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We present a time-lapse 4-D high-resolution synchrotron imaging study of the
morphological evolution of methane gas bubbles and hydrate film growth on
these bubbles. Methane gas and partially water-saturated sand were used to
form hydrate with a maximum hydrate saturation of 60%. We investigated the
transient evolution of gas bubble size distribution during hydrate formation and
observed three distinct stages: a) nucleation and hydrate film formation, b) rapid
bubble break-up, c) gas bubble coalescence and hydrate framework formation.
Our results show that the average gas bubble size distribution decreases from
34.17 ym (during hydrate nucleation) to 8.87 pm (during secondary bubble
formation). The small-size methane bubble population (mean diameter below
10 pm) initially increases at the expense of the larger methane bubble population
(mean diameter above 50 um) due to breakage of the larger bubbles and
coalescence of the smaller bubbles. We quantified that the average hydrate
film thickness increases from 3.51 to 14.7 um by tracking the evolution of a
particular gas bubble. This thickness increase agrees with an analytical model
with an average deviation error of 3.3%. This study provides insights into gas
bubble distribution and hydrate film growth during hydrate formation, both of
which impact the geophysical and mechanical properties of hydrate-bearing
sediments.
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1 Introduction

Gas hydrates are ice-like polycrystalline compounds that
host light guest molecules within the interlinked hydrogen-
bonded cages (Sloan, 2003; Youetal, 2023). Over the last
few decades, hydrates have received worldwide attention due
to their high development prospects. The scope of hydrate-
based technology includes gas storage (e.g., Inkong et al., 2022),
refrigeration (e.g., Wang et al., 2015), mixed gases separation (e.g.,
Babaee et al., 2021), carbon dioxide sequestration (e.g., Urych et al.,
2022), desalination (e.g., Xuetal., 2018) and transportation of
natural gas (e.g., Rajnauth etal., 2010). In recent years, offshore
oil and gas exploration and exploitation have shifted towards
deeper waters (e.g., Cordesetal, 2016) with lower seafloor
temperatures and higher pressures. These conditions favor the
hydrate formation both within the pipelines and the vicinity of
the wellbore, posing a significant risk to pressure control and flow
assurance (e.g., Cordes et al., 2016).

The kinetics of hydrate film growth conditions affect hydrate
formation in oil-gas-water pipelines (Guimin et al., 2022), hydrate
growth in the pore space and its effects on submarine slopes,
and release of methane gas from hydrate deposits and water
column seepage (Zhan et al., 2022). During methane seepage in the
water column, hydrate films act as a protective layer, limiting gas
dissolution (McGinnis et al., 2006). Recent experimental work has
looked into co-existing methane gas and hydrate within the gas
hydrate stability zone (Sahoo et al., 2018a; Sahoo et al., 2018b; Sahoo
and Best, 2021; Madhusudhan et al., 2022). Hydrate films on gas
bubbles may also have some effect on the geophysical properties

10.3389/feart.2024.1438185

of hydrates (e.g., Marin-Moreno etal.,, 2017; Sahoo etal., 2019).
So, there is a need to develop robust models for integrating the
effect of a) gas distribution and b) hydrate film thickness on
different geophysical and mechanical properties of hydrate-bearing
sediments. Such modelling needs quantitative constraints obtained
from image analysis of how the gas bubble distribution and size
change and how the hydrate film evolves.

Conventional X-ray computed tomography (XRCT) and
synchrotron CT (SXRCT) have recently contributed to improving
our understanding of phase evolution and spatial redistribution
during hydrate formation in porous media (Jinetal, 2006;
Seol etal., 2006; Konno etal., 2013; Jinetal, 2014; Yangetal.,
2015b; Aietal, 2017; Lietal, 2024). In particular, SXRCT can
provide nanometric resolution (e.g., 370 nm in Murshed et al.
(2008)) and reveal information such as the morphology of voids,
volume of discrete inclusions, surface area, topology of grain
networks and crystallite information (Lei et al., 2019a; Lei et al.,
2019b; Nikitin et al., 2020; Nikitin et al., 2021; Zhao et al., 2022).
XRCT has been extensively used in various studies to investigate
the microstructure of gas hydrate-bearing sediments, primarily
under excess-gas conditions (Yang et al.,, 2015a; Zhao et al., 2015;
Lei et al,, 2019b). Le et al. (2020) explored methane hydrate (MH)
morphologies and pore habits, as well as water migration, at both
the pore and sample scales. Chen and Espinoza (2018) observed
Ostwald ripening-type changes in the spatial distribution of xenon
hydrate within the pore space of sediments, formed using the
excess-gas method, via XRCT. Similarly, Lei et al. (2019a) reported
water migration during the formation of carbon dioxide hydrate in

and lead to uncertainties in remote geophysical quantification  sediments.
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FIGURE 1

sand after Sahoo et al. (2018a).

Schematic of the experimental setup for high resolution synchrotron imaging of methane hydrate formation from gas in water saturated
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FIGURE 2
2D reconstructed tomography slices of the hydrate sample at different times (A) t = 1,002 min and (B) t = 2,710 min (C) Plot of gray levels of different
phases, i.e., methane gas, methane hydrate, water and sand obtained during density normalization (details in section 3).

Recent studies by Lei et al. (2019a) have investigated methane  partially water-saturated sand. The novelty of this work lies in our
hydrate morphologies and pore habits in sandy sediments under  ability to track the dynamic behavior of methane gas bubbles and
high-resolution imaging (approximately 2 um). These studies  hydrate film growth across distinct hydrate formation stages.
initially used excess-gas conditions, followed by saline water
injection, or directly used excess-water conditions. Kerkar et al.

(2014) formed methane hydrate in saline water-saturated media

(5wt% BaCl,) using the excess-water method and observed 2 EXpe rimental procedure

patchy methane hydrate distributions and heterogeneous hydrate

accumulations via synchrotron radiation X-ray computed We build on the experimental data from a high-resolution
tomography (SXRCT). However, distinguishing between water  synchrotron imaging experiment presented in Sahoo et al. (2018a)
and methane hydrate in XRCT images is indeed a challenge due  to capture gas bubble dynamics during methane hydrate formation.
to the poor contrast. The gray levels in XRCT images reflect the Sahooetal. (2018a) used time data for 805, 1,005, 1,410 and
material’s X-ray attenuation difference, primarily depending on the 2,710 min and investigated the overall distribution of the gas and
material’s density and atomic number. To enhance XRCT/SXRCT  hydrate. Here we use additional data for 1,045, 1,150, 1,270, and
image contrast, various methods have been employed, including 1,605 min and reanalyzed the data to characterize gas bubble shape
the use of saline water solutions with heavy elements. For instance, and size at each of these times and also measured thickness of
Kerkar et al. (2014) used barium chloride (BaCl,), Nikitinetal.  the hydrate film. The present study incorporated all available and
(2020) used sodium bromide (NaBr), and Leetal. (2020) used  suitable time instants, in addition to those time instants analyzed in
potassium iodide (KI). These approaches significantly improve the  the previous study (Sahoo et al., 2018a). For example, in this paper
ability to distinguish between different phases in the images. we looked at all possible data where we could track a particular gas

Here, we use data from a 4D high-resolution synchrotron  bubble and discuss its evolution. We also looked at tracking bubble
imaging experiment to visualize methane hydrate formation in  size distribution at different time intervals.
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(A) Raw 2D image at time = 1,002 min. Methane gas distribution (B) and hydrate distribution (C) are depicted by green and blue color obtained using

normalized density calibration (details in section 3).

The rig used in Sahoo et al. (2018a) consisted of a 0.8 mm wall
thickness, 2 mm internal diameter, 10 mm height cylindrical holder
made of polyether ether ketone (PEEK) to enhance the quality
of the scanning, coupled to internal and external thermocouples
for temperature control (Figure 1). The Leighton Buzzard sand
(mean grain size ds, = 100 um with an initial porosity of 35%)
is a commonly available reservoir sand chosen as a non-reactive
and clay free sediment based on commonly used gas hydrate
modelling and experimental study of Priest et al. (2009), Best et al.
(2013), Marin-Moreno et al. (2017), Sahoo et al. (2018a) The sample
was initially dried, placed in the PEEK-holder, and subjected to
vacuum. Then, the sample was partially (90%) saturated with a
35 gram/L NaCl solution (commonly accepted salinity of sea water)
(Constable, 2013; Aladwani et al., 2024) and left for 3 days to ensure
an effective pore fluid distribution by capillarity, which allows the
excess water condition (Ellis, 2008; Priest et al., 2009). We have
chosen an experimental condition to imitate those found in gas
hydrate bearing sediments and also to compare with geophysical
measurements done in another study by Sahoo et al. (2018a), Sahoo
and Best (2021). The initial water saturation is chosen, so that we
have enough volume occupied by gas based on the experiments.
Thereafter, methane gas was injected into the holder at 10 MPa, and
hydrates were formed by reducing the temperature to 2°C using

Frontiers in Earth Science

a cryo jet stream connected to the rig. This setup simulates gas
hydrate systems with localized gas flow such as those that may be
found at the base of the gas hydrate stability zone (GHSZ) near
gas chimneys (Ye et al., 2019).

A synchrotron source’s monochromatic X-rays was used to
image the formation of gas hydrate in the sand. The experiment
was performed using a beam energy of 21 keV, 81-mm propagation
distance and 200-ms exposure time (1,501 projections over 180°
sample rotation), with 1.25x, 4x, and 10x objectives to obtain
images at 1.625-, 0.625-, and 0.325-um voxel size, respectively. The
images were recorded using sensitive charged coupled device (CCD)
cameras (2,560 x 2,160 pixels). The general scan frequency was
around 30 min, with increased frequency to 15 min during rapid
hydrate formation and reduced scan frequency during other times
(1-3 h). We refer to Sahoo et al. (2018a) for further details.

3 Methodology

We obtained 2D slices using XRCT scans conducted at
different times. These scans produce raw images that show the
distribution of the different phases: sand grains, hydrate, water,
and methane gas. The open-source software Image] was used to

frontiersin.org


https://doi.org/10.3389/feart.2024.1438185
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Khan et al.

FIGURE 4
Representative hydrate film thickness measurement along the

circumference at different points to determine average film thickness
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FIGURE 5

Evolution of hydrate film thickness over the course of the experiment

process the image stacks. Figures 2A, B depict the original 2D slices
obtained from synchrotron imaging for time instants, 1,002 min and
2,710 min. The yellow line in Figures 2A, B indicates approximately
the same site at different times, and distance on the x axis in
Figure 2C is the distance along this yellow line from left to right.
Reconstruction of the distribution of the individual phases was
done by measuring the grayscale count variation over the entire
image area. The grayscale values of the CT images were calibrated
to represent physical densities based on scans of the system
without hydrate presence. This calibration follows the approach
used in previous studies (Kneafseyetal, 2007; Iassonov etal.,
2009) by correlating grayscale intensities to known density values
for sand (2,650 kg/m3), brine (1,025 kg/m3), and methane gas
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Cumulative size distribution plot of methane gas bubbles in the system
at the different time instants.

(18 kg/m®). The blue horizontal lines are boundary lines of grey
scale count for each phase. After calibration, the grayscale values
proportionally reflect the corresponding densities of these three
components in regions without hydrate (Figure 2C). This establishes
a relationship between grayscale intensity and density, allowing
quantification of the hydrate formation and distribution from the
CT data. A 5% confidence interval was used for the density-
greyscale values (Sahoo et al., 2018a). For hydrate, we interpolated
the grayscale value using a density of 925 kg/m>. Methane hydrate
and methane gas phases are distinctly identifiable in the 20-70 um
range. We obtained separate stacks of binary image files for sand,
brine, hydrate, and methane gas by using the relationship between
grayscale intensity and density.

In the initial stage of our investigation we measured the hydrate
layer thickness surrounding a single gas bubble. We parsed through
the 2D slices of methane gas (obtained from phase reconstruction)
at different time instants. Figure 3 shows the distribution of methane
gas and methane hydrate for the time of 1,002 min. In Figure 3A,
grey area denotes brine, darker regions methane gas, and white
regions are sand grains. Due to the similar density of brine and
methane hydrate the former also appears grey. The methane gas
bubble at the top-right corner is used to track hydrate film thickness
variations over time. We chose one particular methane bubble for
tracking the hydrate film thickness over time which could be seen at
the next time instants without undergoing rupture or coalescence.
It is evident that hydrate formation starts as a shell around a few
methane gas bubbles (Figure 3C).

The hydrate film thickness around the gas bubble was
meticulously measured by analyzing large datasets (file size around
6 GB for each time instant) using Image]J software. To account for
potential variations and eliminate localized errors, measurements
were taken at multiple circumferential points along the bubble’s
periphery, as depicted in Figure 4. The straight-line tool was
employed, carefully positioning lines perpendicular to the film’s
edge at regular intervals around the bubble. Multiple measurements
were taken at each location to calculate an average representative
thickness. This comprehensive approach was repeated for each
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FIGURE 7

Methane hydrate growth (blue) in sediment pore space over time: (A) t1 = 1,002 min, initial hydrate film around methane bubbles; (B) t2 = 1,045 min,
increased hydrate; (C) t3 = 1,150 min, hydrate-devoid region; (D) t4 = 1,270 min, new hydrate in devoid region; (E) t5 = 1,410 min, secondary hydrate
formation; (F) t6 = 1,605 min, inter-pore hydrate bridges

of the six distinct time instants (1,002, 1,045, 1,150, 1,270, 1,410, longer duration on the latter time instants to capture the slowing
and 1,605 min) to monitor the evolution of film thickness during ~ down phase of the hydrate formation when approaching full
hydrate growth. The time frame selection was kept short due to  saturation. Henceforth, we adopt the widely used multiphase
the rapid hydrate formation during the initial stages. We used = methodology of describing gas distribution as “bubbles” and “slugs”
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from synchrotron imaging) with theoretical model of Vlasov (2019). In
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different temperatures is considered a driving force. Experimental data
points are shown by black triangles (in case reader has b/w copy only),
while blue dots show model prediction.

depending upon the classic spherical shape or distorted shape
(Waltrich et al., 2013; Morgado et al., 2016).

4 Results and discussion
4.1 Experimental observations

Average hydrate film thickness of the tracked bubble increased
by 320% during the experiment (Figure 5) in a span of 1605 min.
Figure 6 shows a transition in gas bubble size distribution during
hydrate formation, which suggests a general increase in bubble
population of smaller bubbles with time. Furthermore, by grouping
the gas distribution into three larger intervals with similar
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growing trends, i.e., t1 (1005 min)-t2 (1045 min), t3 (1150 min)-t4
(1270 min) and t5 (1410 min)-t6 (1605 min), we observe two major
changes at ~1,170 min and ~1,410 min (Figure 6). We see distinct
changes in gradient at these two times, indicating a decrease in the
population of larger bubbles and an increase in the population of
smaller bubbles.

Here we look at the distribution of gas and hydrate in the whole
imaged area and how it varies with hydrate formation (Figure 7).
Figure 7A shows bubbles or slugs of methane gas sparsely distributed
and hydrate films around multiple gas bubbles following the first
CT scan (t1 = 1002 min). These 2D slices only show the methane
hydrate and the rest of the phases are set to black. Initially, hydrate
forms as film around gas bubbles. Gas bubbles or slugs were
preferentially distributed along the periphery, while fewer bubbles
or slugs could be identified near the inner core, ie., along the
axis of the cylinder. Figures 7B-E shows the bubbles/slugs’ size
decreases with time while the hydrate film thickness increases.
Hydrate formation appears uniformly distributed throughout the
imaged area (Figure 7B). Figure 7C shows redistribution of hydrate
formation the pore space, particularly around the cylinder’s
peripheral zone, and a significant increase of hydrate film thickness
around the gas bubbles/slugs at t3 (1,150 min). At t4 (1,270 min),
new hydrates appear around the sample’s peripheral regions, which
can originate by the partial rupture of the hydrate shells and methane
release (Chen etal.,, 2014; Sahoo etal., 2018a; Sunetal, 2019)
releasing multiple smaller gas bubbles. These gas bubbles/slugs then
achieve thermodynamic equilibrium, forming smaller (secondary)
hydrates. This explanation is supported by the observation of
multiple smaller hydrates alongside a larger agglomerate of
hydrates at t5 (1,410 min), with a more uniform distribution
than at t3 (1,150 min).

In principle, hydrate film growth occurs from two sides,
which can be described as inward and outward cambium growth
(Livetal, 2019; Sunetal, 2019). Figure 8 shows the multiple
phenomena associated with the hydrate shell growth, including
diffusion of free gas to the outer cambium, utilization of gas
for hydrate formation within the pores, water permeation to the
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Different stages of hydrate growth depicting initial hydrate formation, onset of hydrate shell collapse, accelerated stage involving secondary gas

bubbles formation and coalescence.

inner cambium through capillary pores, and gas diffusion from
water to the outer cambium hydrate/water interface. However,
when hydrate shell growth occurs without rupture, the diffusion
limits the growing rate (Sun et al., 2018). When the hydrate shell
ruptures, the gas contained within releases and forms smaller
bubbles.

In our experiment, we think hydrate growth proceeds
more from the outer shell and increases in thickness with
the diffusion of gas from inside to outside through permeable
channels. This is based on the evolving diameter of gas bubbles
and increasing hydrate shell thickness. It is also expected
that inner growth may occur, but our data cannot determine
such growth.

4.2 Analytical validation of hydrate film
growth

We compared our hydrate film thickness measurements with
a model proposed by Vlasov (2019) to better understand the
mechanisms controlling hydrate film growth and validate our
measurements. The model assumes that the growth of the hydrate
film along the gas-water interface depends on the movement of
dissolved gas to the growing edge of the hydrate film. A hydrate
film starts to grow along this gas-water interface. Hence, the
rate of hydrate film growth depends on the balance between the
diffusion velocity of dissolved methane and the kinetics of hydrate
formation. The model considers two regimes for predicting the
hydrate front propagation rate, i.e., kinetic and diffusion regimes.
Both regimes operate in any given scenario, however, depending on
the conditions, one of these regimes is the limiting factor for hydrate
film growth. In the kinetic regime, the transport of dissolved gas to
the hydrate formation front is faster than the hydrate formation
reaction. In this case, the rate-limiting step is governed by the
attachment to the hydrate crystal structure at the growth front,
and the concentration of dissolved gas near the growth front stays
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close to the equilibrium solubility with the gas phase. In the diffusion
regime, the hydrate formation reaction is faster than the transport
of dissolved gas to the hydrate formation front. The kinetic reaction
model assumes the concentration of dissolved gas (here methane)
as the driving force for hydrate formation. The driving force is
represented as Ac=c, - ¢, where ¢ is the molar concentration
of gas dissolved in water at liquid water-gas equilibrium and

¢, is the molar concentration at liquid water-hydrate-gas

eq
equilibrium.

The velocity of moving hydrate front data is determined using
the procedure outlined in Freer et al. (2001) from the rate of film
thickness increase with time. Figure 9 shows a good match between
the model predictions and the experimentally measured hydrate
film growth. Here we have run the model assuming a diffusion
regime (all parameters are listed in Supplementary Material). The
slight underprediction during the initial stages is indicative of the
rapid hydrate formation kinetics, which progresses into diffusion-
governed hydrate film growth during the later stages. We also run
the model with kinetic regime, but the model results do not yield
satisfactory agreement with experimental data. We calculate an
average deviation error of 3.3% using Equation 1.

_ 1 N |szp_Rmudel
oo = R T,

exp

x 100 (1)

Here, N is the total number of data points, and R,,,, R, are the

exp>
experimental and model rate of hydrate film growth, respectively.
Overall, the model provides a decent prediction of experimentally

measured hydrate film growth rate.

4.3 Insight and stages of hydrate growth
This section summarizes the different changes in gas bubble and

hydrate morphology and distribution in sediments observed in our
experimental study (Figure 10).
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Stage I spans the initial hydrate nucleation and film formation
phase, encompassing the first two times tl1 (1,002 min) and
t2 (1,045 min). Here, rapid initial hydrate film formation on
gas bubbles occurs without significantly altering bubble size or
distribution. Minimal dissolved gas transport limitations through
the thin shell allows rapid hydrate film growth. Stage II captures
the onset of hydrate shell instabilities and collapse, leading
to secondary bubble formation. It includes time instants t3
(1,150 min) and t4 (1,270 min). Here, the hydrate film reaches
a critical stability limit and partial rupture occurs, releasing
new secondary bubbles that alter the bubble size distribution.
The gas supply from breakdown leads to renewed localized
hydrate film growth. Stage IIT incorporates the later phase of
renewed bubble coalescence, pore-space redistribution, and the
development of interpore hydrate frameworks. It spans time
instants t5 (1,410 min) and t6 (1,605 min). Here, small bubbles
coalesce and enable re-nucleation in small pores, exploiting
residual water.

These three stages are represented by the significant change
in the gradient of the lines in Figure 6B. The change in gradient
clearly highlights how the distribution of gas bubbles changes
with time. As the stages change from I to III, large bubbles are
consumed by hydrate formation and smaller bubbles dominate
the system. It seems there is a limit to the minimum gas
bubble size, as depicted from the slight increase in average
bubble size in t6 compared to t5 (Figure 10). Such observation is
also shown in Figure 6B, where the curve hints at a minimum
bubble size for the system. Our experiment was carried out for a
limited time, and we should not conclude the minimum bubble
size for natural systems is represented by our measured minimum
size. However, we can indeed hypothesize that for laboratory studies
forming hydrates from gas, there is likely a minimum gas bubble
size limit.

5 Summary and conclusions

We employed 4D time-lapse synchrotron imaging of methane
hydrate formation and focused on the evolution of free gas bubbles
and hydrate film thickness over a duration of ~26 h. Initially, a
thin hydrate film encapsulated gas bubbles, which later increased
in thickness to undergo shrinking, wrinkling, and rupture due to
internal gas consumption. The gas bubble size within the system
varied widely with elapsed time. Initially, the mean gas bubble
size was found to be 34.2 um (t = 1002 min), while the final
mean gas bubble size was reduced to 9.26 um (t = 1605 min).
We conclude:

1. The breakup of larger gas bubbles into smaller ones

during hydrate formation indicates that there is a
thermodynamic drive for the system to minimize gas
bubble size.

2. The coalescence of the gas bubbles is limited by both hydrate
film and the pore-hydrate framework. This allows the presence
of discrete bubbles in the system.

3. Under the laboratory conditions of our study, the

system transitions from a kinetic dominated regime to
a diffusion dominated regime with increasing hydrate
film growth.
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