate of ice was experimentally observed.
The rheological properties of hydrate-forming emulsion are investigated and compared
at various subcooling following the addition of ice and hydrate seeds. Understanding
the effects of ice on the evolution of hydrate-forming emulsion rheological properties is
directly relevant to flow assurance. This study elucidates the mechanism by which a small
quantity of ice triggers hydrate-growth in an otherwise metastable emulsion, consequently

resulting in a rapid and drastic change of its mechanical properties.
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3.2 Experimental

3.2.1 Materials

In the rheological experiments, 5% (w/w) sodium chloride salt (99+% pure, Fisher Sci-
entific) is dissolved in deionized water obtained from a Millipore QTM system to form
the aqueous phase. The oil phase of hydrate-forming emulsion is composed of 50% (v/v)
cyclopentane (99+% pure, Fisher Scientific), while in the ice-forming emulsion cyclopen-
tane is substituted by isooctane (99+% pure, Fisher Scientific), which does not form a
hydrate structure. The rest of the oil phase in both hydrate- and ice-forming emulsions
is a mixture of light mineral oil (NF/FCC Fisher Scientific) and Halocarbon 27 (poly-
chlorotrifluoroethylene polymer, Halocarbon Products Corporation) used to match the
density of the oil and aqueous phase to minimize sedimentation of the droplets in the
emulsion. Sorbitan monooleate (Span 80 from Sigma-Aldrich), a non-ionic surfactant
with a hydrophilic-lipophilic balance (HLB) of 4.3 [60], which does not form stable lipid
bilayers in the aqueous phase [61], is used as a surfactant to stabilize the emulsion at a
concentration of 0.05% (v/v) in the oil phase. The critical micelle concentration of Span
80 in the emulsion oil phase is 0.03% (v/v)[48], and we estimate based on the interfacial
area per adsorbed Span 80 molecule of I'o, = 45 & [91] that the oil phase concentration
of surfactant is 0.02% (v/v) after formation of the emulsion; hence, no micelle formation

occurs. Relevant physical properties of the materials are provided in Table 4.1.

Table 3.1: Physical properties of materials used in this study.

Material Chemical | Mol. Weight Density Viscosity
Formula (g mol!) (g cm™) (cP)

Cyclopentane CsHyg 70.1 0.751 (25 °C) 0.44 (20 °C)

Isooctane CsHis 114.2 0.690 (25 °C) 0.51 (22 °C)

Halocarbon 27 | (C2ClF3), - 1.96 (37 °C) 51 (37.8 °C)

Light mineral oil - - 0.83 (15.6 °C) 46 (25 °C)
Span 80 C24H1406 428.6 0.986 (25 °C) | 1200-2000 (20 °C)

Water H,0 18.0 1.00 (4 °C) 1.00 (20 °C)

Sodium Chloride NaCl 58.4 2.16 (25 °C) -
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In the single drop experiments, cyclopentane was the organic phase, and it was used in
the as-delivered form (994% pure) and with 0.05% (v/v) Span 80 surfactant. Deionized
water was used for ice formation. Salt was dissolved at 5% (w/w) in deionized water to

form brine.

3.2.2 Single drop experiment

A Peltier stage (Linkam LTS 120) was used to provide a well-controlled temperature
environment. Images were captured using a Sony digital XCD-SX 910 camera equipped
with an Edmund Optics VZM 300 Zoom imaging lens, as described previously [91]. A
1 pL aqueous drop with no salt was placed in the middle of a small well (12.5 mm in
diameter and 2 mm deep) machined in an aluminum microscope slide. The minimum stage
temperature attained by the apparatus is -40 °C. The experimental procedure followed

was:

1. Temperature T" was lowered to T;, = -40.0 °C at a rate of -5.0 °C min~! to induce

ice crystallization of the drop previously place in the middle of the well;
2. T was held at T};, = -40.0 °C until the aqueous drop fully solidified;
3. T was increased from -40.0 °C to T}, = -5.0 °C;

4. T was held at T¥;, = -5.0 °C and the ice in the well was covered with cyclopentane

with 0.05% (v/v) Span 80;

5. T was increased at various rates of 7' = 1.0, 0.2, 5.0, 10.0 and 30.0 °C min~! from
-5.0 °C to Tin, = 0.2 °C, i..e. just above the ice melting temperature (7¢;—;ce = 0.0
°C).

Time is measured from the onset of ice melting which starts at T = 0.0 °C (step 5).
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Utilizing the same setup except that a Navitar Zoom 7000 imaging lens is used in this
case, we have investigated the nucleation of hydrate at ice-oil-aqueous phase interface

following these steps:

1. Ice was formed by initially freezing 10 pl. deionized water at -30.0 °C; the ice is

firmly anchored at a 1 mm hole in the middle of the well;

2. at -30 °C, another 10 ul. water was put on top of the ice formed in step 1, to form

a taller columnar structure;
3. temperature was ramped to T = -3.6 °C;

4. at T'=-3.6 °C, 0.1 mL brine at X;_;, = 5% (w/w) salt concentration was poured

in the well to partially cover the ice as shown in figure 3.5;

5. the ice and brine in the well were covered with cyclopentane and images were

recorded.

3.2.3 Rheology

Rheometric analysis was performed on density-matched 40% (v/v) aqueous fraction emul-
sions. Mixing of a total volume of 50 ml of water and oil to form a water-in-oil emulsion
was achieved using the IKA T25 Digital Ultra-Turrax at 7000 rpm for 5 minutes. Fol-
lowing emulsification, 700 droplet diameters were measured for both the hydrate- and
ice-forming emulsions. The droplet size was found to be d = O(10)um for both emulsions
as shown in Table 3.2. The capillary number, the ratio between the viscosity forces and
the capillary forces, had maximum value Ca,,q, = %l =0 (10_2), where 7, = 0.0055
Pa s is the continuous fluid viscosity [48], 4 = 100 s™! is the shear rate, and ¢ = O(1073
N m™') [48] is the interfacial tension between the two phases at 0.05% (v/v) Span 80

concentration; the small value of C'a indicates droplet deformation is negligible [69]. The

emulsions do not coalesce for several days, but flocculation was observed under quiescent
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conditions after a few hours. The emulsions are shear thinning [62] and the disruption of
flocs of drops due to shearing may be responsible for this behavior [70]. Density match-
ing was performed to limit the effect of sedimentation, as previously discussed in detail
by Zylyftari et al. [48], and sedimentation effects are considered negligible within the

experimental times in this work.

Table 3.2: Emulsion droplet size at 5.0% (w/w) salt and 0.05% (v/v) Span 80

Emulsion Numerical Standard Volume
Average Mean Deviation Mean Diameter
nidg i—d)® ”id?
Nl (um) ) 2GS (um) | &R (um)
Hydrate-forming 10.9 11.1 53.5
Ice-forming 8.9 4.2 16.2

A volume of 25 mL emulsion was transferred to the Couette cup of the rheometer at
room temperature (7"~ 25 °C). The cup was quickly quenched to a lower temperature. As
soon as the emulsion temperature reached the desired temperature, it was seeded with five
ice/hydrate crystals of approximately 1 mm in diameter placed on the upper surface of the
emulsion, specifically on the layer covering the inner cylinder in the Couette geometry. All
seeds are placed within 10 s, which is well below the minimum experimental uncertainty
of 0(10? s). Immediately after the seeds were placed in the rheometer, shearing was
started. Onset of shear was defined as taking place at ¢t = 0 s.

A strain controlled rheometer (ARES-G2) with Couette geometry was used to measure
properties of the hydrate- and ice-forming emulsions. This rheometer is equipped with
a force rebalance transducer (FRT). The software automatically switches between the
three ranges of measurement, and this is observed to occur under certain of the conditions
studied here. The cup diameter was 30 mm. The bob diameter was 28 mm with a length
of 42 mm, yielding a 1 mm gap between the concentric cylinders. Temperature control
was achieved through the Advanced Peltier System (APS), with temperature measured
by a thermocouple in contact with the cup. The emulsions were sheared at constant rate

of 4 = 100 s~! until the measured viscosity reached a steady value.
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3.3 Results and discussion

3.3.1 Conversion time

Crystal morphology evolution was investigated under various temperature ramp rates
plotted in figure 3.1: T = dT'/dt = 0.2, 1.0 (figure 3.2(b-c)), 5.0 (figure 3.2(e-g)), 10.0
and 30.0 (figure 3.2(h-j)) °C min~! for the case of no salt (X, ;, = 0% (w/w)) and 0.05%
(v/v) Span 80 in cyclopentane. Once the temperature reached T'= 0.2 °C, the experiment
was held fixed at this temperature. Conversion time (t.,) is defined as time after passing
T = 0.0 °C, and thus when ice melting and hydrate formation starts [64] (¢ = 0 s), until
water to hydrate conversion is complete. The temperature ramp and hold protocol is
shown schematically in figure 3.1.

Conversion time was found to be quite strongly dependent on temperature ramp rate,
T, as plotted in figure 3.4. The minimum conversion time, t., = 228 + 81 s, from the

1

various ramp rates studied here was observed at 7 = 1.0 °C min~!. At a significantly

lower temperature ramp rate, 7' = 0.2 °C min~, conversion time (tey = 385 £ 205 s) was

higher. At higher temperature ramp rates 7' = 5.0, 10.0, and 30.0 °C min~!, conversion

1

time increases with the ramp rate. The conversion time at 7' = 30.0 °C min~!, ., =

4610 + 3030 s, is 20 times the minimum observed conversion time at 7' = 1.0 C min—.
Temperature ramp rate determines the heat rate entering the hydrate forming system:;
thus, the fraction of unmelted ice at T" > 0 °C decreases with higher temperature ramp
rates.

Based on these observations, we propose that at lower temperature ramp rates, there
is more unmelted fragmented ice [132]. A portion of the ice is at the oil-aqueous phase
interface as shown in figure 3.2(b),(e),(h) and figure 3.3(a). These results indicate that the
ice at the oil-aqueous phase interface is providing an ice-oil-aqueous (IOA) phase contact

line where hydrate nucleation is favorable. At low temperature ramp rates as shown in

figure 3.2(b) and figure 3.3(a), there is a greater length of IOA contact line, providing more



CHAPTER 3. NUCLEATION OF HYDRATE BY ICE 54

heterogeneous nucleation sites for hydrate formation. Under these conditions, we observe
the formation of a large number of small crystals, whereas at higher temperature ramp
rates, less ice is present as shown in figure 3.2(h), and thus less IOA hydrate nucleation
sites are available. The high ramp rate condition gives rise to a few large crystals as
shown in figure 3.3(c). It is important to note that when the single drop experiment is
run at isothermal conditions of 7" = 0.2 °C, without prior formation of ice (i.e., no IOA
contact line), no hydrate formation is observed for ¢ = 5 h (at which time the experiment
was ended). This indicates the rarity of homogeneous nucleation [135, 114, 136] and the

crucial role of ice in the interfacial region to heterogeneously nucleate hydrate.
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Figure 3.1: Experimental temperature profiles. Conversion time (¢.,) is measured from when
temperature reaches T' = 0.0 °C and ice starts to melt until the whole drop has

converted to hydrate.
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The observed higher conversion time at 7 = 0.2 °C min~!

compared to the conversion
time at 7' = 1.0 °C min~" is believed to be associated with a limiting amount of free water
available from ice melting and not with a shortage of IOA nucleation sites. By contrast,
at higher temperature ramp rates, T > 5.0 °C min~?, free water is visibly abundant;
see figures 3.2(e),(h),(i) and 3.3(b),(c). Since the subcooling at the hold temperature
of T = 0.2 °C was the same for all temperature ramp rate experiments, AT = 6.4
°C 48] (Teq—nya = 6.6-7.7 °C [48, 82, 33, 83, 123, 137]), the increase in conversion time
indicates the effect of heterogeneous nucleation of hydrate by ice on the overall conversion
rate. It is not related to the crystal growth rate which is dependent on subcooling
91, 54, 56, 112, 108, 109, 110, 111]. The dependence of water drop conversion to hydrate
on the number of primary crystals is more evident in figure 3.2(i), where during the first
2850 s, a few crystals grow at the interface. After the immersion of significant hollow-
conical hydrate crystals in the aqueous phase as described by Karanjkar et al. [91], other
crystals may form at the interface and this causes the drop conversion to complete at
6475 s. The amount of hydrate conversion is negligible during the earlier stage when
a few crystals grow at the interface, but the submerged crystals may induce secondary
nucleation [113, 138, 139]. The observations here thus indicate that the net three phase
(IOA) contact line length increases with the concentration of unmelted fragmented ice at
lower temperature ramp rates. This results in an increased heterogeneous nucleation rate
of hydrate, which decreases the time to full conversion of water to hydrate. Since only ice
is melted and not hydrate during the temperature ramp step (Teg—ice < Tin < Teg—hyd),
the melt is not supersaturated with cyclopentane. Thus, supersaturation of melt with the
hydrate-forming component (cyclopentane in our experiment) [127, 128] is not a basis for
fast hydrate nucleation. Furthermore in all experiments, hydrate crystals are seen when
some ice is still present. Thus, the observations are not related to a possible memory
effect mechanism. These observations lead to a further examination of the role of ice in

interfacial nucleation.
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Figure 3.2: a) Initial ice ball: common structure for all conditions. Images of hydrate growth
at temperature ramp rates of T = (b-d) 1.0, (e-g) 5.0, (h-j) 30.0 °C min~" at 0.05%
(v/v) Span 80 and no salt, scale bar = 0.5 mm. Final temperature Tr;, = 0.2
°C (AT = 6.4 °C). Thermodynamically-allowed conversion of water to hydrate is
Xw—hyd = 100%.



CHAPTER 3. NUCLEATION OF HYDRATE BY ICE o7

Ice +-Liq."Water
‘ ‘\. A

<«
- L

(¢) T =30.0 °C min~, t = 5930 s

Figure 3.3: Primary hydrate crystals at temperature ramp rates of 7 = (a) 0.2, (b) 5.0, (c) 30.0
°C min~! at 0.05% (v/v) Span 80 and no salt. Final temperature T;, = 0.2 °C (AT
= 6.4 °C). A few representative crystals are highlighted in (b) and (c) to indicate
the typical size.
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Figure 3.4: Conversion time dependence on temperature ramp rate at 0.05% (v/v) Span 80 and
no salt. Final temperature Ty;, = 0.2 °C (AT = 6.4 °C). Thermodynamically-
allowed conversion of water to hydrate is X,,_pyq = 100%.
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3.3.2 Hydrate nucleation at the ice-oil-aqueous phase contact line

The experimental setup for examination of nucleation of hydrate by ice at an oil-aqueous
phase interface is shown in figure 3.5. Initially ice is formed in a columnar structure at the
center of the aluminum plate. Brine at a salt concentration of X ;, = 5% (w/w) is added
at its ice-brine equilibrium temperature of 7., ;.. = -3.6 °C, partially covering the ice as
shown in 3.5(b) so that the ice protrudes above the brine. Under these conditions no net
ice formation or melting is thermodynamically allowed and a slight increase or decrease
in temperature can be re-equilibrated with only a small phase change. Pure cyclopentane

without surfactant is added to the ice-brine system, forming the IOA contact line.

N

Oil
Ice

(a) schematic (b) ice, brine and oil

Figure 3.5: Setup of the experiment probing heterogeneous nucleation of hydrate by ice at the
ice-oil-aqueous (IOA) contact line. Aqueous phase salt concentration is Xs_;, = 5%
(w/w) and the temperature is at Teq—ice = -3.6 °C, where ice is at equilibrium with
the brine.

Hydrate nucleation by ice followed by its growth at the aqueous-oil interface is shown
in figure 3.6. Hydrate crystals are observed to initiate at the IOA contact line in fig-
ures 3.6(a)-(e). These crystals enable growth and complete coverage of the oil-aqueous
phase interface as shown in figures 3.6(f). As no surfactant is present, hydrate growth is

limited to the interface where it grows as a shell as reported by Karanjkar et al. [91] and
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the shell limits the conversion of water to hydrate as verified through differential-scanning
calorimetry by Zylyftari et al. [48].

The heterogeneous nucleation may occur according to the induce-promote-nucleate
(IPN) mechanism at an ice interface as proposed by Pirzadeh et al. [140]. In this mecha-
nism the hydrate-former component, here cyclopentane, may migrate to the ice and induce
structural defects [141] and promote cage formation around the cyclopentane which fi-
nally nucleates into a hydrate. The solubility of cyclopentane in water in mole fraction
is O(10®) [142, 143] and the mole fraction of water in cyclopentane is O(10™) [142]. A
schematic density profile of each component in the oil and aqueous phases is shown in
figure 3.7. Since cyclopentane is abundant in the bulk oil and sufficiently concentrated
at the water-oil interface, heterogeneous nucleation of ice is favorable in these regions
according to the IPN mechanism [140]. However, neither the bulk oil nor the aqueous
phase favor hydrate growth due to low solubility of the complementary component. Thus,
the only region where an optimal concentration (comparable to the 1:17 cyclopentane to
water ratio [77] for fully occupied large cages) exists is at the oil-aqueous phase interface,
whose length scale is A = O (1 nm) [144, 145, 146] as shown in figure 3.7. Furthermore,
our observations indicate that in fact the oil-aqueous phase interface is the region where

hydrate heterogeneous nucleation by ice occurs and subsequent growth occurs.
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(f) t = 1270 s

Figure 3.6: Heterogeneous nucleation of hydrate by ice at the oil-aqueous phase interface. The
scale bar = 500 pum. Aqueous phase salt concentration is Xs_;, = 5% (w/w) and the
temperature is set to Teg—ice = -3.6 °C. The ice-organic-aqueous (IOA) contact line
is shown by the dashed (green) line, while the solid (blue) line highlights selected
hydrate crystals.
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(a) Ice-oil-water contact point, A = O (1 nm) [144, 145, 146]
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(b) Hypothetical cyclopentane and water density profile based on solu-
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Figure 3.7: Schematic of (a) the ice-oil-water (IOA) contact region and (b) concentration profiles
at the interface.
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3.3.3 Rheometry: critical time dependence on hydrate nucleation

and growth

We now consider how ice-induced nucleation affects the mechanical property evolution in
hydrate-forming emulsions. The hydrate-forming emulsion is ice-seeded in the rheometer
as depicted in figure 3.8; seeding is immediately followed by the onset of shear at 4 = 100
s7!, at time t = 0 s. Following seeding, the critical time, denoted ¢, and defined as the
time after seeding where an abrupt jump in viscosity is observed as described by Peixinho
et al. [62] and Zylyftari et al. [48], is measured as shown in figure 3.9. Without seeding,
no jump in viscosity is observed for t = 60000 s (16.7 hours); see figure 3.10. After ice
seeds are placed at ¢ = 60000 s, a jump in viscosity is observed approximately 5000 s
later, as can also be seen in figure 3.10. The initial decrease in viscosity between t =
60000 s and ¢t = 65000 s is puzzling, but may be associated with the ice seeds breaking
the flocculation of droplets which may have risen [48] in this very extended duration
experiment. This rising and flocculation is most likely responsible for the observed slow
increase in viscosity during the first 60000 s. The lack of an observable jump in viscosity
in the metastable hydrate-forming emulsion without seeding is understandable based on
small hydrate homogeneous nucleation rates at low subcooling [135, 114, 136].

Since cyclopentane hydrate is found to only form at the oil-aqueous phase interface,
where both cyclopentane and water are in sufficient concentrations, whereas ice can form
in the bulk aqueous phase, there is a competition between hydrate and ice formation for
the available water in the emulsion (provided the temperature is below the ice melting
temperature). The thermodynamically-allowed water to hydrate or ice (i.e., assuming
only ice formation) conversions are given in Table 3.3, based on data of Zylyftari et al.
[48]. At the smallest subcooling for which we have presented data, AT = 4.3 °C, the water
to hydrate conversion is X,,_p,q = 51%, while at the highest subcooling AT = 7.3 °C

conversion is X,,_p,q = 66%, and thus there is no more than 15% increase in conversion.
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&

(a) Schematic of a seeded emulsion in the rheometer

h. 7 D

W %5 ¢

CRYSTAL SEED

(b) Crystal seed and the droplets in the emulsion; highlighting of one
drop is used only to describe the contact angle.

Figure 3.8: Schematic of (a) an emulsion seeded in the rheometer and (b) the contact angle
between a droplet and the crystal seed.
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Figure 3.9: Schematic depiction of critical time (t.) of the hydrate-forming emulsion. The data
shown is for an ice-seeded density-matched 40% (v/v) aqueous fraction hydrate-
forming emulsion at initial salt concentration of X, ;, = 5% (w/w), shear rate
of 4 = 100 s~! and temperature equal to the ice-brine equilibrium temperature
of Teq—ice = -3.6 °C (62.4% water to hydrate conversion; no net ice formation is

thermodynamically allowed).

Since the initial salinity of the aqueous phase in the hydrate-forming emulsion is X,_;,
= 5% (w/w), no water to ice conversion is thermodynamically allowed at or above the
ice-brine equilibrium temperature of Ty, = -3.6 °C [48, 1], i.e. at hydrate subcooling
of AT < 6.3 °C.

In the case of an emulsion seeded with ice below the ice-brine equilibrium temperature,
it becomes unclear whether the jump in viscosity is due to ice or hydrate formation; under

the imposed conditions, thermodynamically-allowed water to ice conversion at T" = -4.6
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Figure 3.10: Density-matched 40% (v/v) aqueous fraction hydrate-forming emulsion at initial
salt concentration of Xs_;, = 5% (w/w), shear rate of 4 = 100 s~! and temperature
T = -3.6 °C is ice-seeded at time ¢ = 60000 s. No abrupt jump in viscosity is
observed during the period the emulsion remains unseeded. A jump in viscosity is
observed at time t = 65000 s, approximately 5000 s after the emulsion is seeded
with ice. Thermodynamically-allowed water to hydrate conversion is 62.4%; no net
ice formation is thermodynamically allowed.

°Cis Xy_ice = 31% (assuming hydrate-formation is negligible) as shown in Table 3.3. In
order to establish whether the viscosity is due to ice or hydrate, an ice-forming emulsion,
containing isooctane (which does not form hydrate) instead of cyclopentane, is ice-seeded.
No jump in viscosity is observed in the ice-forming emulsion; the slight increase with time
seen in figure 3.11 may be associated with flocculation and sedimentation of droplets [48]
or with ice formation. The viscosity evolutions of hydrate- and ice-forming emulsions are

compared in figure 3.11. Thus, the data indicates that hydrate and not ice formation is
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responsible for the dominant abrupt viscosity increase observed in the hydrate-forming

emulsion at 7" = -4.6 °C.

Table 3.3: Thermodynamically-allowed water to hydrate and water to ice (if hydrate formation
is negligible) in the hydrate-forming emulsion.

Subcooling Water to Hydrate Water to Ice
AT =Teq—pya — T | Conversion Xyy—pyqa | Conversion Xy —jce
(°C) % %

4.3 51 0
5.3 57 0
6.3 62 0
7.3 66 31

The hydrate-forming emulsion was ice-seeded and hydrate-seeded at subcoolings of AT
=4.3,5.3,6.3 and 7.3 °C (T = -1.6, -2.6, -3.6, -4.6 °C, with T,,_p,q = 2.7 °C for X,_;,
= 5% (w/w) salt [48]). Results are shown in figure 3.12. Critical time decreases with
subcooling for both hydrate- and ice-seeding methods. A similar decrease in critical time
with higher subcooling was reported by Zylyftari et al. [48] for unseeded hydrate-forming
emulsions. In the unseeded case, critical time is directly affected by hydrate nucleation
time [48] as well as growth. Since in the hydrate-seeded case, a decrease in critical
time (¢.) with higher subcooling is observed, hydrate growth rate and not nucleation
time affects the critical time in the present work: at higher subcooling, higher hydrate
growth rate leads to shorter critical time. The decrease in nucleation time with shear rate
observed by Zylyftari et al. [48] is most likely caused by a higher overall hydrate growth
rate rather than by a shorter time for the first nucleation to occur in the emulsion. At
higher shear rates, droplet interaction increases; thus, the rate of propagation of hydrate
from a droplet to a neighboring droplet is larger. In this respect, each partially converted
droplet acts as a hydrate seed for unconverted droplets in the emulsion. Thus, in view
of previous work by Zylyftari et al. [48] and experiments reported here, both nucleation
time and hydrate growth rate are needed to understand critical time in hydrate-forming
emulsions.

The difference of approximately 4000 s (i.e., a little more than one hour) in critical
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time between the ice- and hydrate-seeded emulsions, found across the entire range of
subcoolings, indicates that ice seeding is less effective than hydrate seeding. At higher
subcooling of AT = 6.3 and 7.3 °C, the standard deviation in critical time in the hydrate-
seeding experiments is also about 20 times smaller than in ice-seeding experiments. At
smaller subcooling, although the average critical time in the hydrate-seeded emulsion is
lower than that of the ice-seeded case, the standard deviation in the hydrate-seeded case
is about the same as that of ice-seeded hydrate-forming emulsion and approximately 17
times that of the hydrate-seeded case at the highest subcooling of AT = 7.3 °C. Thus,
critical time becomes less stochastic only for the hydrate seeding at high subcooling.
A possible basis for the difference in critical time between the ice- and hydrate-seeded
emulsions may be the difference in surface tensions of the ice-brine and hydrate-brine
pairs, and between ice-oil and hydrate-oil. Simulations by Subbotin et al. [147] have
shown that the tension at an ice-hydrate surface is non-zero and of O(10% N m™).
Hydrate is more hydrophobic than ice, and brine may have more hydrophobic interactions
with hydrate [148,; 149]. Thus, there is no reason to assume that the angle of contact of
droplet on the ice is same as on the hydrate seed. It may be inferred from the schematic
in figure 3.8(b) that less nucleating contacts associated with the ice-oil-aqueous phase
contact line will result if the brine wets the ice seed more efficiently than the hydrate
seed. To illustrate, envision a hypothetical case where the whole crystal is engulfed by
brine (i.e. wetting angle is § = 180°), and there would be no stable IOA contact line
as seen in figure 3.6, and thus the heterogeneous nucleation of hydrate by ice would
be eliminated. Furthermore, the hydrate seed surface’s relatively higher hydrophobicity
(148, 149, 147] and hairy morphology [64, 91] may entrap oil similar to air pockets formed
in porous hydrophobic surfaces in bubble nucleation studies [150, 151], and when wetted
by brine, may provide more hydrate-oil-aqueous phase contact line compared to ice seed

IOA contact line, thus resulting in a faster initial hydrate formation rate.
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Figure 3.11: Ice-seeded density-matched 40% (v/v) aqueous fraction hydrate- and ice-forming
emulsions at X s, = 5% (w/w) salt concentration, shear rate of ¥ = 100 s~! and
temperature of T' = -4.6 °C. Water to hydrate conversion is Xy, _pyq = 65.7%; water

to ice formation is Xy—_jce = 30.9%.
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Figure 3.12: Effect of subcooling on the critical time of the ice- and hydrate-seeded hydrate-
forming emulsions at X;_;, = 5% (w/w) salt concentration and shear rate of 4 =
100 s~!. The points left to right of each symbol correspond to the temperature of T'
= -1.6, -2.6, -3.6, -4.6 °C, thermodynamically-allowed water to hydrate conversion
of Xy—nya = 51.2, 56.7, 62.4, 65.7% and water to ice conversion of X, = 0, 0,
0, 30.9%.
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3.4 Conclusion

We have experimentally investigated heterogeneous nucleation of cyclopentane hydrate
by ice. The morphological studies coupled with hydrate-forming emulsion rheological
properties have elucidated the effects of nucleation by ice on the transition of mechanical
properties in hydrate-forming emulsions.

This work was motivated by a striking observation: the heterogeneous nucleation of
hydrate by ice is found to be qualitatively controlled by the temperature ramp rate
in the experiment. We observed that the amount of unmelted fragmented ice at the
organic-aqueous phase interface affects the water to hydrate conversion rate. The shortest
conversion time was observed at low temperature ramp rates, thus at a low ice melting
rate. However at the lowest temperature ramp rate, conversion time is not at minimum
due to limiting free water availability from ice melting; thus, the minimum conversion time
occurs at an optimal ratio of unmelted to melted ice. Therefore, our results indicated
than an increase in the ice-organic-aqueous (IOA) contact line density (length/surface
area) at a drop interface results in a higher hydrate conversion rate.

To elucidate the effect of the IOA contact line, we devised a novel experiment where
ice is in contact with bulk aqueous and oil phases, and the oil-aqueous phase interface
gives us the proper site of hydrate heterogeneous nucleation. Ice at the equilibrium
temperature for contact with an aqueous phase (T, = -3.6 °C) at a salt concentration
5% (w/w) allows us to unambiguously identify and visualize the site of hydrate crystal
formation. Our observation is that cyclopentane hydrate is heterogeneously nucleated by
ice at the IOA contact line. The IOA contact line is a crucial region where ice comes into
contact with an optimal concentration ratio of cyclopentane and water, thus promoting
high hydrate nucleation and growth rates. This region is estimated to be of nanometer
extent [144, 145, 146].

The experimental conditions were specifically designed to discriminate between the
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effects of ice seeding and ice’s influence on the bulk properties. These conditions allowed
for hydrate formation, but ice was either thermodynamically impossible (at 7' > -3.6
°C) or its presence was negligible (at 7' = -4.6 °C). As a result, ice did not measurably
affect the observed mechanical transition. The critical time, defined as the time at which
an abrupt transition in mechanical properties occurs, after the onset of hydrate-forming
conditions for both ice- and hydrate-seeded hydrate-forming emulsions decreased with
lower subcooling. Ice seeding was found to be influential, but less effective than hydrate

seeding.



4 Modeling oilfield emulsions:
Comparison of cyclopentane hydrate

and ice

4.1 Introduction

Understanding the underlying physical phenomena leading to plug formation is intrinsi-
cally important in effectively and economically preventing flow interruption. Natural gas
hydrates are the most common hydrates found in the oilfield emulsions [6]. Since high
pressures are needed to conduct experiments in a laboratory setting [152, 153, 154, 155,
156], gas hydrates are particularly difficult to investigate. Alternatively, cyclopentane
hydrate- [62, 64, 48, 101] and ice-forming emulsions [2] have been proposed as model
emulsions without the need for pressurized environments.

Cyclopentane forms a cubic hydrate structure II (sII) [6] as natural gas hydrate as
is most common in petroleum production (owing to the mixing of methane with larger
molecules), but unlike natural gas, cyclopentane is stable in liquid form at room temper-
ature and atmospheric pressure. Thus, cyclopentane based emulsions mechanical proper-
ties have been investigated utilizing non-pressurized rheometers [62, 48, 101]. The time
where an abrupt jump in viscosity, referred as critical time, is observed for cyclopentane

hydrate-forming emulsions has been found to decrease with subcooling [62, 48, 101]. Zy-

73
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lyftari et al. [48, 101] found that both critical time and hydrate growth time, which is
defined as the period of time from the jump in viscosity to attaining final viscosity, are
dependent on the level of subcooling. The final viscosity achieved by a slurry formed from
a hydrate-forming emulsion, and its yield stress, are mainly dependent on the level of wa-
ter to hydrate conversion, and a peak in viscosity and yield stress are observed at about
80% water to hydrate conversion [48]; conversion in these experiments was controlled by
varying temperature and initial salt concentration in the aqueous phase. The observed
peak in viscosity and yield stress at an intermediate conversion indicated capillary bridge
formation due to residual brine between hydrate particles [48, 5, 21, 22].

Rensing et al. [2] proposed that ice-forming emulsions are analogous and equivalent
to hydrate-forming emulsions based on the fact that hydrate is mostly formed of water
(over 80 mol%) [6]. The authors used water-in-crude oil emulsions in the experimental
investigation. Viscosity and yield stress measurements were performed by varying aqueous
volume fraction at no salt and 3.5% (w/w) NaCl (salt) concentration. The main findings
in their study were the three yield stress regimes: 1) no yield stress under 25% (v/v)
water fraction, 2) about 300 Pa yield stress at 25-55% (v/v) water fraction and 3) at
above 55% (v/v) yield stress was higher than the rheometer measuring limit of 3000 Pa.

From a practical perspective, investigating the mechanical properties of a potentially
hydrate-forming crude oil by adding only water to form ice slurry may seem more rea-
sonable compared to diluting the crude oil with additional cyclopentane to form hydrate
slurry. Thus, if ice-forming emulsions mechanical properties are equivalent to hydrate-
forming emulsions, ice-forming water-in-crude oil emulsions may provide a better method
of testing the properties of crude oil. Therefore, in order to assess the assumption of ice-
forming emulsion being equal to hydrate-forming emulsion, in this study we compared
the rheological and morphological properties of cyclopentane hydrate- and ice-forming
emulsions at similar drop size, subcoolings and water conversions. Rheological and mor-

phological experiments indicate that the behavior of cyclopentane hydrate is quite similar
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to propane gas hydrate. We controlled the water conversion in the emulsions by vary-
ing initial aqueous phase salt concentration at a fixed temperature. Our results indicate
that ice-forming emulsions behaves significantly different to hydrate-forming emulsions.
Our findings at a single water fraction clearly indicate that care must be taken in re-
lating behaviors of the ice and hydrate slurries, with further work examining whether a

correspondence of the two at different water levels may be deduced.

4.2 Experimental methods

4.2.1 Materials

The aqueous phase in our studies at various salt concentration was formed by dissolv-
ing sodium chloride (99+% pure, Fisher Scientific) in deionized water obtained from a
Millipore QTM system. The oil phase of the hydrate-forming emulsion is composed of
50% (v/v) cyclopentane (99+% pure, Fisher Scientific); whereas isooctane (99+% pure,
Fisher Scientific), which does not form a hydrate, instead of cyclopentane is used for the
oil phase of the ice-forming emulsion. Light mineral oil (NF/FCC Fisher Scientific) and
Halocarbon 27 (polychlorotrifluoroethylene polymer, Halocarbon Products Corporation)
are used to match the density of the oil and aqueous phase to minimize sedimentation of
the droplets in the hydrate- and ice-forming emulsions. A non-ionic surfactant, sorbitan
monooleate (Span 80 from Sigma-Aldrich), with a hydrophilic-lipophilic balance (HLB)
of 4.3 [60], is used as a surfactant to form emulsion at a concentration of 0.05% (v/v)
in the oil phase. Span 80 does not form a stable lipid bilayer in the aqueous phase [61].
Span 80 critical micelle concentration in the oil phase is 0.03 % (v/v) [48, 62]. Taking
into account the interfacial area generated in the oil-aqueous phase interface after an
emulsion is formed, no micelle formation is expected in the oil phase of the emulsion; this

is discussed in detail elsewhere [48].



CHAPTER 4. COMPARISON OF HYDRATE AND ICE EMULSIONS 76

For the propane hydrate-forming emulsion, light mineral oil and Halocarbon at 0.1%

(v/v) Span 80 is used as oil phase. Propane gas with a purity of 99.5% was obtained

from T. W. Smith. All the materials were used as obtained without further purification.

Relevant physical properties of the materials are provided in table 4.1.

Table 4.1: Physical properties of materials used in this study.

Material Chemical | Mol. Weight Density Viscosity
Formula (g mol™?) (g cm™) (cP)
Cyclopentane CsHyo 70.1 0.751 (25 °C) 0.44 (20 °C)
Isooctane CsHis 114.2 0.690 (25 °C) 0.51 (22 °C)
Propane CsHg 441 0.002 (0 °C, 101.3 kPa) -
Halocarbon 27 | (CoClF3), - 1.96 (37 °C) 51 (37.8 °C)
Light mineral oil - - 0.83 (15.6 °C) 46 (25 °C)
Span 80 CauH1406 428.6 0.986 (25 °C) 1200-2000 (20 °C)
Water H,0 18.0 1.00 (4 °C) 1.00 (20 °C)
Sodium Chloride NaCl 58.4 2.16 (25 °C) -

4.2.2 Rheology
Atmospheric pressure

Rheological measurements for cyclopentane hydrate and ice slurry were performed on
density-matched 40% (v/v) aqueous fraction emulsions. Emulsions were obtained by
mixing a total volume of 50 ml of water and oil using the IKA T25 Digital Ultra-Turrax
at an intensity of 7000 rpm for 5 minutes. The droplet diameter for both hydrate-
and ice-forming emulsions is d = O(10)um [48, 101]. The hydrate-forming emulsion
continuous fluid viscosity is 7.—pyqa = 0.0053 Pa s (T' = -7.0 °C); the ice-forming emulsion
fluid viscosity is 7._jce = 0.0064 Pa s (T' = -12.4 °C). Droplet deformation due to flow
is negligible [48, 101]. Emulsions are stable and do not coalesce for several days but
flocculation has been observed under quiescent conditions [62, 48]. Sedimentation effects
are considered negligible in the experimental timescale [48].

Rheological data were obtained by using a stress-controlled rheometer (AR 2000ex, TA

Instruments) equipped with a roughened cylindrical cup and a vane rotor. The cylindrical
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cup has a 15 mm radius, and the vane rotor has a 14 mm radius, thus a gap of 1 mm.
The vane rotor has 4 equally-spaced blades with height of 42 mm. Waterproof sandpaper
of root mean square value roughness of O(100 pm) was glued on the wall of the cup to
prevent wall slip. The effective gap is less than the original 1 mm; the data are corrected
for the new gap. Temperature control was achieved through a Peltier jacket system.
A volume of 28 mL emulsion at room temperature (T ~ 25°C) was transferred to the
precooled cylindrical cup of the rheometer. As soon as the emulsion temperature reached
the desired temperature, it was seeded with ice/hydrate crystals of approximately 1 mm
in diameter (five on the upper surface) [101]. The emulsions are sheared at a constant
shear rate of ¥ = 100 s~! until the measured viscosity reaches a steady value within the
intrinsic experimental error. The final hydrate and ice slurry structure formed without
any aging process (i.e., immediately following formation under shear) is run through a
shear rate ramp from 100 to 1 s~! and back to 100 s™ (total loop duration is 1200 s) to
determine shear rate dependence and whether hysteresis is present. Yield stress of the
final structure was measured through the oscillatory stress ramp method at a frequency

of 1 Hz [157, 158, 159].

High pressure

The density-matched oil mixture of mineral oil and Halocarbon is used to prepare the
emulsion. Span 80 surfactant is added at a concentration of 0.1% by volume of oil phase.
The emulsions are prepared by applying mechanical stirring using an IKA T25 digital
Ultra-Turrax homogenizer operating at 7000 rpm for 5 minutes. The rheology data is
obtained using the stress-controlled AR 2000ex rheometer equipped with high-pressure
concentric cylinder geometry (TA Instruments). The pressure cell is a sealed vessel that
can be pressurized up to 138 bar (2000 psi), over a temperature range of -10 to 150 °C.
The geometry consists of a steel outer cylindrical cup and a titanium inner rotor. The

cup sits in a Peltier jacket, which is mounted to the rheometer. A cooling bath with
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water supplies the jacket with cooling fluid. The outer cylinder has a 14 mm radius, the
inner cylinder has a 13 mm radius, and thus the geometry has a 1 mm gap. The sample
volume used in an experiment is 9.5 mL. The emulsion prepared at room temperature is
gently transferred to the rheometer. The cell is pressurized to 4 bars with propane gas
from an external high-pressure propane bottle. The emulsion is allowed to saturate at
rest with propane gas at 5 °C. After the saturation, the cell is re-pressurized with propane
gas to 4 bars. In order to avoid long and unpredictable induction times, we preferred the
formation of propane hydrates using ice. The temperature protocol used for the synthesis
of hydrates is as follows:

1. First, the temperature T is decreased from 5 °C to -15 °C at a rate T = of -1

1 1

°C min™" and at a shear rate of ¥ = 50 s™. During this temperature ramp, the
viscosity of the emulsion increases. The pressure in the cell reduces from the initial
value of 4 bars at 5 °C because the solubility of gas in liquid increases on decreasing

the temperature.

2. T'is held at -15 °C until the water drops in the emulsion freezes to ice. The formation

of ice is indicated by a small increase (first peak) in the viscosity curve.

3. The temperature is then increased to 0.5 °C at a rate of 7 = 1 °C min~* to melt
the ice providing liquid water for the hydrate formation. This melting ice helps in
overcoming the long induction time associated with the propane hydrate nucleation
[101]. As the temperature increases, the viscosity of the ice slurry decreases and
some pressure is recovered in the cell. As soon as the freshly melted water comes
in contact with propane gas, hydrate formation starts and we observe an increase

in the viscosity.

4. Once the hydrate growth completes, the viscosity of hydrate slurry reaches a plateau.
The temperature is then increased from 0.5 °C to 25 °C to dissociate the hydrate,

which results in a sudden drop in the viscosity.
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4.2.3 Morphology
Hydrate- and ice-forming emulsions

An emulsion of 15% (v/v) aqueous was placed in a small well (12.5 mm in diameter
and 2 mm deep) machined in an aluminum microscope slide. Note that this lower water
fraction emulsion is used to allow easier visualization of the droplet-scale morphology.
A Peltier stage (Linkam LTS 120) was used to provide a well-controlled temperature
environment. Images were captured using a Sony digital XCD-SX 910 camera equipped
with an Edmund Optics VZM 300 Zoom imaging lens, as described previously [91, 101].
Emulsions consisting of droplets of d = O(100) pum prepared with a Caframo high torque
stirrer (BDC 1850) at speed of 350 rpm for 5 minutes were used since emulsions used in
the rheometric experiments of d = O(10) pm were difficult to visualize. The experimental

procedure followed was:
1. Emulsion was placed in the well;

2. temperature 1" was lowered to T¥;, = 1., as shown in table 4.4 at a rate of T =

-5.0 °C min~*;
3. T was held at T.,,;

4. hydrate seed for hydrate-forming emulsion or ice seed for ice-forming emulsion was
added in the well and the cover was rapidly closed.
Cyclopentane hydrate-forming single drop

Using the same setup as above, a 1 ul. water drop (no salt) was placed in the middle of

the small well. The experimental procedure followed was:

1. Temperature T" was lowered to T¥;, = -40.0 °C at a rate of T = -5.0 °C min~! to

induce ice crystallization of the drop previously place in the middle of the well,
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2. T was held at T';,, = -40.0 °C until the aqueous drop is fully solidified;
3. T was increased from -40.0 °C to T, = -5.0 °C;

4. T was held at T, = -5.0 °C and the ice in the well is covered with cyclopentane
with 0.05% (v/v) Span 80;

5. T was increased at a rate of 7' = 5.0 °C min~! from -5.0 °C to Ttin, = 0.2 °C.

Propane hydrate-forming single drop

Propane hydrate visualization was performed using a high-pressure heating-freezing cell
(THMS 600-PS, Linkam Scientific) placed on a Nikon microscopic stage with an objective
lens with a magnification range of 2.5X to 10X and a CCD detector for a live recording.
The cell can be operated up to 14 bars at a temperature range of -120 to 500 °C, and its
temperature was controlled with an accuracy of 0.1 °C by using a temperature controller
(TMS 94, Linkam Scientific). In all the experiments, a quartz crucible of 15 mm inner
diameter was used. The experimental protocol is as follows: First, using a pipette, 200 uL
of light mineral oil is loaded in the crucible, which spreads in the crucible as a thin film.
A water droplet of diameter 600-800 pm (10 pL) is suspended in the mineral oil. The cell
is sealed after suspending the drop and the cell is then pressurized to 5 bars with propane
gas. The water drop suspended in the mineral oil is then allowed to stand under propane
pressure to saturate the oil. During this preconditioning time, the pressure in the cell
drops from 5 to 4.6 bars. After the preconditioning step, the pressure does not change
even after waiting for a much longer time, which means it has reached the equilibrium

value. The temperature protocol used for the synthesis of hydrates is as follows:

1. Temperature T is decreased from 22 °C (room temperature) to Tf;,, = -15 °C at a

rate of 7' = -5 °C min™";

2. T is held at Ty, = -15 °C until the water drop freezes completely. The pressure
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in the cell reduces from the initial value of 4.6 bars at 22 °C to 2.8 bars at -15 °

because the solubility of gas in liquid increases on decreasing the temperature.

I and

3. The temperature is then increased to 0.1 °C at a rate of T = 5 °C min~
some pressure is recovered in the cell. The pressure in the cell becomes 3.8 bars

(approximately) at 0.1 °C.

4. The temperature is maintained constant at T;, = 0.1 °C for one hour to melt the

ice providing liquid water for the hydrate formation.

4.3 Results and discussion

4.3.1 Viscosity after conversion

Following temperature quenching from room temperature (25°C) to the experimental
temperature, viscosities of the hydrate- and ice-forming emulsions evolve as shown in
figure 4.1. Cyclopentane hydrate-forming emulsion mechanical properties and their evo-
lution with time are observed to be quite similar to propane gas hydrate-forming emul-
sions (figure 4.2). In order to compare the hydrate and ice-forming emulsions mechanical
properties we extracted the final viscosity from the viscosity evolution graphs as previ-
ously described by Zylyftari et al. [48]. Hydrate- and ice-forming emulsions were seeded
with externally-grown hydrate and ice particles respectively in order to avoid delay of
crystallization due to nucleation time [48, 101].

The final relative viscosities 7, = % (where 7 is the viscosity of the slurry and 7, is
the continuous phase viscosity, i.e. for hydrate-forming emulsion 7._p,q = 0.0053 Pa s
and for ice-forming emulsion 7._;.. = 0.0064 Pa s) of hydrate- and ice-forming emulsions
at varying salt concentrations and shear rate of 4 = 100 s™! are plotted with respect to
thermodynamically-allowed water to hydrate/ice conversion in figure 4.3. Experimental

temperatures of T" = -7.0 °C for hydrate-forming emulsion and 7" = -12.4 °C for ice-
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Figure 4.1: Relative viscosity evolution for 40% (v/v) water (Xs_i, = 0.0% (w/w)) fraction
hydrate-forming emulsion at 7' =-7.0 °C (X,y—pyq = 100%) and ice-forming emulsion
at T = -12.4 °C (Xy_ice = 100%) at shear rate of ¥ = 100 s~!. The hydrate- and
ice-forming emulsion continuous fluid viscosities are 7._pyq = 0.0053 Pa s and 7e—ce
= 0.0064 Pa s. For both hydrate and ice-forming emulsions, subcooling is same, AT

=124 °C.

forming emulsion were selected to keep subcooling similar. The points from right to
left for each symbol are for X, ;, = 0, 3.4, 5, 7.5, 10, 12.5 and 15% (w/w) at similar
initial subcoolings as shown in Table 4.2. At water conversion of X,, = 100%, the ratio

of hydrate- and ice-forming emulsions final viscosities is Z”lﬂ = O(10) (Nrei—nya is the

rel—ice

relative viscosity of hydrate slurry and 7, ;. is the relative viscosity of ice slurry).

Nrel—hyd __

Tirel—ice

At water conversion of X,, = 58-81%, the ratio of hydrate and ice slurry is

O(10%). Additionally, data from Rensing et al. [2] in which ice slurry was formed in
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Figure 4.2: Viscosity evolution for 40% (v/v) water (Xs_iy = 0.0% (w/w)) fraction propane
hydrate-forming emulsion at shear rate of ¥ = 50 s™1.

water-in-crude oil emulsion were compared with our data as shown in figure 4.3. The
viscosity from Rensing et al. data [2] compare well with our results; they are within the
same order of magnitude. Thus, ice-forming emulsion final viscosity is significantly lower
compared to hydrate-forming emulsion final viscosity. The peak in viscosity observed for
hydrate-forming emulsion at water to hydrate conversion of X,,_py,q = 72-81% indicates
capillary bridge formation [5, 21, 22] as discussed in detail by Zylyftari et al. [48]. No such
peak in viscosity is observed for ice-forming emulsions; maximum viscosity for ice-forming
emulsion is achieved at water to ice conversion of X,,_p,q = 100% as shown in figure 4.3.
The striking difference in viscosity and the lack of an observed peak in viscosity in the

ice-forming emulsion shows that ice-forming emulsion may not be an adequate emulsion
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model capturing relevant physical properties of hydrate-forming emulsion at least not for

the same water fractions.

Table 4.2: Initial subcoolings and thermodynamic water conversions for hydrate- and ice-
forming emulsions.

Hydrate Slurry Ice Slurry
T=-70°C T =-124°C

Salt Initial Water Initial Water
Concentration Subcooling Conversion Subcooling Conversion
Xsfin (% w/w) ACZ—‘infhyd (OC) wahyd (%) Azjinfice (OC) waice (%)

0.0 12.4 100 12.4 100

34 10.3 81 9.9 82

5.0 9.5 72 8.8 74

7.5 8.0 58 7.6 59

10.0 6.0 42 5.4 44

12.5 4.3 27 3.9 29

15.0 2.4 11 14 12

The final hydrate- and ice-forming emulsions are shear thinning as shown in figure 4.4.
The shear thinning behavior of hydrate-forming emulsions has been reported before by
Zylyftari et al. [48]. The final viscosity dependence on shear rate fits a power law, known

also as Ostwald-de Waele law [97],

n= K41, (4.1)

where 7 is the effective viscosity of the suspension, K is the flow consistency index,
4 is the shear rate, and n < 1 is the flow behavior index (n = 1 implies Newtonian
response). The fitting parameters, K and n for water conversions of hydrate slurry at
Xy—nya = 58 and 100% and ice slurry at X,,_;.c = 59 and 100% are given in table 4.3.
The ratio of flow consistency index of final structure hydrate- to ice-forming emulsion
is 524 = O (10%) at X,, = 100% and 24 = O (10%) at X,, &~ 60%. The ratio of flow

ce

behavior index of the final hydrate- to ice-forming is % ~ 0.5 at X, = 100% and %

ice

~ 0.2 at X,, &~ 60%. Thus, the ice-forming emulsion final structure in addition to being

significantly less viscous, is also characterized by a less shear thinning behavior compared
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Figure 4.3: Final hydrate- and ice-forming emulsion viscosity at shear rate of ¥ = 100 s~! plotted
as a function of theoretical water to hydrate and ice conversion, respectively. The
hydrate- and ice-forming emulsion continuous fluid viscosities are 7._pyq = 0.0053 Pa
s and 7)._;ce = 0.0064 Pa s. The points from right to left of each symbol correspond to
initial salt concentration of Xs_;, = 0.0, 3.4, 5.0, 7.5, 10.0, 12.5 and 15.0% (w/w).
The data from Rensing et al. [2] is at initial salt concentration of X,_;, = 3.5%

(w/w).

to hydrate-forming emulsion. The hydrate- [48] and ice-forming emulsions final structures

are non-thixotropic (figure 4.4).

Table 4.3: Shear thinning fit parameters, for the form n = K4"1.

Theoretical Water Conversion | Flow Consistency Index | Flow Behavior Index
% (w/w) K (Pas®) n
Hydrate Ice Hydrate ITce
100 440 1.8 0.23 0.43
58 445 0.10
59 0.55 0.49
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Figure 4.4: Shear rate dependence, showing shear thinning, of hydrate-forming emulsions struc-
ture formed at T = -7.0°C and ice-forming emulsions at T = -12.4°C at initial salt
concentrations of Xy ;, = 0.0 and 7.5% (w/w) and 4 = 100 s (closed symbols
4 =1 — 100 s~!, open symbols 7 = 100 — 1 s~!). The hydrate- and ice-forming
emulsion continuous fluid viscosities are 1._xyq = 0.0053 Pa s and 1.—;ce = 0.0064
Pa s.
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4.3.2 Yield Stress

Yield stress gives the minimum shear stress needed to initiate flow in a material [98,
157, 159]. Thus, yield stress is a measurement of the interparticle forces that need to
be overcome for a material to flow [98, 99, 159]. The most reliable method of measur-
ing yield stress in a hydrate and ice slurry appears to be through the oscillatory stress
ramp [157, 158, 159]. Particularly, a maximum in elastic stress, which is the product
of elastic modulus (G’) and strain (v) gives an accurate and consistent measure of yield
stress (1, = G'vy). Below the yield stress, the elastic stress increases linearly with the
applied oscillatory stress and above the yield stress, the elastic stress deviates from linear
dependence.

The hydrate and ice slurries as formed in the rheometer (with viscosity evolution shown
in figure 4.1) are used for further yield stress measurements. The slurry is subjected to
a continuous oscillatory stress ramp test in which the amplitude of the oscillatory stress
is increased logarithmically. Figure 4.5 shows a comparison of elastic stresses for hydrate
and ice slurries. The maximum value in elastic stress (G'7) is interpreted here as the
yield stress. This method permits us to locate a sharp, clear and unambiguous yield
stress value and thus proves to be a very robust and reliable method.

The yield stresses for hydrate- and ice-forming emulsions at various salt concentrations
(the points from right to left for each symbol are for X, ;, = 0, 3.4, 5, 7.5, 10, 12.5
and 15% (w/w)) are plotted with respect to water conversions in figure 4.6. At water
conversions of X,, > 58%, the yield stress ratio of hydrate- to ice-forming emulsions is
% > O (100) as shown in figure 4.6. The huge difference in yield stress between
the hydrate- and ice-forming emulsions indicates that ice-forming emulsion may not be a
well-fitted model for hydrate studies. At water to hydrate conversion of X,,_p,¢ = 81%, a
peak in yield stress, 7y_pya = 1955 Pa is observed; at X,,_pya = 100%, yield stress is 36%

lower, i.e. T,_pyq = 1250 Pa. Similarly, at water to ice conversion of X,,_;.. = 82%, a peak
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in yield stress is observed, which is lower than the yield stress at full water conversion;
both yield stress values are small. The observed peak in the hydrate- and ice-forming
emulsions suggests that capillary bridges are formed [95, 96, 21, 22] and have the most
effect on the mechanical properties measured here at water conversion of X, ~ 80%), i.e.
the optimal number of capillary bridges and crystal surface is present in the suspension
[48]. Interestingly, in ice-forming emulsions no peak viscosity is observed at similar water
conversions.

The yield stress reported in this study for hydrate slurry at water to hydrate conversion
of Xoy—nya > 58% is an order of magnitude higher than the values reported by Zylyftari et
al. [48] for the same conditions. The shear stress ramp method [74] used by Zylyftari et
al. [48] tends to underestimate yield stress and is prone to errors [158, 159]. Furthermore,
the yield stress reported previously may have been affected by wall slip [158, 157]. The
yield stress reported by Rensing et al. [2] for the 40% (v/v) ice-forming emulsion with
no salt is one to two orders of magnitude higher than the values reported here for an
ice-forming slurry. In addition to the error-prone method of shear stress ramp used by
Rensing et al. [2], we also used the oscillatory stress ramp method following the protocol
used by Rensing et al. [2] and we obtained values an order of magnitude higher compared
to the yield stress following our protocol. This suggests that the final structure of the ice-
slurry after two hours of annealing under small strain oscillatory motion might not form
the same structure as under constant shear rate. In addition the droplet size in the study
by Rensing et al. [2] is an order of magnitude lower than our emulsion. Crude oil and
asphaltenes [2] may also contribute to the observed difference. Regardless of the cause
of the observed difference, the crude oil based ice-slurry yield stress is approximately an
order of magnitude lower compared to cyclopentane-hydrate forming emulsion as shown

in figure 4.6.
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Figure 4.5: Elastic stress (G'y) for 40% (v/v) water (Xs—in = 0.0% (w/w)) fraction hydrate-
forming emulsion final structure at 7' = -7.0 °C (X—pyq = 100%) and ice-forming
emulsion final structure at 7' = -12.4 °C (Xy_ice = 100%) at shear rate of and
= 100 s7!. For both hydrate and ice-forming emulsions, subcooling is same, AT =
12.4 °C.
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Figure 4.6: Yield stress of hydrate- and ice-forming emulsion final structure formed at shear rate
of 4 = 100 s™! plotted as a function of theoretical water to hydrate and ice conversion,
respectively. The points from right to left of each symbol correspond to initial salt
concentration of Xs_;, = 0.0, 3.4, 5.0, 7.5, 10.0, 12.5 and 15.0% (w/w). The data
from right to left of Rensing et al. [2] correspond to initial salt concentration of
Xs—in = 0 and 3.5% (w/w).
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4.3.3 Morphology

Morphological experiments were run to understand the structure evolution of the cy-
clopentane hydrate- and ice-forming emulsions. It should be noted that the morpho-
logical features of cyclopentane hydrate closely resemble those of propane gas hydrate as
shown in the single drop experiments in figure 4.7; a more detailed morphological compar-
ison of cyclopentane and propane hydrate-forming emulsion will be given in a separate
paper as it needs further investigation. The experimental conditions for hydrate- and
ice-forming emulsion are summarized in table 4.4. For a given initial salt concentration,
initial subcooling was kept the same for hydrate- and ice-forming emulsions.

In figure 4.8 structural evolution of water (X;_;, = 0.0% (w/w)) based hydrate- and
ice-forming emulsions at a subcooling of AT = 10.4 °C are shown. Thermodynamically-
allowed water conversion in both emulsions is X,, = 100%. In the hydrate-forming emul-
sion (figure 4.8(a-d)), the water drop is punctured by the needle-like surface [64, 91, 101]
of the hydrate seed. Following puncturing the aqueous drop wets the hydrate seed and
conversion into hydrate occurs. Once the conversion of the emulsion to hydrate is com-
plete (figure 4.8(d)) a porous hydrate structure is added to the hydrate seed. The original
spherical shape of the aqueous drop is not retained, thus the shell model growth [160] is
not observed in our experiments. In ice-forming emulsion (figure 4.8(e-h)), once the water
drop (Xs_in = 0.0% (w/w)) contacts the ice seed, the drop fully converts into ice parti-
cle. The ice particle retains the spherical shape of the drop as observed in figure 4.8(h).

The apparent difference in the mechanisms of crystal growth and morphology between

Mrel—hyd

the hydrate- and ice-forming emulsions explains the large ratios of viscosity ——
rel—hy

(fig-
ure 4.3) and yield stress =" (figure 4.6).

y—ice

Figure 4.9 shows the structural evolution of hydrate- and ice-forming emulsions in brine
(Xs—in = 7.5% (w/w)) at a subcooling of AT = 5.0 °C. Thermodynamically-allowed water

conversion in hydrate forming emulsion is X,,_p,q = 456% and for ice-forming emulsion is
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Figure 4.7: Morphology evolution of single water drop in oil containing propane (a,b) and cy-
clopentane (c,d).Scale bar is 300 pm.

Table 4.4: Initial subcoolings and thermodynamic water conversions for 15% (v/v) aqueous frac-
tion hydrate- and ice-forming emulsions.

\ Hydrate Slurry \ Ice Slurry

Salt Initial Experimental Water Experimental Water
Concentration  Subcooling | Temperature  Conversion | Temperature  Conversion
Xo_in (% w/w) ATy, (OC) Texp (OC) Xw—ice (%) Temp (OC) Xw—hyd (%)

0.0 10.4 -5.0 100 -10.4 100

7.5 5 -4.0 45 -9.8 49
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Figure 4.8: Morphology evolution of 15% (v/v) water (Xs_i, = 0.0% (w/w)) hydrate- (a-d) and
ice-forming (e-h) emulsions at subcooling of AT = 10.4 °C. Thermodynamically-
allowed conversion for the hydrate- and ice-forming emulsions is X,, = 100%. Scale
bar is 300 pm.
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Xw—hya = 49%. In the hydrate-forming emulsion (figure 4.9(a-d)), hydrate starts forming
at the water-oil interface [91, 101] (figure 4.9(b) and as it grows it punctures adjacent
drops causing coalescence (figure 4.9(c,d)). Figure 4.10 shows the size of the drop after
coalescence. Thus, the final structure formed in the hydrate-forming emulsion is a network
of connected hydrate crystals which are wetted externally by brine (figure 4.9(d)). In
contrast, ice grows in the bulk of the drop of the ice-forming emulsion (figure 4.9(f,g)).
The brine-oil interface remains unaffected by the growth of ice as can be inferred by the
comparison of interfaces of figure 4.9(e) and figure 4.9(h). Therefore, since the interface
of the drops in the ice-forming emulsion does not change significantly, the mechanical
interactions of these drops are not significantly affected until a certain conversion level is
achieved. This morphological observations are consistent with the low viscosity increase
(less than a factor of 2) of the ice-forming emulsions at X, ;.. = 74% where ny.¢;_ice = 15.7
compared to the viscosity at X, _i.c = 12% where 1,.¢/_ijce = 7.7; whereas hydrate-forming
emulsion viscosity increases by 2 orders of magnitude at X,,_pnyq = 72% where 0,ej—pya =
5350 compared to the viscosity at Xy_pya = 11% where npei—pya = 9.2

The mechanisms of growth of crystals in hydrate- and ice-forming emulsions are schemat-
ically depicted in figure 4.11. Hydrate crystals grow at the oil-aqueous phase interface.
The needle-like surface of hydrate punctures the aqueous drop. It should be noted that a
needle-like hydrate structure forms when surfactants are present (e.g. an emulsion) and a
faceted shell forms without surfactants [91]. Following puncturing, in the case of no salt,
hydrate wets the hydrate seed and fully converts (figure 4.11(al-a7)). In the presence of
salt, the hydrate crystal grows at the interface and punctures the adjacent drops causing
coalescence and wetting of the hydrate (figure 4.11(c1-c7)). Ice crystals are characterized
by growth in the bulk of the aqueous phase. In the case of no salt, the whole aqueous
drop freezes and it retains the spherical shape (figure 4.11(b1-b7)). When salt is present
in the aqueous phase, ice grows in the bulk phase completely wetted by brine and the

oil-aqueous phase remains largely unaffected (figure 4.11(d1-d7)).
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Figure 4.9: Morphology evolution of 15% (v/v) brine (Xs—i = 7.5% (w/w)) hydrate- (a-d)
and ice-forming (e-h) emulsions at subcooling of AT = 5.0 °C. Thermodynamically-
allowed conversion for the hydrate-forming emulsion is X, _pyq = 45% and ice-
forming emulsions is Xy, _ice = 49%. Scale bar is 300 um.
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Figure 4.10: Final morphology of 15% (v/v) brine (Xs_in = 7.5% (w/w)) hydrate-forming emul-
sion, unmarked (a) and marked (b) photomicrographs, at subcooling of AT = 5.0
°C and t = 2795 s. Thermodynamically-allowed conversion is X,,_p, = 45%. Scale
bar is 300 pm.
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Figure 4.11: Schematic of the mechanisms of morphology evolution of hydrate- (al-a7) and ice-

forming (b1-b7) emulsions in the no salt case and hydrate- (c1-¢7) and ice-forming

(d1-d7) emulsions in the presence of salt.
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4.4 Conclusion

We have investigated and compared two methods of modeling oilfield emulsions: cyclopen-
tane hydrate- and ice-forming emulsions in terms of rheological properties, viscosity and
yield stress, and morphology at various water conversions. Rheological and morphological
results indicate that cyclopentane hydrate- and propane gas hydrate-forming emulsions
are quite similar. For cyclopentane hydrate- ice-forming emulsions comparison, we have
kept similar drop sizes and subcoolings. Water conversion was adjusted by varying the salt
concentration in the aqueous phase. The relative viscosity of the cyclopentane hydrate-
forming emulsion reaches up to approximately two orders of magnitude higher when
compared to ice-forming emulsions. Yield stress of the cyclopentane hydrate-forming
emulsion achieves up to three orders of magnitude higher values when compared to ice-
forming emulsion. Both hydrate- and ice-forming emulsions exhibit non-thixotropic shear
thinning behavior; hydrate slurry shear thinning behavior is more pronounced.

In order to understand the underlying physical phenomena causing the large differ-
ence in viscosity and yield stress between the hydrate- and ice-forming emulsions, we
investigated and compared the emulsions morphology evolution. In the hydrate-forming
emulsion under conditions of no salt, a hydrate crystal mass used as a seed punctures
the aqueous drops in the emulsion and hydrate forms at the oil-aqueous phase interface
as the whole drop wets the hydrate seed. In the presence of salt, hydrate forms at the
interface and as it grows it punctures adjacent drops causing coalescence and wetting of
the hydrate. In the ice-forming emulsion, no puncturing of the drop by the ice seed is
observed. Ice grows in the bulk of the drop and the spherical shape is generally retained.
In the presence of salt, ice is completely wetted by brine as it forms in the aqueous
phase bulk, consequently the oil-aqueous phase interface remains intact. Therefore, the
apparent difference in the mechanism of growth between hydrate and ice in the emulsions

causes significantly different morphologies, thus resulting in very significant differences in
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mechanical properties. The mechanical properties of hydrate-forming emulsions are not
captured by the ice-forming emulsions and this is clearly shown by the large differences in
rheological properties between the cyclopentane hydrate- and ice-forming emulsions. It
may be possible to use ice slurries as a model of hydrate slurries of different solid fraction,
i.e. formed from emulsions of different water fraction. However, this requires a study of
the properties of both hydrate- and ice-forming emulsion conversion to slurries over a

range of internal phase fraction, and is out of the scope of the present study.



5 Conclusion

5.1 Viscosity and yield stress peak dependence on water
conversion

In Chapters 2 and 4, we have described techniques where water conversion to hydrate
is controlled by varying initial salt concentration at a fixed temperature. The residual
unconverted aqueous phase, which is present as brine, is in equilibrium with the hydrate.
Thus, the study elucidates the interaction of three phases: solid hydrate, oil and brine. A
peak in final structure viscosity and yield stress were observed for the 40% (v/v) aqueous
fraction hydrate-forming emulsions at water to hydrate conversion of 61-85%. The obser-
vation of a maximum viscosity and yield stress at intermediate conversions indicates that
residual brine may form capillary bridges between the hydrate particles. Therefore, both
the concentrations of residual brine and solid are relevant to the rheological properties of
the hydrate slurry. The role of brine in the slurry needs to be investigated further. In
order to have a better understanding of the role of the brine in the slurry, solid hydrate
concentration must be kept similar and residual brine concentration varied. Therefore,
extension of the investigation of how the viscosity and yield stress vary with aqueous

fraction may elucidate the interaction of residual brine with hydrate in a slurry.

100
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5.2 Nucleation at the oil-aqueous phase interface

In Chapter 3, hydrate nucleation was observed to occur at the ice-oil-aqueous phase
contact line. The concentration of water and hydrate-forming hydrocarbon, in our case
cyclopentane, are present at an optimal concentration at the oil-aqueous phase interface.
Thus, the fastest rate of hydrate nucleation and growth is at the oil-water interface. Our
experiments show that the rate of single drop conversion to hydrate increases with more
IOA contact line. Furthermore, addition of ice in a metastable hydrate-forming emulsion
causes a rapid jump in viscosity. Like ice, others materials such as silica and clay have been
reported to decrease hydrate nucleation time [130, 18, 131, 132, 133]. These materials may
be investigated using the same experimental protocols as in Chapter 3. The efficiency of
such materials to induce hydrate nucleation may be compared with existing hydrate and
ice seed data. This information might be relevant in the field to eliminate components
which induce hydrate nucleation. Other factors such as surface roughness and wettability

by water or brine may be varied to determine whether they affect hydrate formation rate.

5.3 Drop puncturing and hydrate wetting mechanism

Hydrate slurry viscosity and yield stress values are of orders of magnitudes higher com-
pared to ice-forming emulsion at similar water conversions. Thus, at the same aqueous
fractions, ice-forming emulsions do not capture the mechanical properties of hydrate
slurry. In Chapter 4, the large difference in rheological properties may be associated with
the difference between the evolution of hydrate- and ice-forming emulsions. Hydrate is
characterized by an interfacial growth, where water and cyclopentane are at an optimal
concentration, while freezing of water into ice occurs in the bulk aqueous phase. Hy-
drate formation mechanism is characterized by an apparent puncturing of emulsion drops
by hydrate needle-like structure, thus causing wetting of the hydrate. Such puncturing

mechanism is not observed in the case of ice-forming emulsions. The spherical shape of
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the drop is retained when ice particles are formed, whereas a mushy /hairy structure is
observed in hydrate slurries. The mechanism of puncturing and wetting of the hydrate-
forming emulsion is currently very poorly understood. The role that the surfactants play
in the stabilization of hydrate growth at the water-oil interface need to be investigated.
Furthermore, understanding the surfactant-crystal interaction is important in character-
izing the slurry.

In order to achieve a clarification of the puncturing mechanism, needle-like ice forma-
tion, if possible, may be required to test whether the geometrical factor of the surface is
critical rather than the interfacial energy difference between hydrate and ice. In order for
a conclusive experiment to be conducted a few factors such as the density and sharpness
of the hydrate needles need to be controlled. The surface roughness of the hydrate needs
to be qualitatively estimated. Alternatively, a molecular dynamics simulation may be
required to capture certain aspects of the interaction between the drop and the crystal
surface. In the presence of brine, the growth of hydrate at the interface and its interac-
tion with surfactant at the oil-aqueous interface is unknown. The mechanism by which
hydrate causes coalescence needs to be mechanistically explored. If surfactants adsorb on
the hydrate crystal, then the effectiveness of the hydrate crystal penetrating the adjacent
surfactant-covered drop is of interest. The puncturing of drop needs to be explored at
other surfactant concentrations to check whether a variation in hydrate formation rate in
the emulsion is observed. Slowing down the process of interaction between hydrate crys-
tals and aqueous drops may slow hydrate formation rate and could be directly relevant

to the oil and gas industry to prevent pipeline plugging.
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5.4 Modeling hydrate slurry flow in a pipe

The results discussed in this thesis may be used to estimate pressure drop (AP) in a pipe

using the Hagen-Poiseuille equation [97]

128Qn(z)dz

md4 ’

—dP = (5.1)

where 7(z) is the hydrate-forming emulsion viscosity at a distance z in the pipe, @ is

the volumetric flow rate and d is the pipe diameter. The average velocity of the hydrate-

. P . . . _4Q
forming emulsion in the pipe is V4,9 = —%.

Lt >

Figure 5.1: Schematic of hydrate-forming emulsion plug flow in a pipe.

Assuming a plug flow model in the pipe, the length at which the viscosity remains
equal to initial hydrate-forming emulsion viscosity (7(2) = 7i,) is Le = Vaugte (figure 5.1),
where t. is critical time as discussed in Chapter 2. Thus, the total drop in pressure at a

distance z < L. is

1280Qnnz
—AP(z) = W—d’j. (5.2)

At z = L., the total drop in pressure is

128Qnin L

md4 ’

— AP, = (5.3)
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which may be written in terms of critical time as

512Q2n1ntc
w26

AP, = (5.4)

As shown in figure 5.1, following critical length L., the length in the pipe at which
viscosity evolution (n(z)) from initial viscosity (7;,) to final viscosity (ny) occurs is L, =
Uaugte. Viscosity evolution (7(z)) corresponds to 7(t) in our rheological experiments given

wd?(z—L¢) . . . . .
g The viscosity during evolution time

the plug flow model time-space relation t =
may be written as an exponential function of time with boundary conditions 7(t.) = 9,

and n(t. +t.) = ny as

1(t) = e () (), (55)

and may be expressed in terms of position z with boundary conditions n(L.) = 1, and

(L. + Le) = ny as

N md?z—4Qt.
n(z) = e (’“")< ot ) (5.6)

Therefore the total drop in pressure at a distance z where L, < z < L.+ L. is —AP =

—AP.+ [ % and after solving for integral it may be written as
L.

7rd2274QtC
512Q%n;n, te 1Qte
—AP(Z):QLG" tot — <ﬁ>( )—1 . (5.7)
m2d In <77_f) Nin
Min

At length z = L. + L., the total drop in pressure is

512Q%n;n, te
—APCJFEZﬂ te+ ——— 0y . (5.8)

m2db In (”_f> Nin
MNin

As depicted in figure 5.1, following viscosity evolution section of the pipe (L.), the

length where viscosity is equal to final viscosity ((z) = ny) is Ly = L — L. — L., where
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L is the total length of the pipe. The total drop in pressure at distance z > L.+ L. is

o 512Q27]m te ne Ny 7Td22
_AP<Z)—W tc—f—m(%— +T}; @—tc—te . (59)
MNin

Thus, the total pressure drop at total length of a pipe 2 = L where L > L.+ L. is

512Q°n;,, te (77f > ny (7Td2L )
-APp=—--7F"-—|t,c+——— -1+ —— —t.— . 5.10
L m2db In (:f ) Nin Nin 4@ ( )

Equation 5.10 directly estimates total pressure drop in a pipe with a length L > L.+ L.
utilizing viscosity evolution parameters discussed in this thesis.

In figure 5.2, the lower and upper bound of pressure drop in a pipe are plotted along
with the pressure drop predicted by equations 5.2, 5.7 and 5.9. The lower bound of
pressure drop represents the hypothetical case in which the hydrate-forming emulsion
critical time is infinite, thus the viscosity throughout the whole length of the pipe is
equal to initial viscosity (7(z) = 1, = 0.01 Pa s). The upper bound of pressure drop
represents the case of the hydrate-forming emulsion in which critical and evolution time
is equal to zero, thus the viscosity throughout the whole length of the pipe is equal to
the final viscosity (1(z) = ny = 1 Pa s). Initial and final viscosity values are taken from
figure 2.8. As shown in figure 5.2, based on the plug flow equations 5.2, 5.7 and 5.9, the
evolution of total pressure drop is equal to the lower bound estimate for z < L.; at z = L,
pressure drop starts deviating from the lower bound, thus increasing at higher rates; at
L. <z < L.+ L., as total pressure drop deviates from lower bound, its value comes
closer to upper bound pressure drop; at z > L. + L., pressure drop closely approaches
the upper bound pressure drop with increasing distance z.

The effect of average velocity, i.e. the ratio of volumetric flowrate to the square of the

4Q

—%) on total pressure drop evolution in a pipe is shown in figure 5.3.

diameter (vqyy =

At larger average velocity (i.e., larger volumetric flow rates or lower pipe diameters), the



CHAPTER 5. CONCLUSION 106

10

—— Lower Bound
=== Upper Bound
mmm Bvolution -

ot T e
10" 10° 10° 10t 10°

Figure 5.2: Plug flow model pressure drop evolution in a pipe. Initial viscosity is 7, = 0.01 Pa
s; final viscosity is 7y = 1 Pa s; critical time is t. = 100 s; evolution time is t, = 100
s; average velocity is v4,g = 1 m s~ 1 critical length is L. = 100 m; and evolution
length is L. = 100 m.

transition starts at a longer distance (z = L.) and the evolution from lower to upper
pressure drop bound occurs at a longer evolution length (L.).

The effect of critical time in a pipe is shown in figure 5.4. At larger critical time, the
transition from lower to upper starts at longer distance (z = L.). The evolution length
(L.) from lower to upper pressure drop bound remains the same.

The effect of evolution time in a pipe is shown in figure 5.5. At larger evolution time,
the transition from lower to upper starts at same distance (z = L.) but the evolution

from lower to upper pressure drop bound occurs at a larger length (L.).
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Figure 5.3: The effect of average velocity vgyg = % on pressure drop evolution. Initial viscosity
is 7, = 0.01 Pa s; final viscosity is 7y = 1 Pa s; critical time is ¢, = 100 s; and
evolution time is t, = 100 s.

Thus, in order to minimize the drop in pressure in a pipe, flowline needs to be run at
conditions which favor higher average velocities (i.e. higher volumetric flow rates) and

longer critical and evolution times.
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Figure 5.4: The effect of critical time ¢, on pressure drop evolution. Initial viscosity is 7, =

0.01 Pa s; final viscosity is ny = 1 Pa s; evolution time is £, = 100 s; and average

velocity is vgpg = 1 m s~ L.
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Figure 5.5: The effect of evolution time t. on pressure drop evolution. Initial viscosity is 7, =
0.01 Pa s; final viscosity is ny = 1 Pa s; critical time is ¢, = 100 s; and average
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