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Nonmenclature

Abbreviations

 MH Methane Hydrate

Symbols

 Shi Initial Saturation of Methane Hydrate 

Vw Water Flow Rate

Vg Gas Flow Rate

Pb Backpressure

Bi Flow Path Blockage

1 Introduction

Methane hydrate is a typical non-stoi-
chiometric crystalline compound, in which 
hydrogen-bonded water molecules form cage-
like structures that encapsulate small guest gas 
molecules such as CH4, CO2, and N2 

[1-3]. Owing 
to its widespread occurrence in natural reservoirs, 
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including marine continental margin sediments 
and permafrost regions, methane hydrate has been 
recognized as a promising unconventional energy 
resource. Its enormous reserves, high volumetric 
energy density, and relatively clean combustion 
characteristics make it a potential bridge energy 
for future low-carbon transitions [4-6]. However, 
methane hydrate exploitation and geological 
stability are strongly governed by complex mul-
tiphase transport processes in porous sediments. 
During hydrate formation and dissociation, the 
flow behavior of gas and liquid phases is not only 
controlled by thermodynamic conditions such 
as temperature and pressure but is also closely 
coupled with dynamic hydrate phase transitions. 
These phase transitions may induce pore-scale 
blockage, permeability reduction, capillary 
pressure alteration, and continuous evolution 
of gas-water interfacial configurations, thereby 
significantly affecting fluid migration pathways 
and reservoir-scale transport properties [7, 8].

In recent years, increasing experimental and 
numerical evidence has highlighted the strong 
interaction between hydrate phase transitions and 
gas-water two-phase flow in porous media [9]. 
Laboratory-scale investigations have demonstrated 
that hydrate formation preferentially occurs at 
gas-water interfaces and pore throats, leading 
to significant reductions in permeability and 
pronounced flow heterogeneity [10, 11]. In particular, 
pore-scale visualization techniques such as X-ray 
CT and MRI have been increasingly employed 
to directly capture hydrate growth patterns, 
phase redistribution, and blockage evolution 
during multiphase transport processes [7, 12, 13]. 
Beyond pore-scale observations, several studies 
have reported that hydrate phase transitions can 
substantially alter capillary pressure and relative 
permeability relationships, thereby modifying 
gas–water displacement efficiency and triggering 

nonlinear flow resistance in hydrate-bearing 
sediments [14-16]. Such hydrate-induced multiphase 
flow effects are especially critical under dynamic 
production conditions, where hydrate dissociation 
and secondary reformation may coexist, resulting 
in cyclic permeability evolution and localized 
sealing behavior [17-19]. 

To better interpret these complex couplings, 
var ious  model ing f rameworks  have been 
proposed. Christopher et al [20] developed a 
novel hydrate kinetics and transportability 
model to characterize the influence of intermittent 
flow regimes on hydrate formation rates and 
hydrate slurry transport behavior. Wu et al [21] 
established a comprehensive computational fluid 
dynamics-thermo-hydro-chemo coupled model 
to investigate hydrate phase transition processes 
during extraction. Their results revealed that rapid 
hydrate formation preferentially occurred near the 
pore walls due to local temperature and pressure 
gradients, leading to water accumulation and flow 
heterogeneity. 

Notably, hydrate phase transitions are often 
accompanied by significant volumetric changes 
and solid crystal growth, which can continuously 
reshape pore structures and modify effective flow 
pathways [22]. Such feedback mechanisms may 
trigger nonlinear flow resistance, localized sealing 
effects, and multiphase redistribution, posing 
challenges for accurate prediction of reservoir 
response and safe production control. Therefore, 
elucidating the coupling mechanisms between 
hydrate phase transitions and gas-water multiphase 
flow is of great significance for improving our 
understanding of hydrate-bearing sediment be-
havior, optimizing hydrate production strategies, 
enhancing numerical reservoir simulations, and 
ensuring long-term engineering safety in hydrate 
exploitation and CO2 sequestration scenarios.



85

ASEIG  Vol. 2, Issue. 1 ( 2026 )

2 Experimental section 

2.1	 Experimental setup and materials

The experimental setup primarily consists 
of an MRI system, reactor, injection pump, 
thermostat bath, pressure transducer and data 
acquisition system. Fig. 1 shows a schematic 
of the experimental setup, in which the MRI 
system is used to monitor the variations in water 
distribution during the MH phase transition 
process. Th parameters of the MRI system are 
as follows: echo time (TE) = 4.39 ms, MRI 
image matrix = 128 × 128 pixels, and the field 
of view (FOV) = 30 mm × 30 mm (2.0 mm in 
thickness). The effective size of high-pressure 
reactor is 15 mm (diameter) × 200 mm (high). 
Three injection pumps are used to inject gas and 
deionized water, and to control the backpressure. 
The temperature of the vessel, injection pumps 
and MRI system are controlled by three thermo-
stat baths. Two pressure transducers (3510CF, 
Emerson Electric Co., Ltd., St. Louis, USA) were 
used to measure the inlet pressure and outlet 
pressure.

The experimental materials primarily consist 
of BZ-02 glass beads, high-purity CH4 gas, and 
deionized water. The diameter range BZ-02 glass 
beads are 0.177~0.250 mm. The purity of CH4 gas 
is 99.999%. Deionized water, with a conductivity 

of 0.69 μS/cm, is utilized to saturate the porous 
media.

2.2	Experimental procedure

BZ-02 glass beads were tightly packed into 
the vessel. Next, deionized water was injected 
into the vessel and then the vessel pressure was 
pressurized to 6000 kPa to saturate the porous 
media. When the porous media was considered 
fully saturated, the high-pressure methane gas was 
injected to displace partial pore water. Then, the 
vessel was pressurized to 6000 kPa via methane 
gas injection and kept constant to form hydrate. 
The temperature was kept at 274.15 K and kept 
stable during the whole hydrate formation process. 
The methane hydrate sediment with different 
saturation was obtained by controlled the initial 
pore water amount. 

After that, the reactor pressure was adjusted 
to design value using backpressure pump. Next, 
the water and gas were simultaneously injected 
into the reactor at the design flow rate to induce 
the hydrate phase transition. The temperature of 
flowing water and gas was maintained at 273.95 K 
to avoid hydrate decomposition induced by tem-
perature change. During the flow process, when 
the inlet pressure reached the maximum threshold 
(15000 kPa), it indicated potential blockage within 
the flow path. Consequently, the backpressure was 
gradually decreased until continuous liquid flow 
was re-established through the hydrate sediment. 
The experimental results are shown in Table 1.

Table 1  Experimental conditions and parameter

Case
Shi  

(%)
Vw 

 (mL/min)
Vg  

(mL/min)
Pb  

(kPa)
Bi

1 18

10 2

3500
No

2 22 3500

3 28 6000 Yes
Fig.1  Diagrammatic drawing of the MRI visuali-
zation experimental setup
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3 results and discussion

To elucidate the coupling mechanism 
between hydrate phase transitions and gas–
water flow behavior, three representative flow 
scenarios in methane hydrate-bearing sediments 
were systematically compared. Fig. 2 illustrates 
the evolution of dynamic water distribution, 
where brighter regions correspond to higher water 
content and lower hydrate saturation. 

In Case 1, a stable gas-water two-phase flow 
was maintained throughout the experiment. The 
continuous expansion of the water-rich zone from 
inlet to outlet, without any observable interruption, 
suggests that the ongoing hydrate decomposition 
was sufficient to prevent channel blockage. 
No signs of secondary hydrate formation or 
flow hindrance were detected, and gas-water 
coexistence was preserved. This case represents a 
low-saturation, low-pressure regime where hydrate 
dissociation promotes unobstructed flow. In Case 
2, although the system initially exhibited gas-water 
two-phase flow, a transition to water-dominated 
flow occurred after approximately 64 mins. This 
was indicated by a marked increase in water 
content and the diminishing presence of gas flow 
signatures. The observed flow shift was primarily 
caused by insufficient gas replenishment, leading 
to local water entrapment and the weakening 
of gas-driven transport. This scenario reflects a 
condition where moderate hydrate saturation and 
limited gas availability disrupt the dynamic bal-
ance of phase transport. In Case 3, a pronounced 
flow blockage behavior emerged. Initially, both 
water and gas flows were severely restricted. 
However, at around 48 mins, a localized increase 
in brightness indicated hydrate decomposition, 
followed by gradual re-establishment of water 
pathways after 62 mins. This “blockage-reopen-
ing” cycle was triggered by the high initial hydrate 
saturation and flow pressure, which enhanced 

localized pressure gradients and facilitated abrupt 
hydrate phase transitions. Among all cases, Case 3 
most clearly demonstrated the nonlinear feedback 
between MH decomposition, fluid redistribution, 
and transient blockage behavior. These findings 
suggest that hydrate phase transitions can either 
facilitate or hinder gas–water flow, depending on 
the initial thermodynamic and saturation condi-
tions. The results are most applicable to shallow 
marine hydrate reservoirs under non-isothermal 
depressurization, where hydrate distribution and 
pressure gradients play dominant roles in flow 
regime evolution. However, the observed behav-
iors may differ in more heterogeneous or clay-rich 
formations, where capillary forces and sediment 
structure impose additional constraints.

Fig. 3 illustrates the temporal evolution of 
water saturation during hydrate phase transitions 
in Case 1, Case 2, and Case 3. Although all 
cases ultimately reached near-complete hydrate 
decomposition, distinct differences were observed 
in their onset time, progression patterns, and 
dynamic stability, reflecting the strong coupling 
between phase transitions and local flow regimes.

In Case 1, hydrate decomposition initiated 

Fig. 2  Variation of MH and water phase distribution in 
the multiphase flow in Cases 1~3
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early and progressed continuously, as indicated 
by a steady increase in water saturation. This 
behavior suggests that hydrate dissociation was 
primarily governed by pressure-driven decompo-
sition under well-connected flow channels. The 
persistent gas-water two-phase flow maintained 
sufficient mass and heat transfer conditions, 
preventing secondary hydrate formation and ena-
bling efficient dissociation. In Case 2, the hydrate 
dissociation was delayed and marked by multiple 
fluctuations in water saturation. This intermittent 
pattern can be attributed to a feedback loop 
between local hydrate reformation and pore-scale 
flow obstruction. Insufficient gas replenishment 
and localized cooling due to endothermic hydrate 
dissociation caused temporary reductions in 
decomposition rate. These instabilities indicate 
that heat transfer and mass availability became 
rate-limiting steps, particularly when the local 
permeability was partially impaired by capillary 
retention or transient blockages. In Case 3, hydrate 
decomposition exhibited the most delayed and 
nonlinear behavior. For the first 60 mins, water 
saturation remained nearly unchanged, suggesting 
a strong resistance to hydrate breakdown. This 
can be explained by the combined effects of high 
initial hydrate saturation, elevated flow pressure, 
and localized pore-scale overburden, which 
together favored secondary hydrate formation and 
flow blockage. Only after a critical pressure drop 
was reached, leading to mechanical destabilization 
and pore-space release, did hydrate begin to de-
compose, reflected by a gradual increase in water 
saturation. This illustrates a threshold-driven, 
phase-change-controlled reopening of the flow 
regime.

In summary, Fig. 3 quantitatively captured 
the dynamic interplay between hydrate phase 
transitions, fluid transport, and pore-scale 
connectivity. The underlying mechanism involved 

a strong feedback loop: hydrate decomposition 
modifies pore structure and flow paths, while 
evolving flow conditions in turn alter local 
temperature and pressure fields, either promoting 
or suppressing further decomposition. This 
coupling was especially pronounced under high 
saturation conditions, where small disturbances in 
pressure or heat supply can tip the system toward 
temporary blockage or rapid channel reopening.

Understanding this mechanism was essential 
for accurately predicting hydrate behavior in hy-
drate-bearing systems, especially those involving 
depressurization driven decomposition. Although 
the current findings were based on lab-scale 
experiments, similar dynamic responses, such as 
flow intermittency, local blockage, and delayed 
water release, have also been observed in prior 
pore-scale investigations [23-25]. These findings 
suggested that the identified feedback loop may be 
a fundamental mechanism governing hydrate-flow 
interactions across scales. Further validation using 
larger-scale physical models or well-interpreted 
field test data would be beneficial to confirm its 
relevance under realistic reservoir conditions.

Fig. 3  Variation of water saturation during hydrate phase 
transition process in Cases 1~3
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4 Conclusions

In this study, the coupling mechanism 
between gas-water two-phase flow and methane 
hydrate phase transitions was systematically in-
vestigated under varying initial hydrate saturations 
and pressures. The following key conclusions 
were drawn: (1) At lower hydrate saturation and 
pressure, the system maintained a stable and 
continuous two-phase flow regime, enabling 
efficient and uninterrupted hydrate decomposition. 
In contrast, higher saturation and pressure 
conditions delayed the onset of decomposition and 
triggered intermittent flow blockage, highlighting 
the sensitivity of flow regimes to thermodynamic 
conditions. (2) Hydrate phase transitions induced 
localized structural changes and flow path 
instabilities, which led to spatially heterogeneous 
water release and temporary interruptions in 
flow continuity. This dynamic feedback between 
decomposition, pore-scale connectivity, and fluid 
transport plays a critical role in governing hydrate 
dissociation behavior.
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