Water Wettability Coupled with Film Growth on Realistic Cyclopentane Hydrate Surfaces
Hannah M. Stoner?, Anh Phan®, Alberto Striolo®, Carolyn A. Koh®*

aCenter for Hydrate Research, Department of Chemical and Biological Engineering, Colorado

School of Mines, Golden, CO, 80401, USA
bDepartment of Chemical Engineering, University College London, London, WC1E 7JE, UK

*Email: ckoh@mines.edu

Abstract: Although wettability of hydrate surfaces and hydrate film growth are key to
understanding hydrate agglomeration and pipeline plugging, quantitative understanding of the
coupled behavior between both phenomena is lacking. In-situ measurements of wettability coupled
with film growth were performed for cyclopentane hydrate surfaces in cyclopentane at
atmospheric pressure and temperatures between 1.5 — 6.8 °C. Results were obtained as a function
of annealing (conversion) time and subcooling. Hydrate surface wettability decreased as annealing
time increased, while hydrate film growth rate was unaffected by annealing time at any subcooling.
The results are interpreted as a manifestation of the hydrate surface porosity, which depends on
annealing time and controls water spreading on the hydrate surface. The wettability generally
decreased as the subcooling increased, because higher subcooling yields rougher hydrate surfaces,
making it harder for water to spread. However, this effect is balanced by hydrate growth rates,
which increase with subcooling. Also affecting results, surface heating from heat release (from
exothermic crystallization) allows excess surface water to promote spreading. The hydrate film
growth rate on water droplets increased with subcooling, as expected from higher driving force.
At any subcooling, instantaneous hydrate growth rate decreased over time, likely from heat-

transfer limitations. A new phenomenon was observed where the angle at the three phase point
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increases from the initial contact angle upon hydrate film growth, named the crystallization angle.
This is attributed to the water droplet trying to spread, while the thin film is weak enough to be
redirected. Once the hydrate film grows and forms a ‘wall’ around the droplet, it cannot be moved
and further growth yields a crater on the droplet surface, attributed to water penetrating the hydrate
surface pore structures. This fundamental behavior has many flow assurance implications since it

affects the interactions between agglomerating hydrate particles and water droplets.

Abbreviations: sl (structure 1), sl (structure Il), sH (structure H), THF (tetrahydrofuran), CyC5
(cyclopentane), C12 (n-dodecane), Micromechanical Force (MMF)

Key Words: cyclopentane hydrate, film growth, contact angle, crystallization angle

Introduction: Clathrate hydrates (i.e., hydrates) are crystalline inclusion compounds composed
of a cage structure of hydrogen-bonded water molecules enclosing different kinds of guest
molecules. Hydrates form under specific pressure and temperature conditions making them a
common occurrence naturally in both marine and permafrost deposits® and in subsea or arctic
petroleum flowlines?. They also have many scientific and technical applications including gas
transportation/storage,® water desalination,*® and gas separation®’. Hydrate unit cells are
comprised of a few different cages, including the 52, 5126, and 5'%6* cages, which are the most
common. Here, the base number indicates the shape of the face (5 is a pentagon, 6 is a hexagon)
and the exponent indicates how many of each face are present in the cage (i.e., the 52 cage has 12
pentagonal faces). These cages come together to form the two most common hydrate crystal
structures, known as structure | (sl) and structure Il (sll). Generally, natural hydrate deposits are
sl and contain only small molecules, like methane, to fill each cage. Flowline hydrates are

generally sl as the larger hydrocarbons (ethane, propane, etc.) can stabilize the larger 5'%6* cage.®



As it can be difficult to study natural gas hydrates due to the high-pressure requirement,
some low-pressure analogs have been used to study interfacial behavior, including tetrahydrofuran
(THF) and cyclopentane (CyC5) hydrates. Extensive work has been done using THF hydrates® !
but werk-by Taylor et al.'?> and Dieker et al.’3 raised concerns about ice contamination; because
the equilibrium conditions for atmospheric THF hydrate formation is ~4.4 °C, to facilitate hydrate
formation sufficient subcoolings are often applied that bring the temperatures below the ice point,
thus making it difficult to confirm whether solids structures are ice or hydrate. Because Dieker**
showed that CyC5 forms slI hydrates that are stable at atmospheric pressure and temperatures up
to 7.7 °C, above the ice melting temperature, the present study uses CyC5 hydrates as a model
analogue for the flowline sl hydrates. In our experiments, the temperature is raised above the ice

melting temperature to destabilize ice while preserving CyC5 hydrates.

Interfaces are particularly important for hydrates, as their formation occurs at the water-
hydrocarbon interface, and because wettability is often related to the extent of film growth and
agglomeration tendency in a given system. Formation at the interface occurs because of differences
in solubility where the mole fraction of gases in hydrates is generally much larger than the
solubility of those gases in water. For example, Xch4 in water = 0.000839 << Xchs in hydrate =
0.15.%° It is also worth pointing out that X20 in CHs = 0.001 << Xw20 in hydrate = 0.85.%° This
also applies to CyC5 hydrates.}” Wettability is frequently quantified through contact angle
measurements, with higher wettability indicating that a water droplet will spread over a larger area
on the hydrate surface promoting agglomeration through capillary bridging, whereas a lower
wettability indicates low water spreading. High wettability results in small contact angles, and low

wettability results in large contact angles. The contact angle (#) can be calculated using the Young



equation, which relates the contact angle to different interfacial tensions.!® This equation is only
applicable for ideal interfaces, of which hydrates in realistic conditions are not.*® The contact angle
can also be directly measured in-situ as the angle made between the solid hydrate surface and the
water-hydrocarbon interface, as shown in Figure 1A. Identifying contact angle and wettability

behavior at the interfacial level is essential in understanding the hydrate formation process.
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Figure 1. (A) Visualization of the contact angle on an ideal interface in terms of a hydrate

surface (H)/water (W)/liquid hydrocarbon (L) system. The terms in the Young equation are the
contact angle of the three phase line (6), the interfacial tension between the hydrate surface and

the liquid Aydrocarbon (ynL), the interfacial tension between the hydrate surface and the water
(ynw), and the interfacial tension between the water and the liquid hydrocarbon (y). (B) Hydrate
and agglomeration in a multiphase flowing pipeline. Initial hydrate growth on a water droplet is

controlled by wettability and film growth, which leads to sintering and viscosification through
droplet adhesion or capillary bridging. Extensive hydrate growth and agglomeration can lead to
jamming and plugging of a flowline.? The top path represents water droplets directly converting

to hydrate through film growth, and the bottom path represents contact induced agglomeration.?



Despite the difficulties, recent progress has been made in the measurement of contact
angles for hydrate systems,?>? particularly for CyC5 hydrates. In 2018, Brown et al.?® reported
the average, finite contact angle of water on a CyC5 hydrate in liquid CyC5 as 94.2° + 8.5° at
atmospheric pressure at temperatures between 0 °C and 7.7 °C. In those experiments, 30 minutes
of annealing time were applied.?® Here, annealing time is defined as the total time elapsed between
the beginning of the experiment where the specified temperature is reached, and the time when the
measurements are taken. During this time, the unconverted water in the hydrate system is allowed
to convert to hydrate undisturbed. It is not known how long the annealing time should be to allow
all the water to convert to hydrate. It has been previously shown through Raman spectroscopy?’
that the hydrate surface is porous; these pores become smaller over time as water on the hydrate
surface and in the pores converts to hydrate. Pore reduction can limit the ability of the surface
pores to draw water in through capillary action, which ultimately decreases wettability and,
therefore, increases the contact angle of a water droplet. It appears that the preparation of the
hydrate surface can strongly affect contact angle measurements. In fact, in 2021 Thomas et al.
reported dynamic spreading behavior and a fully wetted hydrate after 7 seconds of contact between
a water droplet and the CyC5 hydrate surface.?® As opposed to Brown et al.,® who used an
annealing time of 30 minutes, Thomas et al.? used temperature cycling to form the hydrate over
a period of ~24 hours, similar to the techniques used by Zylyftari et al.?® Also, it has been shown
that the driving force (i.e., pressure and subcooling) affects hydrate surface roughness, which
directly affects wetting.>° Subcooling is often referred to as an indicator of driving force for hydrate
growth,® but it should be noted that high subcoolings that lead to fast initial crystal growth can lead
to heat transfer limitations due to their need to dissipate heat from the crystal surface.® Servio and

Englezos have shown using methane and CO: hydrates that lower driving forces result in a



smoother hydrate surface, whereas higher driving forces give a rougher surface and dendritic
growth due to heat transfer limitations.®* Hydrate roughness has also been measured for CO;
hydrates at the CO,-water interface using x-ray diffraction and reflectivity by Lehmkiler et al.®?
Both hydrate porosity and surface roughness play a role in the spreading of the water droplet on
the hydrate surface, explaining the different results reported in the literature.?®? A relationship
between subcooling and surface morphology/roughness has been suggested for CH4/CzHs
hydrates.®® Understanding the discrepancy between the reported contact angle values is essential
for this field, as the contact angle can greatly affect the estimated hydrate—water interfacial
interactions and cohesive/adhesive force values when modeling hydrate systems and their

tendency for particle agglomeration and plugging risk.

Hydrate film growth is also an important interfacial phenomenon because it relates to how
quickly hydrate conversion occurs in practical systems. Within a pipeline, wettability and film
growth will dictate how easily the system may agglomerate due to capillary water bridging
(affected by wettability) and sintering (affected by film growth), that eventually lead to
viscosification, agglomeration, and pipeline plugging (Figure 1B). Studies on methane hydrates
by Freer et al.3* have shown that hydrate growth is proportional to the degree of subcooling within
the temperature range of 1.0 to 4.0 °C and pressure range of 3.55 to 9.06 MPa. The reported hydrate
growth rates are typically in the range of 40-80 of um/s. The same pattern has been observed for
CO2 hydrates by Uchida et al.* who reported lateral growth rates in the range from 6 — 15 mm/s
at pressures and subcoolings in the range of 15 — 25 MPa and 1 °C — 15 °C, respectively. This
indicates that the film growth will be faster at higher subcoolings, which is also expected for the

CyC5 system studied herein. A linear film growth rate of CyC5 at moderate subcoolings has been



reported by Morrissy et al.®® of 2.2 + 0.2 um/s. The term “linear’ is used to indicate that the film
growth that occurs over the three-dimensional water droplet is measured on a microscope image
of the film, where only two dimensions are accurately captured. Essentially, the film growth length
Is considered the linear distance between the point where the droplet initially met the hydrate
surface and the leading edge of the new hydrate film. The same definition of linear film growth
rate is used in this work. Hydrate film thickness has been also studied at the water/hydrocarbon

interface;*”8 although important, this parameter will not be the focus of this paper.

To complement and reconcile existing and somewhat contradicting literature observations,
two interconnected interfacial studies have been designed here to investigate both the contact angle
and linear film growth rate of a water droplet on a pure CyC5 hydrate surface surrounded by bulk
CyCS5 liquid. Previous hydrate film growth studies have focused on growth in porous sediments®
or at the water/fluid hydrocarbon interface. Previous hydrate contact angle studies?*?%?8 were
focused on wettability behavior and not film growth. There is limited information on these two
parameters for CyC5 hydrates as a function of annealing time and subcooling in the literature.
CyCS5 hydrates are chosen here because they are often used as a baseline sl hydrate analogue for
studying gas hydrates, particularly in the presence of other natural or commercial additives.*%2
Therefore, understanding wettability and film growth (especially their coupled behavior) as a
function of physical properties will have an immense impact for flow assurance applications and

4 and other areas of

perhaps also other applications such as gas transport,*® sequestration,
sustainable chemistry® using hydrates. The first part in this work systematically examines the

relationship of the contact angle/film growth with varying annealing time (i.e., conversion time),



and the second part examines the relationship between contact angle/film growth with varying

amounts of subcooling (i.e., hydrate surface roughness).

Experimental:
Materials and Apparatus

CyC5 (OmniSolve® CX2414-1, 99% purity) was used in this study as it forms stable slI
hydrate at moderate conditions (atmospheric pressure, 0° — 7.7°) and acts as an excellent analog
to natural gas hydrates formed within petroleum flowlines. CyC5 hydrates require an ice seed to
induce hydrate formation in a timely manner. Because spontaneous nucleation from a liquid water
droplet can take more than 24 hours,*® ice seeds are widely used te-aveid-thisproblem-as-used for
similar hydrate experiments in the literature.?®*” This ensures that droplets added to the system
will not convert to hydrate while in bulk CyC5, thus allowing testing of in situ contact angles and
film growth rates on the hydrate surface. DI water was used to form both the hydrate

particles/surfaces and the water droplets tested.

The contact angle apparatus consists of an Olympus 1X71 microscope equipped with an
Olympus XM10 camera, and a manual, 3-axis Narishige micro-manipulator. The reaction cell is
obtained within a cylindrical, stainless-steel cell with a 12 mm polycarbonate viewing window on
the bottom and an open top (ID = 46 mm, height = 23 mm, wall thickness = 2 mm). The volume
of the reaction cell is approximately 30 cm?®. This cell is placed in a cooling jacket attached to a

glycol chiller, allowing for temperature control.

Technique



Approximately 20-25 mL of chilled (~5 °C) CyC5 is added to the reaction cell maintained
at -2°C. To create the hydrate particle, a water droplet is added to the end of glass cantilever and
quenched in liquid nitrogen to create an ice particle. This is quickly transferred to the reaction cell,
pre-filled with CyC5. Next, the cell temperature is increased to 3°C for the remainder of the
experiment (above the ice melting point) to induce hydrate formation. The hydrate particle is then
left to anneal (i.e., convert to hydrate) undisturbed for a designated amount of time. After the
annealing time, a water droplet is added to the end of a thin glass fiber (~30 um in diameter)
cantilever, which is placed in the manual manipulator. The droplet is then placed on the surface of
the hydrate and the glass fiber cantilever is removed upon contact. This process is illustrated in
Figure 2. The placement of the droplet and subsequent film growth is recorded with Olympus
Stream 1.7 software. The ImageJ v1.52v software is used to extract experimental data from the
images and movies. It should be noted that the development of this technique is based on that

described by Brown et al. concerning the micro-mechanical force (MMF) apparatus.2®
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Figure 2. Hlustration of basic steps followed to create in-situ cyclopentane hydrates and perform

contact angle measurements.

Results and Discussion:

Effect of Annealing Time



The first set of experiments focused on the behavior of both contact angle and the linear
film growth rate as a function of annealing time. Annealing time can be thought of as the total
conversion time, or the time between hydrate formation and measurements where the system is
left undisturbed while the ice particle converts to hydrate. For this set of experiments, the annealing
time is considered to start once the system reaches the designated temperature (i.e., 3°C). Four
annealing times were tested: 15 minutes, 30 minutes, 1 hour, and 2 hours. As shown in Figure 3,
the contact angle increases as the annealing time grows. After the annealing time has elapsed, a
water droplet is deposited on the hydrate, and the contact angle is measured. Each data point
represents an average measurement taken as soon as the water droplet was deposited on the
hydrate, to reduce the likelihood of hydrate film growth within the water droplet. Each data point
is an average value of at least 8 different water droplets deposited on at least 4 different hydrate
particles. The error bars represent the standard deviation of these measurements. As previously
stated, the hydrate particle forms initially as a porous structure filled with water and over time
these pores are filled by further hydrate conversion. With equivalent driving force, a longer
annealing time should yield hydrate surfaces that are less porous and ‘drier’*® with less pathways
for water to enter the hydrate and/or spreading over the hydrate surface. This interpretation is
consistent with the increase in the contact angle (i.e., decrease in the wettability) observed in our

experiments at longer annealing times (Figure 3).

A new and potentially important phenomenon was observed where, upon film growth, the
angle between the hydrate surface and the now solid hydrate film surrounding the water droplet
increases and stabilizes over time compared to the initial contact angle reported in Figure 3. The
final angle will be further referred to as the crystallization angle. This behavior was more apparent

at the shorter annealing times (15 and 30 minutes) where the crystallization angle approached
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values close to 90° (Figure 3). At an annealing time of two hours, the crystallization angle reached
the larger value of 112°. The crystallization angle measurements shown are an average of angle
measurements taken approximately every 30 seconds from the time the hydrate film was clearly
visible to the time film growth had completed. The crystallization angle usually became stable
after about 30 - 60 seconds of film growth from the beginning of the contact angle measurement.
To attempt to minimize the influence of film growth on the contact angle, a contact angle
measurement was performed on a fully formed CyC5 hydrate in a n-dodecane (C12)/CyC5 mixture
(56 vol.% C12, a non-hydrate former, diluting the hydrate former; see Figure 3). Here, no film
growth was observed and the contact angle was lower, indicating the role that film growth is having
in addition to surface porosity. The droplet was also pulled into the hydrate surface, similar to the
procedure described by Thomas et al.,?® but over a longer period of time. Visualizations of this
process are shown in Figure S1. The error bars in these data points represent one standard deviation
of the measurements conducted for each water droplet. A visual comparison of the contact angles
and crystallization angles for each annealing time can be seen in Figure 4. It is noted that the
droplets in Figure 4 are not all the same size due to size control limitations with the experimental
system. However, all drops are on the same order of magnitude and are considered similar for
these comparisons. The induced morphology changes on the surface of the droplet due to film

growth are discussed later on.

The linear film growth rate measured at the same magnitude of subcooling across the water
droplet (Figure 5) did not appear to be a function of annealing time, consistently yielding a value
of 2.0 + 0.2 um/s where the error represents the standard deviation of measurements across 32
separate water droplets and 19 separate hydrate particles at varying annealing times. This suggests

that annealing time does not play a role in film growth kinetics. Rather the driving force (i.e.
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magnitude of subcooling) plays a larger role in film growth rate, as shown in the following section.
This linear growth rate value closely matches the result for a similar system published by Morrissy

et al., who reported a film growth rate of 2.2 + 0.2 um/s for a system of the same subcooling.3®
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Figure 3. Contact angle and crystallization angle measurements for cyclopentane hydrates in
bulk cyclopentane at 3°C and atmospheric pressure at varying annealing times. The green circle
is the value published by Brown et al.?® Each measurement represents at least 8 different water
droplets and at least 4 different hydrate particles. The error bars represent the standard

deviation of these measurements. The dotted lines are guides for the eye.
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Figure 4. Water droplets placed onto cyclopentane hydrate surface in bulk cyclopentane at 3°C

and atmospheric pressure, both after the initial contact (t = 0) where it is assumed no film

growth has occurred and after film growth has completed (t = tf) for each of the tested annealing

times.
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Figure 5. Left: Measured film growth rate of a water droplet on a cyclopentane hydrate surface
at 3°C and atmospheric pressure at varying annealing (conversion) times (blue) compared to a
similar system from Morrissy et al. (green).%® Each measurement represents at least 8 different
water droplets and at least 4 different hydrate particles. The error bars represent the standard
deviation of these measurements. Right: Hydrate film growing on the water droplet in contact

with a cyclopentane hydrate surface.



Effect of Subcooling

The second set of experiments focused on both contact angle and the linear film growth
rate as a function of the subcooling. Here the subcooling (ATsu) is defined as the temperature
difference between the equilibrium temperature (Teq = 7.7°C) and the system temperature (Tsystem;
I.e., ATsub = Teq — Tsystem). The subcoolings tested were 1.7°C (Tsystem = 6°C), 2.5°C (Tsystem =
5.2°C), 4.7°C (Tsystem = 3°C), and 6.2°C (Tsystem = 1.5°C). As shown in Figure 6, the contact angle
initially increases with increasing subcooling (i.e., decreasing Tsystem). This is thought to occur
because the hydrate surface is rougher /drier at higher subcoolings, making it more difficult for the
water droplet to spread before film growth begins. Evidence of roughness is discussed in the next
section. The crystallization angle also changes with subcooling, yielding values consistently larger
than the contact angle. The contact and crystallization angle measurements shown are an average
of angle measurements, with crystallization angle measurements taken at 30 seconds up to 3-
minute intervals (depending on subcooling) from the time the film was clearly visible to the time
film growth had completed (Figure 6). Our observations suggest that the crystallization angle value
did not change with time after initial (~30 seconds) film growth occurs. The errors bars represent

one standard deviation of the measurements.

The subcooling had a strong effect on the linear film growth rate, which appears to follow
a power law trend as a function of the sub-cooling temperature (Figure 7). Similar trends have
been reported for film growth of CO, hydrates by Uchida et al.*® and for methane hydrates by
Taylor et al.3” A direct relationship between film growth rate and subcooling was expected, as a
higher subcooling (i.e., a lower system temperature) establishes a larger driving force for hydrate

formation, thus resulting in faster film growth across the surface of the water droplet. It should
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also be noted that the range of CyC5 hydrate film growth rates observed in liquid CyC5 in this
work is about two orders of magnitude slower than that reported for hydrates in a gas phase.®’ It is
expected that a variety of parameters, including the presence of surfactants and impurities, as well

as the solubility of the guest molecules in water can affect the growth rates.

Generally, upon contact of the water droplet to the hydrate surface, higher subcooling
resulted in less spreading than low subcooling, except for ATsuw = 6.2 °C. Spreading at low
subcoolings stopped within 1-2 seconds after placement of the droplet on the hydrate. At each
subcooling, capillary suction, where the droplet was drawn into the hydrate, occurred upon film
growth resulting in a change from a convex liquid droplet to a concave film-covered droplet (see
images in Figure 4). The induced morphology changes are discussed in detail in the next section.
The results for contact angle and crystallization angle at ATsu, = 4.7 °C are within error of each
other, but they are consistent with the crystallization angles obtained for ATsu, of 2.5 and 6.2 °C.
This may indicate a threshold of subcooling where heat transfer effects and roughness are no longer
competing, and the roughness is not allowing for much spreading of the water droplet. The results
obtained at the subcooling of 6.2 °C were somewhat different, even though the crystallization angle
was larger than the contact angle, as observed for the other systems. Even though we expect that
high subcooling yields rough hydrate surfaces, a high hydrate film growth rate, and would reduce
the spread of the water droplet upon contact resulting in a large contact angle, it might be that the
fast water-hydrate conversion rate on a rough substrate favors some leakage of water from the core
of the hydrate, rendering the hydrate somewhat ‘wet’. Servio and Englezos®! suggested that high
driving forces (i.e., high subcooling) result in faster and more random crystal growth with higher

evidence of heat-limited growth, perhaps leading to some local surface melting (due to the
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exothermic hydrate crystallization process). A combination of these, yield a wetter hydrate surface,

favoring more spreading and a smaller contact angle.
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Figure 6. Contact angle as a function of subcooling for a water droplet deposited on a
cyclopentane hydrate in bulk cyclopentane at atmospheric pressure with 1 hour of annealing
time. Each data point represents at least 5 different water droplets and at least 4 different
hydrate particles. The error bars represent the standard deviation of these measurements. The

dotted lines are guides to the eye.
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Figure 7. Linear film growth rate as a function of subcooling for a water droplet deposited on a
cyclopentane hydrate in bulk cyclopentane at atmospheric pressure after 1 hour of annealing
time. Each data point represents at least 5 different water droplets and at least 4 different
hydrate particles. The error bars represent the standard deviation of these measurements. The

dotted line is the fitted power function, whose equation is also displayed on the chart.

The error bars for ATsup = 6.2 °C in Figure 7 are much larger than those for the other data
points. It should be noted that the film growth is initially faster and becomes slower over time, due
to heat transfer limitations.3’ This effect was larger at higher subcoolings as hydrate formation had
a higher driving force. The lower subcoolings saw a decrease in linear film growth rate over time,
but to a smaller degree due to the corresponding smaller driving forces (this is shown, by the

smaller error bars; data point covers error bars for ATsyp = 1.7, 2.5 °C). An example of the film
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growth behavior over time for each subcooling can be seen in Figure 8, where the linear growth
rate is plotted as a function of observation time after the droplet is deposited on the hydrate surface.
Here, it can be noted that the film growth rate slows down over time, which is attributed to the
onset of heat transfer limitations from exothermic hydrate film formation seen in other film growth

experiments.®’
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Figure 8. Instantaneous linear film growth rate of cyclopentane hydrate at atmospheric pressure
and varying subcoolings with one hour of annealing time on a log-log plot. The dotted lines

represents a linear fit line for each subcooling.
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Morphology Changes

As shown in Figure 4, the hydrate linear film growth causes the smooth surface of the water

droplet to become rough and dimpled. A dimpling effect on the surface of CyC5 hydrates was also

observed when an isolated water droplet was seeded with hydrate.3’. The film growth also induces

a change in the contact angle, yielding the crystallization angle as discussed in Figure 6. The

change in droplet shape from convex to concave is thought to be due to the water being drawn into

the hydrate via capillary action, as shown by Davies et al.?’

The change from the contact angle to the crystallization angle can be thought of

conceptually as a four-step process, illustrated in Figure 9:

1) Deposition and spreading of the water droplet

a.

Initial spreading upon deposition of the water droplet onto the hydrate surface.
As shown by Thomas et al.,?® the droplet seeks to spread over the hydrate surface and
can do so if the surface is very smooth. However, surface abnormalities may slow the
spreading. During this slowed spread, if the subcooling is sufficiently high, hydrate
film growth at the three-phase contact point begins. Our results suggest that this growth
can occur over the first few seconds after deposition.

Water continues spreading but it is slightly hindered by film growth. The hydrate
film is very small, thin, and malleable and not strong enough to stop water spreading,
as it is more flexible than rigid. The spreading over the initial hydrate film pushes the
film outward, causing an increase of the crystallization angle compared to the contact
angle. It is hypothesized that the initial increase from the contact angle to the
crystallization angle is a manifestation of the water droplet attempting to minimize its

free energy by continuing to spread over the hydrate surface, because it can initially
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overcome the mechanical force of the growing film on the liquid water experienced at
the three phase line. Eventually, the mechanical force outweighs free energy
minimization, and the angle stabilizes.

2) Film growth continues and blocks droplet spread. Once the film reaches a certain height, it
is strong enough to stop water spreading. Now, water will diffuse into the hydrate surface via
the pores on the substrate, as the hydrate film continues to grow up the water droplet. At this
point the crystallization angle becomes stable because the hydrate film is rigid.

3) Continuing film growth partially covers the water droplet surface and the shape of the
droplet being to change. More water is drawn into the hydrate surface and the droplet begins
changing from a convex shape to a concave shape as the hydrate film growth continues.

4) Film growth is completed. A solid hydrate film covers the entire water droplet surface, whose

shape stabilizes.

Depending on the magnitude of the subcooling, this entire process (steps 1-4) may occur between

approximately 1 minute for high subcoolings to over 30 minutes for low subcoolings.
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Figure 9. Conceptual picture of the morphology changes brought on by hydrate film growth

compared to real images (right). 1) Droplet contacts the hydrate surface (bottom). 2) Film

growth begins, and the droplet can no longer spread on the hydrate. 3) Film growth continues as
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water is drawn into the hydrate (bottom surface) and the shape of the droplet begins to change.

4) Film growth completes and causes the shape to change from convex to concave.

Coupling of Wettability and Hydrate Film Growth with Physical Properties

Based on the results outlined above, as well as on those published by Thomas et al.? and
Brown et al.,?® we suggest that the discrepancies in the published values of the contact angle of
water on CyC5 can be attributed to the state of the hydrate surface. The hydrate surfaces used by
Thomas et al.8 are packed into a cuvette using a scalpel to reduce any deformities or pores in the
surface, and the resulting materials are visibly smoother (in terms of magnitude of peaks/troughs
or other surface abnormalities) than those used in this paper and those used by Brown et al.?8
Thomas et al.’s?® hydrate surface can likely be considered fully annealed as it is left to form over
the course of approximately 24 hours. On the contrary, the surfaces used in this work are subject
to the morphology of the ice particles used as a precursor to seed the hydrates, as well as any
dendrite-like growth induced by high magnitudes of subcooling, as shown in Figure 10. The water
droplets used by Thomas et al.?® are also not temperature controlled which causes a local loss of
thermodynamic equilibrium where the droplet contacts the hydrate, essentially reversing the effect
of their long annealing time. Based on the data presented showing that annealing time and
subcooling affect the contact angle and film growth on the droplet, these two factors play
significant and coupled roles in the different observed contact angles. Understanding how these
different environmental and interfacial factors affect wetting and film growth is very important,
especially since hydrates in flow assurance will likely never be perfectly smooth and the time-
dependent interactions/growth behavior of water-hydrate interfaces are key to the agglomeration

and plugging risk assessments, as probed for example in the OLGA process simulator.*®
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AT, = 6.8°C AT =1.5°C

Figure 10. Changes in hydrate surface roughness due to differences in subcooling. Higher
subcoolings induce faster hydrate growth resulting in dendrite-like growth, attributed to heat
transfer effects. Lower subcooling allows slower hydrate growth that can expel heat more easily

resulting in a smoother surface.

Conclusions: An experimental program was conducted to quantify the coupled effect of annealing
time and subcooling on wettability and hydrate film growth on a CyC5 hydrate in pure CyC5.
Longer annealing times resulted in larger contact and crystallization angles but did not affect the
linear hydrate film growth rate, at fixed subcooling. As the contact angle and crystallization angle
differ, advancing and receding contact angles studies to further understand these differences would
provide additional insights in the future. The linear hydrate film growth rate was found to increase
as the degree of subcooling increases, because of a larger driving force. However, the

instantaneous film growth rate decreased over time, attributed to heat transfer limitations. The
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results presented here suggest that wettability and hydrate growth rate are coupled, with higher
subcooling yielding a general decrease in the wettability due to increased surface roughness and
an increased linear film growth rate. At the highest subcooling considered here, the fast hydrate
growth promotes a competition between different phenomena, including those due to a rough
surface, and surface heating due to excess heat generated by exothermic crystallization, allowing
for the existence of surface water that enhances wettability. The results suggest that surface
abnormalities (i.e., porosity and roughness) and the onset of film growth are leading to the large
differences in observed contact angles. A new phenomenon was also observed, according to which
the angle created by the new hydrate film grown between the hydrate surface and the bulk liquid
(which was defined as the crystallization angle) is consistently larger than the initial contact angle
observed for the liquid water droplet on the hydrate surface. This was attributed to a combination
of phenomena including pinning of the water droplet by the growing hydrate film coupled with
first the spreading on, and then diffusion of water into the hydrate particle. This interpretation is
supported by experiments conducted for a system in which crystal growth was prevented — in these
systems, contact angles smaller than those discussed in the rest of this paper were obtained.
Because the results are obtained on hydrate particles that retain many of the imperfections expected
for hydrates in practical applications, the quantification of the phenomena described here is likely
to play major roles in the prevention of risks due to the agglomeration of hydrates in pipelines and
other equipment used by the energy sector. As CyC5 hydrates are also used to test the performance
of other pipeline components and additives, it is important to understand the baseline behavior of
pure CyC5 hydrate systems created in-situ. This allows for full understanding of the relative
changes when production fluids or other surface-active components are added to the CyC5 system

when studying wetting and interfacial behavior.
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