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Abstract:
Natural gas hydrates represent a promising clean energy resource, whose multiphase
evolution in subsea sediments, especially in association with seafloor gas seepage and
bubble formation, remains poorly understood at the pore scale. To address this gap,
this study aimed to quantitatively investigate how bubble size modulates the kinetics of
hydrate formation and dissociation by employing high-pressure microfluidics under seafloor
reservoir-relevant thermodynamic conditions. In-situ visualization uncovered a two-stage
formation mechanism around gas bubbles: Rapid hydrate shell formation followed by
gradual shell densification. The shell formation was found to be governed by local
gas concentration gradients and exhibited a “chain induction” effect between adjacent
bubbles, while the densification duration scaled linearly with bubble size. Likewise, hydrate
dissociation was shown to follow a two-stage pathway: The internal hydrate dissociates
rapidly in the initial stage, after which the remaining hydrate dissociates much more slowly
because the intact dense outer shell restricts outward gas diffusion and internal pressure
buildup weakens the thermodynamic driving force. These findings reveal the bubble-
size-regulated pore-scale mechanism, providing a kinetic foundation for the dynamic
optimization of natural gas hydrate exploitation.

1. Introduction
Natural gas hydrates are ice-like crystals formed by nat-

ural gas and water under high-pressure and low-temperature
conditions (Sloan, 2003). They are abundantly distributed in
terrestrial permafrost and marine sediments (water depth >
300 m). Direct deep-sea observations have documented gas
hydrate mounds and associated chemosynthetic communities
at 3,640 m on the Molloy Ridge (Panieri et al., 2025). Global
in-place natural gas hydrate resources are estimated at 2×1015

m3, exceeding twice the carbon content of all known fossil
fuels combined (Cui et al., 2018; Yin et al., 2018). One cubic

meter of methane hydrate releases 164 m3 of methane under
standard conditions (Jang and Santamarina, 2016), offering
high energy density and positioning hydrates as a strategic
clean energy option for future sustainability (Pang et al., 2024;
Zhang et al., 2024b). Over the past two decades, several
countries such as the United States, China, Japan, Canada,
and India have conducted extensive laboratory studies and field
trials on this topic.

Energy recovery from deep-sea gas hydrates is governed
by coupled gas-liquid-solid interactions and microscale mul-
tiphase flow behaviors in sediments (Fang et al., 2025; Gong
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et al., 2025). Current major production strategies include
thermal stimulation, depressurization, inhibitor injection, and
CO2 replacement (Zhang et al., 2019). Thermal stimulation
strategies are an effective approach to destabilize hydrate
structures and trigger dissociation for methane release. The
2002 Mallik field test has confirmed their feasibility (Moridis
et al., 2004; Uddin et al., 2014); however, their commercial
application is hindered by prohibitive energy costs and low
overall efficiency (Islam, 1994; Tang et al., 2006). To address
these limitations, the kinetics of hydrate formation and disso-
ciation must be explained from a gas-liquid-solid triple-phase
perspective. Moreover, the thermal stimulation of hydrates typ-
ically generates abundant microbubbles that strongly influence
the reaction dynamics. Elucidating this mechanism can help
enhance energy utilization during exploitation and provide
theoretical guidance for optimizing the thermal stimulation of
hydrates.

Traditional experimental methods for hydrate are con-
strained by limited spatial resolution and high costs, making
it challenging to observe multiphase interactions at the pore
scale. As an alternative, microfluidics has emerged as a pivotal
tool in methane hydrate research, enabling high-resolution
visualization and precise parametric control (Liu et al., 2023;
Lu et al., 2025). Micromodels replicating sedimentary pore
networks enable the correlation of pore-scale phenomena
with macroscopic behaviors during the process of hydrate
exploitation (Zhang et al., 2025a). Similarly, complemen-
tary image-based approaches, such as the X-ray computed
tomography (CT)-based three-dimensional reconstruction of
porous and fractured media, have been used to characterize
pore-fracture geometry and its control on fluid flow (Wang
et al., 2016, 2021, 2022). Using this combined with mi-
crofluidics, recent studies have identified key nucleation path-
ways, such as heating-induced ice-to-hydrate conversion (Li
et al., 2020, 2022) and pressure-pulse-induced destabilization
(Xu et al., 2023). Morphologically, the growth mode depends
heavily on the gas source: Dissolved gas typically yields trans-
parent, acicular crystals, while free gas forms porous, bubble-
encapsulating shells (Li et al., 2024; Zhang et al., 2024a,
2024c, 2026). Depending on the local interfacial interactions,
these formations can further develop into massive, vein-like,
nodular, film-like, or shell architectures (Yao et al., 2019).
From a kinetic perspective, this growth is highly anisotropic
along the interfaces and is primarily governed by mass dif-
fusion and Ostwald ripening (Almenningen et al., 2021; Li
et al., 2021; Liu et al., 2025; Wang et al., 2025). To better
capture these complex phases, recent work has integrated AI-
based image analysis, extending these microscale insights to
CO2 hydrates as well (Li et al., 2025; Zhong et al., 2025).

At the pore scale, hydrate formation is strictly gov-
erned by local thermodynamic and capillary conditions. Ini-
tial water saturation dictates the predominant hydrate habit
(Li et al., 2022), whereas higher subcooling accelerates
growth and drives a morphological transition from compact
to branched structures (Muraoka et al., 2020). These kinetic
pathways are further modulated by guest gas composition
(Li et al., 2014b). Beyond the initial growth phase, repeated
formation-dissociation cycles induce severe pore-scale reorga-

nization, which can degrade reservoir permeability by up to
an order of magnitude (Ji et al., 2021; Zhang et al., 2025b).
This strong sensitivity of permeability to pore-scale structure
has also been observed in other gas-bearing porous media,
where fracture connectivity and geometry, in line with dual-
porosity transport, govern fluid seepage and gas extraction (Xu
et al., 2022, 2024).

Although recent studies have examined the macroscopic
kinetics and behaviors of hydrate formation and dissociation,
they have focused predominantly on continuous gas-phase
systems, and research addressing pore-scale gas migration
mechanisms is yet emerging (Sun et al., 2025). Recent mi-
crofluidic work has begun to resolve methane migration in
oceanic hydrate systems, yet the role of discrete bubble size
remains unresolved (Wang et al., 2024). In fact, during thermal
stimulation, the phase-transition dynamics of hydrates are crit-
ically governed by the dynamic evolution of discrete free gas
bubbles. To this end, the quantitative impacts of discrete free
gas bubble size on the full formation-dissociation kinetic cycle
of natural gas hydrate remain poorly quantified and studied.
In particular, the governing mechanisms by which bubble
size regulates initial hydrate shell formation, densification
duration, and dissociation regime transition remain ambiguous.
Hydrate formation on bubble surfaces in South China Sea
seepage areas is strongly pressure-gradient dependent (Zhou
et al., 2024), but a size-resolved description across the full
formation-dissociation cycle is still lacking.

A further complication is that bubble-size effects are rarely
assessed over a complete formation-dissociation cycle. For-
mation controls shell thickness, internal gas inventory, and the
spatial distribution of residual gas, whereas dissociation inher-
its this morphology and is therefore governed by a different
transport limitation. Treating the two stages separately may
obscure how a single initial size descriptor propagates through
the pore network. Neighboring bubbles and pore-throat con-
strictions can also introduce cooperative effects that are absent
in isolated single-bubble experiments. Resolving the coupled
behavior therefore requires synchronized measurements of
bubble geometry, hydrate area, thermodynamic state, and local
morphology at the same location. The present experiments
address this need by tracking individually resolved bubbles
through shell growth, densification, and thermal dissociation
under one pressure-temperature program, which allows the
size dependence observed in an early stage to be compared
directly with that in later stages while preserving the local
pore-scale context.

To address the above knowledge gap, this study investi-
gated the bubble size effect on the formation and dissociation
kinetics of gas hydrate. The applied high-pressure microfluidic
chip replicates the sediment pore network structure and gener-
ates monodisperse methane bubbles (projected area 4×105 ∼
6× 105 µm2) under simulated deep-sea conditions. Sodium
dodecyl sulfate (SDS) was employed as a simplified model
surfactant to simulate certain interfacial effects of biogenic sur-
factants from hydrocarbon-degrading microbes, while avoiding
the inconsistent composition of natural biosurfactants and
enhancing system controllability (Liu and Shao, 2007; Zhang
et al., 2007; Pardhi et al., 2022). For the first time, this work
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establishes a quantitative kinetic framework linking bubble
size to the two-stage formation and two-stage dissociation of
hydrates, moving beyond traditional continuous-phase models
to underpin pore-scale optimization of thermal stimulation for
marine hydrate production.

2. Methods

2.1 Experimental apparatus and data analysis
To simulate actual seafloor reservoir conditions and mon-

itor pore-scale hydrate dynamics, a customized high-pressure
microfluidic platform was utilized, as shown in Fig. 1. This
platform follows the recent trend of combining high-pressure
microfluidics with in situ diagnostics to resolve hydrate phase
transitions and mass transfer in confined spaces (Ouyang et
al., 2025). This apparatus integrates six modular units into a
single platform. The core component, a microfluidic chip, is
housed within a high-pressure vessel capable of withstanding
up to 16 MPa, secured by an annular metal clamp and
composite metal/rubber fasteners with a confining pressure
pump maintaining a prescribed confining pressure. The in-
tegrated micro-injection and pressure-control module enables
the delivery of an aqueous SDS solution with a pressure
precision of ±0.5 MPa under system pressures as high as
40 MPa. The system also features a temperature-control unit,
consisting of a circulating water bath and a jacketed holder,
that can regulate the chip temperature with accuracy of ±0.1
K to reproduce the thermal regime of deep-sea hydrate-bearing
sediments. Furthermore, a real-time data acquisition unit feeds
a data-logging workstation providing dynamic tracking of
thermodynamic changes, which is equipped with temperature
and pressure sensors installed at inlet, outlet and confining
lines. A two-stage pressure regulator delivers methane to the
chip inlet with an accuracy of ±0.01 MPa. Throughout the
experiments, hydrate formation and dissociation were captured
using a charge-coupled device camera (3,840 × 2,160 pixels,
30 fps), and thermodynamic data were recorded in real time
for analysis.

To reproduce the pore structure of seafloor hydrate-bearing
sediments, the microfluidic chip was fabricated from hy-
drophilic borosilicate glass with a static water contact an-
gle of ∼ 50◦ and throat sizes of 200-700 µm. The pore-
network morphology of this chip is illustrated in Fig. S1(a).
The experimental materials consist of a natural gas mixture
(CH4:C2H6:C3H8=90:7:3 mol%, a representative of the hydro-
carbon composition of real hydrate samples from the northern
South China Sea), SDS, and deionized water.

After recording 4K videos, individual frames were ex-
tracted for quantitative image analysis (Fig. S1(b)). First, raw
frames were calibrated and converted to 8-bit grayscale in
ImageJ to enhance image contrast. Dense hydrate regions
and the pore matrix were manually labeled, and an iterative
training procedure was employed to establish a robust image
segmentation model. Hydrate regions were identified using
both reflectance/gray-level contrast and morphological conti-
nuity. Pore walls, aqueous regions, gas regions, and hydrate
regions were labeled separately according to their optical
contrast and morphological characteristics. Ambiguous frames
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Fig. 1. Schematic of the high-pressure microfluidic system.

were independently reviewed and corrected before quantitative
analysis. Subsequently, to check if the output was consistent
with the desired threshold results, 10,000+ frames were input
into the model in batches according to different generation
times. A custom-written ImageJ macro was used to apply
this model for batch processing of all images, generating
binary masks of hydrate phases. Finally, the projected area,
equivalent diameter and number of hydrate particles were
quantified for each frame on the basis of these binary masks.
For each bubble or hydrate particle, the equivalent circular
radius was calculated from the measured projected area as
Re =

√
Apro j/π , where the first quantity is the equivalent

circular radius and the second is the projected area; this radius
was used consistently for size classification and statistical
analysis. The projected area and equivalent radius were used
only as two-dimensional (2D) image-based descriptors.

2.2 Experimental procedure
The hydrate equilibrium pressure for the natural gas mix-

ture at 274 K was calculated to be around 0.94 MPa using the
thermodynamic tool developed by Sloan (Ballard et al., 2004).
To provide sufficient driving force and promote rapid hydrate
formation, experiments were conducted at elevated pressures
of 5.8 MPa and a constant temperature of 274 K using a 0.1
wt% SDS solution.

Prior to the experiments, the microfluidic chip was ultra-
sonically cleaned and thoroughly rinsed with deionized water.
After the chip was secured inside the high-pressure vessel, a
confining pressure of 1 MPa was applied and maintained at
a constant temperature for 1 h. The leak-tight sealing of the
system was verified by a pressure variation of less than 0.02
MPa.

To purge air from the microfluidic chip, the SDS solution
was injected at a flow rate of 8 mL/min. To prevent fluid
leakage, the outlet pressure was set to 7 MPa, and the confining
pressure was maintained at 1 MPa higher than the internal
pressure to prevent chip damage. The gas mixture was then
introduced into the system until the internal pressure reached 5
MPa. Subsequently, gas and liquid were injected alternately to
achieve sufficient phase mixing and maximize the gas-liquid
interfacial area. Next, the system was cooled to 274 K and
these conditions were maintained until hydrate formation was
confirmed by in-situ optical observation.

The dissociation of gas hydrate was triggered by controlled
thermal stimulation. The temperature of the circulating bath
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Fig. 2. Formation of bubble-derived hydrates: (a) Temperature and pressure evolution, (b) P-T trajectory and (c) Sequential
micrographs of hydrate development.

was linearly ramped at a rate of 1 K/h until reaching ambient
temperature (∼ 298 K). Real-time changes in hydrate mor-
phology, as well as the corresponding pressure and tempera-
ture variations, were continuously recorded until the system
stabilized at a final state.

3. Results and discussion

3.1 Formation kinetics and morphological
evolution at the pore scale
3.1.1 In-situ observation and thermodynamic trajectory of
hydrate formation

To evaluate how the imposed cooling path affects hydrate
nucleation and growth, the thermodynamic evolution during
hydrate formation was monitored, with the corresponding
pressure and temperature trajectory presented in Fig. 2(a).
The system was cooled from room temperature to 274 K.
At approximately 650 min, the pressure gradually decreased
from ∼ 5.5 to ∼ 5.0 MPa, at an average rate of approximately
0.36 MPa/h, accompanied by a transient 0.4 K temperature
rise. This thermal spike arose from the exothermic nature
of hydrate formation, while the concurrent pressure decline

resulted from continuous gas consumption. Rapid thermal
equilibration followed immediately, owing to the high thermal
conductivity of the glass microfluidic chip.

To determine whether the applied pressure-temperature
path had entered the hydrate stability zone and triggered the
formation of crystal nuclei, the experimental trajectory was
compared with the calculated phase equilibrium curve. Fig.
2(b) presents the pressure-temperature (P-T) trajectory (black
line) and the calculated hydrate phase equilibrium curve (red
line). The process initiates at point I (∼290 K, 0 MPa),
which lies outside the hydrate stability zone where nucleation
is thermodynamically unfeasible. Subsequent pressurization
shifts the system to point II (∼289 K, 5.8 MPa), where the
system first intersects the equilibrium curve; yet, the interfacial
energy barrier initially suppresses the phase transition. Upon
further cooling to point III (∼274 K, 5.5 MPa), the system
achieves a subcooling of ∼15 K, accompanied by a slight
pressure reduction to ∼5.5 MPa due to gas dissolution. A
pronounced inflection appears between points III and IV;
gradual pressure declines from 5.5 to 5.0 MPa, indicating that
the nucleation energy barrier has been overcome and massive
hydrate formation has ensued. The trajectory terminates at
point IV (∼274 K, 5.0 MPa), establishing a stable P-T equi-
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Fig. 3. Effect of bubble size on hydrate film growth kinetics: (a) Growth-front schematic and (b) areal growth rate versus
equivalent bubble radius.

librium. The operating state remains consistently above the
equilibrium curve, confirming that sustained hydrate growth
is driven by the imposed subcooling process.

To assess how the initial bubble size influences the sub-
sequent phase transition, the size distribution of the initial
bubbles and their morphological evolution were examined.
Fig. S2 presents the size of initial gas bubbles and Fig. 2(c)
shows the pore-scale microscopic phase transition in which
transparent bubbles first convert into porous hydrate shells
and then densify into dense hydrate particles. Upon sub-
cooling, a semi-transparent, low-density hydrate shell appears
instantaneously on the bubble surface (t0-t2), accompanied by
a prominent reduction in optical transmittance. Then, water
molecules diffuse through the porous shell and react with
the encapsulated gas (t3-t5) until the entire bubble is fully
converted into a compact hydrate grain (Fig. 2(c)).

Distinct reflectivity differences allow the unambiguous
identification of coexisting phases within the pore space. The
gas phase is the brightest (white arrow in Fig. 2(c)). The
hydrophilic pore walls (black arrow) show a gray level similar
to that of the aqueous solution, and the liquid domain is
delineated by the gas-liquid interface (blue arrow). These
observations align well with the phase-contrast criteria doc-
umented by Zhang et al. (2023).

3.1.2 Size-dependent growth kinetics of the porous hydrate
shell

This section examines the transformation of gas bubbles
into porous hydrate shells. To quantify the microscale kinetics,
the 2D projected area of hydrates was monitored. Although
hydrate growth is intrinsically three-dimensional, the geo-
metric confinement of microfluidic channels restricts vertical
expansion, allowing the particles to be approximated as quasi-
2D objects. While this 2D analytical approach cannot capture
minor vertical densification, it is a reliable and widely adopted
method for quantifying hydrate growth (Ouyang et al., 2023).
Because the bubbles were confined by pore throats and walls,
their projected shapes were not perfectly circular. Therefore,

the equivalent circular radius derived from the projected
area does not represent the exact three-dimensional radius
of an individual bubble; nevertheless, under the quasi-2D
confinement of the microfluidic chip, it provides a consistent
and reproducible descriptor of the in-plane bubble size. The
resulting geometric uncertainty was controlled by applying
the same projected-area-based metric to all particles and
by interpreting the spherical-bubble scaling relationship only
semi-quantitatively. As illustrated in Fig. S3, both the number
of porous hydrate shells and their total projected area exhibit a
clear stepwise growth trend. The hydrate count and total area
increase most rapidly between t1 and t2, whereas the average
area fluctuates substantially due to variations in initial bubble
size. The growth rate then slows down markedly from t2 to
t4 as the system stabilizes. Microscopic observations (Fig. S4)
further confirm that bubbles preferentially accumulate at pore
throats. In this chain reaction, hydrate formation on one bubble
catalyzes crystallization in adjacent bubbles directly ("chain
induction" effect). Furthermore, hydrate shell growth exhibits
clear directionality, driven by pore-scale thermal gradients and
cooling pathways.

To quantify the size-dependent growth kinetics, two char-
acteristic parameters were defined: (i) The areal growth rate
va, which describes the increment in the projected area of the
hydrate shell per unit time, and (ii) the growth front velocity
v f , measured along the advancing three-phase boundary as
marked by the arrows in Fig. 3(a). According to Fig. 3(b),
there is a positive correlation between bubble area and the areal
growth rate va. The areal growth rate va increases positively
with the increase in the initial bubble area. The smallest bubble
(Fig. S5(d)) has the smallest va, while larger bubbles show
correspondingly higher values. However, due to the irregular
shapes of some bubbles, the areal growth rate is affected (Figs.
S5(b) and S5(c)). In contrast, tracking the radial advance of the
hydrate growth front reveals that v f remains nearly constant
across the full range of investigated bubble sizes.

To explain the pore-scale mechanism that controls the
propagation of hydrate films, this study conducted a schematic
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analysis of the interface growth process. Fig. 3(a) illustrates the
interfacial mechanism of hydrate film propagation. Under low-
temperature and high-pressure conditions, the gas-liquid inter-
face features a higher specific Gibbs free energy than the bulk
liquid, making it the preferred site for gas hydrate nucleation.
Hydrate crystals propagate along the three-phase contact line
until the entire bubble surface is covered, and this gas-liquid-
solid contact region is defined as the growth front zone. As
the reaction proceeds, the hydrate film thickens preferentially
toward the bulk liquid phase, leading to a gradual increase
in shell volume. This growth behavior is consistent with the
macroscopic observations by Li et al. (2014b), where hydrate
film thickening and irregular growth were observed.

To rationalize these experimental findings, a kinetic model
for hydrate film propagation was derived. The elementary
reaction at the hydrate growth front is expressed as:

G+nhH2O ↔ G ·nhH2O (1)
where G denotes a guest gas molecule and nh is the hydration
number. Since the Gibbs free energy change of the forward
reaction is negative, the forward reaction is thermodynamically
favorable and dominates the overall process. The bubble is
surrounded by an excess of SDS aqueous solution, and the heat
released by the exothermic reaction dissipates rapidly; thermal
effects can therefore be neglected in the kinetic model. The
kinetic formulation in Eqs. (1)-(8) follows the diffusion-kinetic
model of Vlasov (2013, 2019), with symbols and equation
numbering adapted to Table S1. The molar formation rate of
the hydrate shell (rh) is given by:

rh = k′ (c∗− ce) (2)

k′ = ki

(
ρw

Mw

)nh

(3)

where ki denotes the interfacial reaction rate constant, nh
denotes the dimensionless hydration number, ρw denotes the
mass density of the aqueous phase, Mw denotes the molar
mass of water, c∗ denotes the molar concentration of dissolved
gas adjacent to the growth front, ce denotes the equilibrium
dissolved-gas concentration at the growth front, and k

′
denotes

the apparent rate constant dependent on the gas composition
and temperature. A molar balance for hydrate at the growth
front yields:

rh =
ρh

Mh
v f (4)

Combining Eqs. (2) and (4) yields the expression for the
growth front velocity v f :

v f =
Mhk′ (c∗− ce)

ρh
(5)

where ρh and Mh are the density and molar mass of the
hydrate, respectively.

The model further defines J as the molar flux vector of
the dissolved gas, β as the mass-transfer coefficient, cs as the
dissolved-gas concentration at the gas-liquid interface, c∗ as
the dissolved-gas concentration at the growth front; and ce
as the equilibrium dissolved-gas concentration at the growth
front. Assuming that all gas molecules diffusing to the growth

front are consumed by hydrate formation, the molar flux of
gas equals its molar consumption rate:

J = β (cs − c∗) =
∣∣rg

∣∣ (6)
rh =−rg (7)

where rh and rg are the molar rates of hydrate formation
and gas consumption per unit interfacial area, respectively
(negative values indicate reactant depletion).

Combining Eqs. (2), (6) and (7) yields the gas concentra-
tion at the growth front:

c∗ =
k′ce +βcs

k′+β
(8)

By substituting Eq. (8) into Eq. (5) and introducing the
growth-front combined rate constant k∗, the growth front
velocity v f can be rewritten as:

v f =
Mhk∗∆c

ρh
(9)

1
k∗

=
1
k′
+

1
β

(10)

where ∆c is the overall concentration driving force. Eq. (9)
indicates that v f depends only on ∆c and k∗, independent of
bubble size. Here, ∆c = cs − ce.

From a geometric perspective, the areal growth rate va is
the product of the front velocity v f and the perimeter of the
growth front Cp:

va = v fCp (11)
For an ideal spherical bubble, Cp is proportional to the

equivalent circular radius Re:

Cp ∝ Re (12)
Combining Eqs. (11) and (12) indicates that va increases

linearly with Re, which aligns well with the experimental
data shown in Fig. 3(b). Notably, this idealized relationship
assumes a regular bubble geometry, as irregular morphologies
induced by strong pore confinement may cause local devia-
tions in Cp. Accordingly, this formulation serves as a semi-
quantitative interpretation of the observed size-dependent ki-
netics, rather than a rigorous analytical solution. Nevertheless,
it provides a consistent physical basis for the core observation
that v f is independent of bubble size while va increases with
bubble dimensions.

The contrasting scaling of growth-front velocity and areal
growth rate provides a useful diagnostic for separating local
interfacial kinetics from the geometric amplification caused by
bubble size. At a fixed concentration driving force, the front
velocity is controlled by the combined reaction and mass-
transfer resistance at the advancing interface, so it remains
nearly independent of bubble size. The areal growth rate,
however, is the product of this velocity and the perimeter of the
growth front, which increases with the equivalent radius. This
distinction explains why larger bubbles can consume more
hydrate-forming material per unit time even when the local
front advances at a similar rate. In the confined pore network,
neighboring bubbles may also alter local gas availability



Wen, L., et al. Advances in Geo-Energy Research, 2026, 21(3): 283-296 289

t4 = t0 + 750 mint3 = t0 + 465 min

Hydrate cell

t2 = t0  + 160 mint0 = 620 min 50 s t1 = t0 + 135 min

t5 = t0  + 875 min

Hydrate particle

(a)

(b) (c)

0

5

10

15

20

25

30

N
um

be
r

0 180 360 540 720 900
0

1

2

3

4

5

A
re

a 
(1

×1
06  μ

m
2 )

Time (min)

Area
Average area
Number

0.0

0.5

1.0

1.5

2.0

A
ve

ra
ge

 a
re

a 
(1

×1
05  μ

m
2 )

100 200 300 400 500
0

200

400

600

800

Tr
an

sf
or

m
at

io
n 

tim
e 

of
 p

ar
tic

le
 (m

in
)

Particle radius (μm)

 Confidence interval (95%) 
 Fitted curve 
Transformation time of particle 

Fig. 4. Densification of bubble-derived hydrate particles: (a) Time-lapse micrographs, (b) particle number and projected-area
evolution and (c) densification time versus particle radius.

and interfacial curvature, providing a plausible route for the
observed chain-induction behavior. The scaling relation should
nevertheless be interpreted as a semi-quantitative envelope for
the tested morphologies, because irregular shells, contact with
pore walls, and local variations in film thickness can all perturb
the idealized perimeter-based estimate.

3.1.3 Two-stage densification behavior and quantitative
kinetic model

High-resolution in-situ visualization captures the full mor-
phological transition from porous hydrate shells to dense
hydrate grains, which proceeds via two distinct stages, as
illustrated in Fig. 4(a). In the initial rapid densification stage
(t0-t2), the as-formed porous shell develops pronounced sur-
face roughness and gradually becomes optically transparent.
Small particles with projected areas of 2×103∼1×104 µm2

complete conversion first because of their limited internal gas
volume. Their thin, highly permeable shells impose negligible
mass-transfer resistance, resulting in a maximum densifica-
tion rate. During the subsequent slow densification stage (t3-
t5), the remaining larger particles with projected areas of
3×104∼6×104 µm2 continue to increase in brightness as
trapped internal gas is progressively consumed. Residual gas
pockets (marked by white arrows in the fourth frame of Fig.
4(a)) shrink continuously until the entire particle is converted

into a compact, dense hydrate grain (white arrows in the
fifth frame of Fig. 4(a)). This two-stage densification behavior
is further confirmed by the temporal evolution of particle
number, total converted area, and average projected area, as
plotted in Fig. 4(b).

The total densification time exhibits a clear particle size
dependence, as summarized in Fig. 4(c). Constrained by the
pore network geometry, approximately 75% of the bubbles
have radius ranging from 50 to 200 µm and achieve full
densification within 400 min. The larger particles with radius
of (200 ∼ 450) µm require substantially longer times, ranging
from 400 to 900 min. This prolonged duration arises from
two coupled factors: The larger volume of trapped gas that
must be converted, and the progressively thickening hydrate
shell that imposes increasing diffusional resistance to mass
transport across the solid phase.

During this stage, hydrate formation proceeds simultane-
ously on both the outer and inner surfaces of the porous
shell via two parallel pathways: (1) On the outer surface,
dissolved gas from the bulk liquid accumulates at the crys-
tal interface, driving outward thickening of the shell; (2)
On the inner surface, trapped gas diffuses outward through
the porous hydrate matrix and reacts with water molecules
that have diffused inward from the bulk phase. Given that
gas concentration inside the shell is far higher than that in
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the surrounding liquid, the coupled inward water diffusion
and outward gas transport through the shell dominates the
overall conversion process and governs the final densification
yield. Accordingly, the overall reaction rate is fundamentally
controlled by mass transfer through the hydrate shell. The
coexistence of outer-surface and inner-surface conversion also
implies that densification cannot be represented by a single
moving reaction front. Outward growth is mainly controlled by
the supply of dissolved gas and water through the surrounding
liquid, whereas inward conversion depends on the internal
gas reservoir and the permeability of the hydrate framework.
As the shell becomes denser, these two pathways become
increasingly asymmetric: the outer interface can remain chem-
ically active, but the inward transport of reactants and the
outward release of products are progressively restricted. This
asymmetry helps explain why particles with similar external
dimensions can exhibit different conversion times when their
internal pore structures or contact geometries differ. It also
suggests that treatments designed to alter shell permeability
may be more effective than temperature changes alone after
the initial densification phase. In the present micromodel, the
observed brightness increase, indentation, and eventual grain
formation provide qualitative evidence for this coupling, even
though the local permeability field could not be measured
directly.

To quantitatively describe this radial densification process,
the classical kinetic framework of Englezos et al. (1987) was
adopted, which describes hydrate growth as an interfacial
crystallization process driven by fugacity difference. It has
been widely validated for isothermal radial growth of spherical
hydrate particles (Li et al., 2014a; Yin et al., 2018; Yan et
al., 2025). In this model, the molar formation rate of hydrate
for a single particle is expressed as:

dnp

dt
= K∗

1 Ap ( f − fe) (13)

1
K∗

1
=

1
kr

+
1
kd

(14)

Eq. (13) is adapted from Englezos et al. (1987), with the
notation K1

∗ and Ap, where K1
∗ represents the overall kinetic

rate constant integrating the interfacial reaction rate constant kr
and the cross-shell mass-transfer rate constant kd . Ap denotes
the outer surface area of the hydrate particle, and ( f − fe) is the
fugacity difference acting as the thermodynamic driving force
for hydrate growth. Here, np is the molar amount of hydrate
in an individual particle, f is the fugacity of dissolved gas,
and fe is its equilibrium fugacity.

The temperature dependence of kr is described by the
Arrhenius relationship (Laidler, 1984):

kr = k0 exp
(
−∆Ea

RT

)
(15)

where k0 denotes the pre-exponential factor of the interfacial
reaction rate constant, ∆Ea denotes the activation energy,
R denotes the universal gas constant, and T is the local
temperature.

Under the uniform temperature and pressure conditions
maintained in the micromodel, K1

∗ and ( f − fe) remain con-

stant across all particles. Therefore, Eq. (13) indicates that
the hydrate formation rate dnp/dt of an individual particle
increases linearly with the surface area Ap, which provides a
direct physical explanation for the size-dependent densification
time observed in Fig. 4(c). For an approximately spherical
particle where Vp ∝ Re

3 and Ap ∝ Re
2, the total moles of

hydrate produced equals the formation rate multiplied by the
densification time. Combining these relationships yields the
total densification time as:

Vp =C1R3
e , Ap =C2R2

e (16)
dnp

dt
td =

Vpρh

Mh
(17)

where C1 and C2 represent geometric shape factors, and td is
the total densification time. Here, Vp is the particle volume.

Combining Eqs. (13), (16) and (17) yields the total densi-
fication time td :

td =
C1R3

eρh

K∗
1C2R2

e ( f − fe)Mh
(18)

Simplifying the geometric terms (for ideal spheres,
C1/C2 = 1/3) gives the final relationship:

td =
1
3

ρhRe

K∗
1 ( f − fe)Mh

(19)

Eq. (19) demonstrates that the total densification time
td increases linearly with the equivalent particle radius Re
and is inversely proportional to both the overall kinetic rate
constant K1

∗ and the fugacity driving force ( f − fe). This
theoretical prediction is in line with the experimental data
shown in Fig. 4(c), which confirms the size dependence of the
densification time. The densification expression also clarifies
which assumptions control the predicted linear dependence
of conversion time on particle radius. The model treats the
particle as approximately spherical and represents the volume
and surface area with constant geometric shape factors. These
simplifications are appropriate for isolating the first-order
effect of size, but they do not fully account for ellipsoidal
particles, contact with pore walls, or spatial variations in shell
permeability. As the shell thickens, a small change in its
effective diffusion resistance can produce a disproportionately
large change in the conversion time, especially for particles
that retain a large internal gas reservoir. The agreement with
the measured trend therefore supports the dominant role of
size-dependent mass-transfer resistance, while the residual
scatter reflects real differences in morphology and local pore
geometry. The resulting scaling should be used to compare
kinetic regimes rather than as an exact prediction for every
individual particle.

The micro-morphological and optical evolution during
densification is further illustrated in Fig. S6. The time-lapse
sequence in Fig. S6(a) (t0-t9) records the complete transfor-
mation of a bubble-encapsulating hydrate shell into a dense
grain, consistent with in-situ Raman observations reported by
Zhang et al. (2026), who detected both the methane gas peak at
2,917.2 cm−1 and the structure I hydrate large-cage signature
at 2,907.6 cm−1. As densification proceeds, continuous gas
consumption reduces the internal pressure inside the shell. The
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Fig. 5. Heating-induced hydrate dissociation: (a) Temperature and pressure evolution, (b) P-T trajectory versus equilibrium
curve and (c) time-lapse micrographs of two-stage dissociation.

higher external confining pressure then compresses the flexible
hydrate shell inward, forming distinct concave indentations
on the particle surface. This observation is consistent with
the hydrate shell deformation phenomenon reported by Sun
et al. (2019) during hydrate formation on millimeter-scale
bubbles.

To quantify the optical contrast accompanying hydrate shell
densification, pixel intensity profiles were measured along the
central dashed lines of two representative particles (particle 1
and particle 2 in Fig. S6(a)) using ImageJ. Fig. S6(b) tracks
the pixel intensity profiles (0-255 gray scale). During t1-t3,
the fluctuating gray values in the core region (pixels 100-400)
reflect the structural rearrangement and initial collapse of the
porous hydrate shell. From t4 to t9, the gray values increase
steadily from ∼140 to ∼200, indicating the progressive optical
clarification of particle center as the shell densifies, which
matches the visual trend in Fig. S6(a).

Constrained by the pore walls, hydrate particles predom-
inantly exhibit an ellipsoidal morphology, being narrower in
the longitudinal direction and flatter in the transverse direction.
During the inward growth of the hydrate shell, the transforma-
tion process displays distinct spatial anisotropy: The conver-
sion completes preferentially in the longitudinal direction (the

second schematic panel of Fig. S6(c)) before advancing trans-
versely (the third schematic panel of Fig. S6(c)). Throughout
both stages, the particles exhibit a characteristic "bright core,
dark edge" optical contrast (yellow dashed boxes in the seventh
and ninth frames of Fig. S6(a)). The final dense grain (the
fourth schematic panel of Fig. S6(c)) is achieved when all
trapped natural gas is fully converted into solid hydrate. This
optical contrast originates from the difference in physical
structure, as illustrated in Fig. S6(d). The porous hydrate shell
is a gas-solid mixture with abundant internal interfaces that
cause strong light scattering and refraction, resulting in a dark,
opaque appearance. On the other hand, fully dense hydrate
grains are homogeneous single-phase solids with a uniform
refractive index, which minimizes light attenuation and yields
a highly transparent morphology.

3.2 Two-stage dissociation of gas hydrate grains
3.2.1 Pore-scale visualization and thermodynamic
characteristics of dissociation

Hydrate dissociation is initiated via controlled heating
under constant-volume conditions. As illustrated in Fig. 5(a),
the chip temperature rises from 274 to 292 K (corresponding
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to the transition from stage V to stage VI), and the system
internal pressure increases abruptly from ∼ 5.0 to ∼ 5.7
MPa. This sharp pressure uplift directly reflects the rapid
release of gas from hydrate dissociation. Fig. 5(b) plots the
experimental pressure-temperature (P-T) trajectory (black line)
against the calculated hydrate phase equilibrium curve (red
line). When the system state lies above the equilibrium curve
(high-pressure, low-temperature region), hydrate remains ther-
modynamically stable. As heating proceeds, the P-T trajectory
crosses the equilibrium curve and enters the unstable region,
upon which sustained hydrate dissociation commences.

Quantitative tracking of the projected bubble area reveals
two distinct kinetic regimes during the dissociation process
(Fig. S7). First, during the initial rapid dissociation stage
(t0-t2, ∼50 min), internal hydrate breakdown generates a
heterogeneous gas-liquid-solid mixture that appears dark under
optical observation. This highly efficient stage accounts for
about 80% of the total volume conversion. Second, in the
subsequent slow stage (t3-t5, ∼ 300 min), the outer dense hy-
drate shell gradually breaks apart, releasing small gas bubbles.
The color-coded image sequence in Fig. 5(c) further visualizes
the stepwise evolution of each phase, providing direct pore-
scale evidence for the two-stage dissociation behavior. The
time scales reported in Figs. S7, S8 and S9 refer to different
levels of analysis. Fig. S7 illustrates the ensemble-averaged
evolution of all particles within the camera field of view,
whereas Figs. S8 and S9 present the time-lapse evolution of
one representative particle. Therefore, the approximately 50-
min rapid stage and the approximately 300-min slow stage
obtained from Fig. S7 are not expected to be identical to
the 69-min Stage I and 216-min Stage II observed for the
representative particle.

3.2.2 Two-stage dissociation behavior and rate-limiting
mechanisms

In-situ microscopic observations reveal that dense hydrate
particles, composed of a structurally stable outer shell and an
inner hydrate core, follow a two-stage dissociation pathway:
Preferential internal dissociation and then delayed shell break-
down, as visualized in Figs. S8 and S9.

Stage I (t0-t9) is dominated by internal dissociation. From
t0 to t3, the outer shell in direct contact with the bulk liquid dis-
sociates first, generating porous channels that allow the escape
of internal dissociated products. As heating continues (t4-t7),
the outer shell retains its structural integrity. Meanwhile, the
internal hydrate dissociates rapidly and continuously, which
generates numerous dispersed microbubbles (outlined by white
dashed lines in Fig. S8) that gradually coalesce and expand.
By t8, a large gas bubble is fully formed and trapped within
the remaining intact hydrate shell. In the subsequent approxi-
mately 60 min period (t8-t9), the dissociation reaction mainly
continues to expand outward along the contact surface between
the internal gas bubble and the hydrate shell, and this process
accounts for the majority of the time in the first stage. It should
be noted that Fig. S8 shows the dissociation stage of a single
hydrate particle, while Fig. S7 presents the overall evolution of
all particles in the field of view. Although the first stage period
of the dissociation of each bubble varies due to differences

in the initial particle size and the start time of dissociation,
the overall dissociation cycle is basically consistent with the
macroscopic evolution time scale shown in Fig. S7.

Stage II (t9-t17) is dominated by outer hydrate shell dis-
sociation. By t9, the inner hydrate core has been completely
converted into gas and water, leaving only the dense outer
shell. During t10-t13, the shell begins to fracture and form
localized breaches (marked by red dashed lines in Fig. S9).
The pressure difference across the shell drives the trapped
gas to escape through these openings, causing local surface
depressions on the particle due to rapid pressure release. In
the final stage (t14-t17), the remaining loose hydrate shell (blue
boxes in Fig. S9) progressively dissociates and the released gas
bubbles continue to coalesce until full dissociation is achieved.

The overall dissociation mechanism is schematically sum-
marized in Fig. 6. Clearly, hydrate dissociation is a complex
multiphase process governed by intrinsic reaction kinetics,
heat transfer and mass transfer. The experimental results
demonstrate that the process is controlled by coupled heat
and mass transfer, with a clear regime transition: Heat transfer
dominates Stage I, whereas mass transfer becomes the rate-
limiting factor in Stage II.

During the rapid dissociation Stage I, convective heat
transfers from the bulk liquid to the hydrate particle surface.
Thermal energy is absorbed to overcome the crystal lattice
binding energy and trigger phase dissociation. The delayed
dissociation of the outer hydrate shell indicates a higher degree
of structural integrity, whereas the preferential dissociation of
the internal core may be attributed to a higher density of
intrinsic crystal microdefects, although these defects are not
directly resolved in the present images. Thermodynamically,
these structural imperfections may locally reduce the activation
energy for dissociation, thus acting as favorable initiation
sites for phase transition. Furthermore, rising temperatures and
pressure changes also cause pre-dissolved gas to form mi-
crobubbles, which further accelerates this internal dissociation.
This stage, which is consistent with a possible defect-assisted
mechanism, is characterized by an irregular dissociation front
and a high apparent dissociation rate. Following the classi-
cal Kim-Bishnoi model (Kim et al., 1987), the endothermic
dissociation rate depends on three key factors: The fugacity
driving force ( f − fe), the hydrate-fluid interfacial area (Ap)
and the kinetic rate constant (kh). This mass-transfer resistance
causes gas to accumulate inside the particle, elevating the local
internal pressure and reducing the thermodynamic driving
force for further dissociation. The observations also indicate
a size effect on dissociation initiation: Larger grains generally
initiate dissociation earlier (e.g., the preferential dissociation
of large particles at t1 in Fig. 5(c)). This trend may be related to
their larger heat-absorbing surface area, although the internal
temperature field was not measured directly.

During the slow dissociation Stage II, mass transfer grad-
ually replaces heat transfer as the dominant rate-limiting
factor. Physically, the intact dense outer shell acts as a
low-permeability barrier that blocks the outward transport
of natural gas. Consequently, the overall dissociation rate is
predominantly limited by the diffusion of released gas through
the solid hydrate shell. To semi-quantitatively describe this
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Fig. 6. Two-stage mechanism of hydrate dissociation. (a) Inner-layer dissociation; (b) dissociation-front propagation; (c) outer-
shell dissociation; (d) complete dissociation.

diffusion-limited process, the mass transport is formulated by
Fick’s first law (Fick, 1855):

J =−De
dc
dx

(20)

where J denotes the molar flux of gas (the amount of gas
passing through unit area per unit time), De represents the
effective diffusion coefficient of the gas within the hydrate
shell, c is the dissolved-gas concentration, x is the diffusion
path length, and dc/dx represents the concentration gradient
along the diffusion direction.

Eq. (20) indicates that gas diffuses from regions of high to
low concentration, with the diffusion rate positively correlated
with both the concentration gradient and the effective diffusion
coefficient De. In Stage II, the dense outer shell acts as a
physical barrier with a very low De, blocking the escape of
internal gas. This mass-transfer resistance would cause gas
to accumulate inside the particle, elevating the local internal
pressure and reducing the thermodynamic driving force for
further dissociation, consistent with the observed slowdown
of Stage II.

Quantitatively, the experimental data show a pronounced
kinetic contrast between two stages. The rapid Stage I (t0-t9 in
Figs. S8 and S9) finishes within 69 min, and further evidence
of this is provided during the hydrate shell dissociation period
(t8-t9), where the remaining hydrate shell layer is identified as
the main obstacle determining the overall dissociation rate.
The slow dissociation Stage II (t9-t17 in Fig. S9) lasts for
approximately 216 min. The observed slow dissociation stage
suggests that increasing the heating input alone may not

proportionally enhance gas release once a dense hydrate shell
has formed. Thermal-stimulation strategies should therefore
consider both heat delivery and the mass-transfer resistance
of the hydrate shell. These results have practical implications
for the design of thermal stimulation strategies. Increasing
the heating rate may effectively accelerate the early internal
dissociation, but the benefit can diminish once a dense outer
shell controls gas release. A staged strategy that first sup-
plies sufficient heat to initiate internal conversion and then
maintains favorable pressure conditions for gas transport may
therefore use energy more efficiently than a uniformly high
heating rate. The size distribution of trapped bubbles should
also be considered, because larger particles store more gas
but require longer conversion and may form more effective
transport barriers. The practical implication is that bubble-size
distribution should be treated as an operating variable rather
than a fixed geological property. During the early stage of
thermal stimulation, a population dominated by large bubbles
provides a larger interfacial area and a greater internal gas
inventory, which can sustain rapid initial dissociation. As
densification and shell formation proceed, however, these same
particles may become persistent mass-transfer barriers that
prolong the slow stage and reduce the benefit of additional
heating. Production schemes may therefore benefit from staged
heating: supplying sufficient heat at the beginning to promote
dissociation, then controlling the temperature and pressure
history so that gas can escape before the outer shell becomes
fully consolidated. In field settings, local bubble size will also
depend on gas seepage rate, pore-throat geometry, salinity, and
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the rate of temperature change. The present experiments isolate
the size effect under controlled conditions, but the observed
transition from interface-controlled to transport-controlled be-
havior provides a physically consistent basis for coupling
bubble-size distributions with heat delivery and permeability
evolution in reservoir-scale models. The present pore-scale
observations provide a basis for incorporating bubble size,
shell permeability, and the heat-to-mass-transfer transition into
reduced-order models of hydrate dissociation. Such models
would be more representative of heterogeneous sediments
than formulations based only on bulk temperature or pressure,
although additional measurements under varying salinity, gas
composition, and pore-network geometry are still needed.

4. Conclusions
This study quantitatively establishes the pore-scale kinetic

dependence of gas hydrate phase transitions on discrete bubble
sizes. The main quantitative findings and engineering impli-
cations are summarized as follows:

1) Gas hydrate formation around gas bubbles proceeds via
a well-defined two-stage pathway, consisting of rapid
hydrate shell formation followed by gradual densification.
During the initial shell propagation stage, the growth
front velocity remains independent of bubble size, as
it is governed solely by the interfacial concentration
driving force and the intrinsic kinetic rate constant.
In contrast, the areal growth rate scales linearly with
the equivalent bubble radius, accompanied by a distinct
"chain induction" effect between adjacent bubbles that
accelerates overall crystallization. During the subsequent
densification stage, the total time required for full con-
version into dense hydrate grains increases linearly with
the equivalent bubble radius. This size dependence arises
from the progressively enhanced mass-transfer resistance
across the thickening hydrate shell, which dominates the
overall conversion kinetics.

2) The thermal dissociation of dense hydrate grains follows
a two-stage pathway, transitioning from a fast stage that
is consistent with defect-assisted internal dissociation to
a mass-transfer-limited slow stage. In the fast stage, pre-
existing microdefects and entrapped microbubbles inside
the grains may act as preferential initiation sites and likely
drive the rapid internal dissociation that accounts for over
80% of the total hydrate conversion within approximately
50 min. The endothermic internal dissociation may exert
a thermal-shielding effect on the dense outer shell and
also appears to delay its structural breakdown. In the
subsequent slow stage, the intact outer hydrate shell acts
as a low-permeability barrier that hinders outward gas
diffusion. The resulting gas accumulation may increase
the local internal pressure and reduce the effective ther-
modynamic driving force, thereby contributing to the
observed decrease in the overall dissociation rate. Bubble
size also affects the onset of dissociation, with larger
grains generally initiating dissociation earlier due to their
larger heat-absorbing surface area.

These results demonstrate that discrete bubble size in-

fluences both the formation and dissociation kinetics of gas
hydrates through changes in interfacial growth area, internal
gas volume, and hydrate-shell mass-transfer resistance. These
findings provide a pore-scale basis for incorporating bubble-
size distributions and shell-controlled gas transport into models
of thermal stimulation and gas production. Within the tested
bubble-size range and thermal-stimulation conditions, the find-
ings provide mechanistic guidance for evaluating the heating
rate, temperature window, and pressure-maintenance strategies
in hydrate production.
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