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a b s t r a c t

Blockage commonly occurs in and severally affects natural gas (mainly methane) reservoir exploitation, 
combustion ice (methane hydrate) exploitation and oil and gas pipeline transportation. The formation of 
methane hydrates is known as one important cause of blockage, but the effects of hydrate distribution 
on seepage and blockage are rarely studied in experiments. This study employed different proportions of 
dry and wet sands to simulate three thickness of hydrate-bearing porous media and obtained a uniform

kinetic relationship of hydrate formation (N = K 
(

1 − 1
e rt

) 

). Quantitative results indicate that both water

and methane seepage can induce hydrate saturation increase in both hydrate-bearing and hydrate-free 
zones, which gradually causes the blockage of up to 12.5 MPa (at 6.0 MPa backpressure). The hydrate-
bearing porous media with a uniform saturation is not easy to cause blockage unless the hydrate 
saturation is high enough. In addition, based on the hydrate-bearing porous media with different 
thicknesses, this study successively measured the water phase permeability. In addition, the calculation 
method for blockage location based on pressure evolution was proposed with an error of less than 8%. 
These findings can help understand and mitigate issues related to flow blockages during oil and gas 
exploitation and transportation.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

1. Introduction

Nowadays, global natural gas (mainly methane) production has 
reached more than 4.28 trillion cubic meters (Wang et al., 2022). 
When environmental temperature is low such as deep sea, 
permafrost regions or severe winter, the formation of methane 
hydrates is highly likely during both exploitation and trans-
portation processes (Song et al., 2022; Feng et al., 2024). In marine 
sediments, methane hydrate is typically formed when methane 
gas encounters pore water under favorable thermodynamic con-
ditions, leading to the crystallization of methane-water clathrate 
structures (Zheng and Yang, 2019). It is revealed that shallow gas

reservoirs are often present beneath natural gas hydrate reservoirs 
(Wei et al., 2022a), and this composite-type gas hydrate reservoir 
has higher exploitation potential and research value (Ren et al., 
2022). The presence of methane hydrate in oceanic sediments 
has significant implications for global energy security, and climate 
change.

The formation of hydrate within oceanic sediments is influ-
enced by various factors, including sediment composition, initial 
water distribution, and methane migration pathways (Sakurai 
et al., 2021; Farhadian et al., 2022; Zhang et al., 2023b). One of 
the fundamental aspects of methane hydrate formation is the 
upward migration of methane gas through the thermodynamic
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stability zone of hydrate (Fu et al., 2021). The formation of hydrates 
begins with two requirements: phase equilibrium conditions and 
disturbance at the gas-water interface (Xu et al., 2023). Song et al. 
(2015), Wang et al. (2017, 2018) systematically investigated the 
characteristics of hydrate formation during methane flow. Their 
study found that gas migration enhances mass transfer efficiency 
between gas and water, leading to increased gas dissolution and 
promoting hydrate formation. However, due to limitations in gas-
water contact area and pressure-temperature conditions, the 
phenomenon of hydrate formation decrease during gas flow may 
occur as reservoir water saturation increases.

It is well known that hydrate formation significantly reduces 
reservoir permeability (Zhang et al., 2023c). Zhang et al. (2024a; 
2024b) measured the hydrate saturation using time domain 
reflectometry method and X-ray computed tomography tech-
niques, the hydrate formation process was more accurately 
reproduced to reveal the impact of hydrate formation on reservoir 
permeability. Zhang et al. (2023a) found that the intersections of 
different pore channels were key locations for hydrate blockage in 
the micro-model, the higher the pressure in the pore channels, the 
greater the risk of hydrate formation and blockage. Hydrate 
blockage is the fundamental mechanism leading to the accumu-
lation of shallow gas beneath hydrate reservoirs (Bohrmann et al., 
2023). Sun et al. (2023) studied the characteristics of hydrate 
reformation during the seepage flow process and found that a 
lower effective water cross-sectional velocity reduces the gas 
concentration gradient between water and hydrate, thereby 
enhancing hydrate reformation. However, in recent decades, 
extensive research was conducted to understand the thermody-
namic and kinetic mechanisms of methane hydrate formation in 
static system (Chibura et al., 2022), It is necessary to study the 
characteristics of hydrate formation in dynamic systems and the 
influence on reservoir permeability.

During hydrate exploitation, the dynamic behavior of gas-
water flow within hydrate-bearing sediments is crucial for deter-
mining reservoir performance (Ji et al., 2022). Gas production from 

hydrate reservoirs typically involves depressurization (Lee et al., 
2020), thermal stimulation (Ma et al., 2024), chemical injection 
(Yu et al., 2021), or CO 2 replacement methods (Wei et al., 2022b), 
all of which induce fluid migration within the sediment matrix (Ye 
et al., 2025). Zhao et al. (2025b) investigated the co-production of 
gas hydrate and high-pressure underlying gas by depressurization 
method, they found that due to the rapid increase in the contact 
area between gas and water, the free gas from shallow gas zone 
enhanced the reformation of hydrate in the hydrate stability zone. 
Guo et al. (2025) studied the effect of interlayer flow capacity on 
hydrate co-production using numerical simulations and proposed 
a logarithmic regression model that reflects the impact of cross-
flow gas on hydrate dissociation under different interlayer flow 

rates. Chen et al. (2019, 2021), Li et al. (2020) experimentally 
investigated the effect of undersaturated aqueous solutions on 
hydrate dissociation and explained the promotion mechanism 

based on the fugacity difference between water and hydrate. On 
this basis, Sun et al. (2020a; 2020b) proposed a water injection-
assisted depressurization method for hydrate exploitation, 
significantly improving both extraction efficiency and safety. The 
gas-water flow characteristics in hydrate-bearing sediments play a 
crucial role in controlling hydrate distribution, reservoir perme-
ability, and hydrate dissociation efficiency during exploitation 
(Marques et al., 2022).

In the experimentally studied sediment layers with a uniform 

distribution, hydrate formation during the gas flow process is 
highly likely to induce the development of a hydrate-sealing cap 
(Zhao et al., 2022b, 2023b). However, in real marine sediment 
environments, hydrate distribution is highly heterogeneous due to

variations in sediment permeability, pore size distribution, and 
initial water saturation (Gong et al., 2023b). This heterogeneity 
directly affects the gas-water migration pathways, leading to 
complex flow dynamics that influence both hydrate formation and 
dissociation (Kou et al., 2022). Ji et al. conducted in situ measure-
ments of methane hydrate formation and permeability in sand-
stone using the low-field nuclear magnetic resonance 
measurement system, they found that the heterogeneity of 
methane hydrate distribution significantly affects the analysis of 
permeability changes in the sediment layer (Ji et al., 2020). Zhang 
et al. constructed a heterogeneous sediment particle distribution 
model, accurately describing the particle size distribution of 
water-bearing core samples collected from the Nankai Trough in 
Japan (Zhang et al., 2022).

However, there is few researches on hydrate formation and gas-
water flow characteristics in sediment layers with different water 
distributions. In this study, experimental methods were used to 
simulate the hydrate formation process in sediment layers with 
varying water distributions. On this basis, the gas-water flow 

characteristics in hydrate-bearing sediment layers with hetero-
geneous distribution were investigated. The insights gained from 

this research contribute to the mechanism of hydrate formation 
and the development of more efficient and sustainable strategies 
for exploiting natural gas hydrate resources.

2. Experimental methods

2.1. Apparatus and materials

Fig. 1 illustrates the assembled experimental apparatus, which 
primarily comprised a high-pressure vessel, a gas-liquid separator, 
several pressure control valves, a gas collector, a mass balance, an 
ISCO pump, two thermostatic water baths, three temperature 
sensors, three pressure transducers, and a data acquisition unit. 
The high-pressure vessel (Φ 50 × 235 mm) served as the vessel and 
was filled with BZ-01 glass beads to simulate uniform marine 
sediments. The particle diameter of BZ-01 glass beads is 
0.105–0.125 mm, the porosity of BZ-01 glass beads obtained by 
experimental measurement is 34.8% (Yang et al., 2015), the density 
of BZ-01 glass beads obtained by experimental measurement is 
1.45 g/cm 3 (Sun et al., 2023). The high-pressure vessel had a 
maximum pressure endurance of 15 MPa and was submerged in a 
temperature-controlled water tank, which also housed the water 
source to ensure stable experimental conditions.

The water injection pump offered a flow control accuracy of 
0.01 mL/min and a pressure control precision of ±0.5%, while the 
ISCO pump, used for gas injection, achieved a finer flow control of 
0.001 mL/min with the same pressure accuracy, and the volume 
error of the ISCO pump is ±0.001 mL. A separate water bath 
regulated the gas temperature. Three high-precision (±0.05%) 
pressure transducers were installed at the vessel inlet, outlet, and 
gas collector, while three temperature sensors (±0.05 ◦ C accuracy) 
were spaced along the vessel for thermal measurements. A com-
puter, interfaced via an A/D module, recorded temperature, pres-
sure, and mass balance data. The experiment utilized deionized 
water, and the methane gas (99.99% purity) was sourced from 

Dalian Special Gases Company.

2.2. Experimental procedure

This study systematically investigated the formation process of 
gas-saturated hydrate within sediment layer with different pore 
water distributions, the pore water flow process within sediment 
layer in different hydrate distribution zones, and the gas flow
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process within hydrate-bearing sediment layers, as shown in 
Fig. 2.

(1) Hydrate formation process

First of all, according to the experimental design, glass sand 
with an initial water saturation of 40% and dry glass sand were 
proportionally packed into the vessel. For Case 1, 25% of the vessel 
volume was first filled with glass sand with 40% initial water 
saturation, based on the density of BZ-01 glass beads, 167 g of glass 
beads were required. According to the porosity of BZ-01 glass 
beads, the required volume of deionized water was calculated to 
be 16 mL. The deionized water was thoroughly mixed with the 
glass beads to obtain wet sand with an initial water saturation of 
40%. Then, 75% of the volume filled with 501 g dry glass sand. For 
Case 2, 50% of the vessel volume was filled with water-saturated 
glass sand, and the other 50% with dry glass sand to simulate a

sediment region with a moderate pore water distribution. For Case 
3, the vessel was entirely filled with water-saturated glass sand to 
simulate a sediment region with a large pore water distribution. 
The specific ratios of water-saturated glass sand to dry glass sand 
are shown in Table 1.

After compactly packing the glass sand into the vessel, the 
outlet valve of the vessel was closed, and the vessel inlet was 
connected to the gas injection pump. Methane gas was then 
injected into the vessel, and a constant pressure of 6.0 MPa was 
maintained by the pump (process A–B in Fig. 2). The vessel tem-
perature was controlled at 1 ◦ C using the water bath to. The real-
time hydrate formation amount (n H ) can be calculated using Eq. 
(1):

n H =
P⋅V
Z⋅R⋅T

(1)

where P, T represent the internal pressure and temperature of the 
vessel, respectively. V represents the gas consumption. The 
compressibility factor of methane (Z) can be determined using the 
Redlich-Kwong (R-K) equation (Li et al., 2019). The hydrate satu-
ration (S H ) can be calculated using Eq. (2):

S H= 
n H ⋅M H
V p ⋅ρ H

(2)

where V p represented the pore volume of the vessel, and V p = 

160.08 mL. M H represented the molar mass of methane hydrate, 
M H = 124 g/mol, ρ H represented the density of methane hydrate,
ρ H = 0.94 g/cm 3 (Sun et al., 2021).

(2) Water flow process through hydrate-bearing sediments

After hydrate formation was completed, the back-pressure 
valve was adjusted to match the vessel pressure at 6.0 MPa. The 
vessel outlet valve was then opened, while the valve between the 
gas injection pump and the vessel was closed. Subsequently, the
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Fig. 1. Schematic diagram of the experimental apparatus.
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water injection pump was opened, allowing water to be continu-
ously injected into the gas-saturated hydrate-bearing sediment 
layer at a rate of 1.7 mL/min to simulate the water flow process 
(process B-C in Fig. 2). During this process, the real-time hydrate 
formation amount can still be calculated using Eq. (1), where the 
gas consumption V in the vessel was determined by the difference 
between the influx and efflux gas volumes. Once the water flux at 
the inlet and outlet of the vessel stabilized, the permeability of the 
sediment layer can be calculated using Eq. (3)(Wang et al., 2024):

K ew= 
Q w ⋅μ⋅L
ΔP⋅A s

(3)

where K ew represents the water effective permeability, mD; Q w 

represents the water flow rate, mL/min; μ represents the dynamic 
viscosity of water, mPa⋅s; L represents the length of the vessel, cm; 
ΔP represents pressure difference between the vessel inlet and 
outlet, respectively; and A s represents the cross-section of the
vessel, cm 2 .

(3) Gas flow process through water-saturation hydrate-bearing 
sediments

Once the water flow stabilizes and the inlet and outlet flow 

rates remained consistent, the sediment layer can be considered in 
the water-saturation state. At this point, the water injection pump 
was closed, while the gas injection pump was opened. The gas 
injection rate was adjusted to 6 mL/min to simulate gas flow 

through the water-saturated hydrate-bearing sediment zone. 
During this process, the real-time hydrate formation amount can 
still be calculated using Eq. (1), where the gas consumption V in 
the vessel was determined by the difference between the influx 
and efflux gas volumes.

3. Results and discussion

Whether in the formation or exploitation of natural gas hy-
drate, gas-water flow in porous media is inevitably involved. This 
study investigated the entire process of hydrate formation and 
gas-water flow within sediment zones with different water dis-
tribution. The experimental conditions were set at a sediment 
temperature of 274.15 K and a pressure of 6.0 MPa.

3.1. Methane hydrate formation characteristics in porous media 
with different thicknesses

In deep marine sediments, thermogenic and biogenic gases 
migrate, and when methane encounters pore water under suitable 
temperature and pressure conditions, hydrate formation occurs 
(Fu et al., 2021). Due to permeability variations in the sediment 
layers, pore water distribution is ununiform. Thus, this study 
investigated the characteristics of hydrate formation in different 
water distribution zones. It should be to emphasize that the initial 
water saturation within the water-bearing regions was consistent 
across all cases, maintained at 40%.

Due to variations in the initial water distribution, this study 
aims to obtain hydrate-bearing sediment zones with the same 
hydrate saturation. The hydrate formation amount is positively 
correlated with the initial water distribution pattern, and the 
formation process was completed once the target hydrate satu-
ration was reached. The real-time hydrate formation process is 
shown in Fig. 3. At the beginning, the hydrate amount remained 
zero because this was in the induction process of hydrate forma-
tion. The induction exhibited a degree of randomness, because 
hydrate formation requires the formation of a critical nucleus, this 
process is influenced by random molecular collisions, and the 
uneven distribution of pore water within the sediment, the local 
fluctuations in pressure and temperature within the sediment 
layer further affect hydrate formation (Lv et al., 2025). The rela-
tionship between the hydrate formation rate and the hydrate 
formation amount was further analyzed, as shown in Fig. 4(a). The 
hydrate formation rate gradually decreased with hydrate forma-
tion and exhibited a negative correlation. Thus, the hydrate for-
mation rete can be expressed as Eq. (4):

dN 
dt 

= r(K − N) (4)

where N represents the real-time hydrate formation amount, mol; 
r is the proportionality constant of hydrate formation rate, min − 1 ; 
K is the hydrate formation constant. Thus, after integration, the 
real-time hydrate formation can be expressed as Eq. (5):

N = K 
( 

1 −
1 
e rt

) 

(5)

The values of r and K in each case is summarized in Table 2. In 
addition, the average absolute relative error (AARE) can be calcu-
lated by Eq. (6):

Table 1
Basic information on initial reservoir condition.

Case Wet sand Dry sand

Proportion Thickness, mm Water, mL Glass beads, g Proportion Thickness, mm Glass beads, g

1 25% 58.75 16 167 75% 176.25 501
2 50% 117.5 32 334 50% 117.5 334
3 100% 235 64 668 0% 0 0
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Fig. 3. Hydrate formation in different water distribution zones.
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AARE = 

(
1
N P

∑N P

i=1

⃒
⃒
⃒Pexpi − Pmodel

i

⃒
⃒
⃒

P exp i

) 

× 100% (6)

The comparison of hydrate formation in porous media between 
experimental values with predicted values are shown in Fig. 4(b). 
The differences in hydrate distribution among the cases, variations 
in the contact area between water and hydrate, and local pressure 
differences in different regions of the sediments can also lead to 
variations in hydrate formation rates, thereby affecting the accu-
racy of the model and causing the noticeable discrepancies espe-
cially in cases 2 and 3. This model provides an initial method for 
calculating hydrate formation and aligns with the kinetic charac-
teristics of hydrate formation, but it still requires further refine-
ment. The model exhibits a good fit with the actual hydrate 
formation process, with an AARE of less than 9% in this study. Thus, 
this model is applicable for predicting hydrate formation within 
sediment particles containing pore water. However, it remains a 
fundamental model, as the proportionality constant r and constant 
K are influenced by factors of hydrate formation, such as envi-
ronmental temperature, pressure, porous media type, pore water 
distribution, and water saturation, and so on, the values of r and K 
still require further investigation.

Fig. 5(a) demonstrates the temperature variation patterns 
within the sediment zone at different locations. Hydrate formation 
is an exothermic process (Dong et al., 2025), leading to an increase 
in reservoir temperature. Therefore, temperature changes can be 
used to determine the regions where hydrate formation occurred.

It can be found that the temperature increases and duration varied 
at each measurement point, and the increase in temperature fol-
lowed by a sustained high-temperature phase indicated contin-
uous hydrate formation. A longer duration of high temperature 
indicated a longer hydrate formation duration. This can be used to 
determine the specific location of the measurement points. 
Fig. 5(b) demonstrates the temperature increase and duration of 
mean hydrate formation in different locations. The temperature 
increase and duration at measurement point T P3 were relatively 
long in every Case because T P3 was located in a water-containing 
zone, where the heat released from hydrate formation was con-
tacted to the measurement point. In contrast, in Case 2, the tem-
perature increase and duration at T P2 were significantly shorter. 
This was because T P2 in Case 2 was located in the zone with no 
pore water but was close to the pore water-containing zone, where 
heat transferred from hydrate formation led to the temperature 
increase.

3.2. Effects of hydrate layer thickness on seepage characteristics of 
hydrate-bearing porous media

The exploitation process of gas hydrate also involves significant 
pore water migration within hydrate-bearing sediment zones. 
However, in real marine sediments, hydrates exhibit a heteroge-
neous distribution (Li et al., 2025). Therefore, the effect of pore 
water flow on the reservoir with different hydrate distribution was 
investigated.

Fig. 6(a) demonstrates the pressure changes at the vessel inlet, 
while the outlet pressure remains constant at 6000 kPa. It was 
found that as pore water flowed through the hydrate-bearing 
zones, the inlet pressure increased. This was due to two primary 
reasons: one was that hydrate formation occupied pore space, and 
the effective pore radius was reduced. The capillary pressure (ΔP c ) 
between the pore water with hydrate increased, as shown in 
Young-Laplace equation: ΔP c = 2γ(1 =r 1 − 1 =r 2 ), where r 1 and r 2
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Table 2
Values of constants and AARE in each case.

Case r, min − 1 K AARE, %

1 0.160 0.051 3.1
2 0.029 0.099 8.7
3 0.058 0.211 8.0

G.-J. Zhao, J.-N. Zheng, M.-J. Yang et al. Petroleum Science 23 (2026) 2263–2274

2267



are the effective pore radius of small and large pores (Zhao et al., 
2023a), and the capillary pressure impeded pore water move-
ment and created a pressure difference. The other was that gas

hydrates are hydrophilic (Zhao et al., 2022a), which further hin-
dered water flow. In Case 1, a significant increase in inlet pressure 
occurred after 70 min, as the hydrate-bearing zone was located
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farther from the initial water flow position. In contrast, in Case 3, 
the pressure rise occurred immediately at the onset of flow, as 
hydrate were distributed throughout the entire sediment zone. 
However, after the initial pressure increase, a sudden decrease was 
observed, indicating a local breakthrough phenomenon. This 
occurred when the inlet pressure exceeded the capillary pressure 
exerted by the confined pore water, causing a rapid pressure drop. 
As water continued flowing, the pore space eventually becomes 
fully saturated, and excess water began to efflux from the vessel 
outlet. As shown in Fig. 6(b), when the water flowed out of the 
vessel, the efflux of outlet water became parallel to the influx of 
inlet water, indicating that the influx and efflux reached equilib-
rium. Thus, it can be assumed that the flow of water in a porous 
medium occurs in the form of an interface and is perpendicular to 
the flow direction. In addition, the sediment zone was considered 
to be in a water-saturation state, and the stable water flow pro-
vided the basis for permeability calculations.

Although hydrate formation in water-saturation zones 
occurred at a slow rate, some researchers even neglected (Zhao 
et al., 2017), pore water flowing into the sediment interacted 
with the pre-existing methane gas in the pore space, leading to 
hydrate formation during water flow process. Before the water 
flow, the sediment layer was divided into hydrate-bearing zone 
and hydrate-free zone. In Case 3, the hydrate was uniformly 
distributed along the vessel, and the point when the water efflux 
increased from zero was considered the time when the water flow 

interface reached the outlet. Based on this, the movement speed of 
the water interface in the hydrate-bearing zone was calculated to 
be 3.4 mm/min. Similarly, the interface movement speeds in the 
hydrate-free zones of Cases 1 and 2 can be calculated, the results 
were shown in Table 3. Based on this, the time when the interface 
arrived in different positions can be determined, while the time 
when the temperature increases was corresponding to the hydrate 
formation point, as shown in Fig. 7(a)–(c). By comparing these two 
points, it can be found that in the hydrate-free zone, hydrate for-
mation occurred after the water interface had passed, because the 
movement of the interface brought in pore water, which reacted 
with the residual gas in the pores to form hydrate. In contrast, in 
the hydrate-bearing zone, hydrate formation occurred before the 
interface passed, due to the presence of residual water in the 
hydrate-bearing zone, where water flow induced gas movement in 
the pores, increasing disturbances and promoting hydrate forma-
tion. In addition, the T P2 in Case 2 was located in the middle of the 
vessel but closer to the hydrate-free zone. However, the temper-
ature increase still occurred before the water interface passed. This 
was attributed to the exothermic reaction from the substantial 
hydrate formation near T P2 , with the resulting heat transfer lead-
ing to the observed temperature rise.

To calculate permeability, it is necessary to determine the hy-
drate distribution during the water injection process. During the 
water flow process, hydrate formation in the hydrate-bearing zone 
was considered reformation, while hydrate formation in the 
hydrate-free zone was considered first formation, as shown in 
Fig. 8(a). Assuming that the hydrate reformation and hydrate 
first formation was equally distributed in the hydrate-bearing zone

and the hydrate-free zone, respectively, the mean hydrate distri-
bution along the vessel length (235 mm) can be calculated by Eq. 
(7):

Δn H = L HB ⋅D HB + L HF ⋅D HF (7)

where L HB and L HF are the length of hydrate-bearing zone and 
hydrate-free zone, respectively, mm; D HB and D HF are the distri-
bution of hydrate reformation in hydrate-bearing zone and hy-
drate formation in hydrate-free zone, respectively, mol/mm. D HB 
can be obtained from Case 3. The hydrate reformation along the 
vessel in Cases 1, 2 was the same with Case 3. Based on this, D HF in 
Cases 1 and 2 can be calculated through Eq. (7). It should be 
emphasized that the error in this calculation mainly caused by the 
uneven distribution of hydrate, and the inhomogeneity of hydrate 
distribution is the error of Eq. (7). Thus, the hydrate distribution at 
different positions within each case after water flow can be ob-
tained, as shown in Fig. 8(b).

The hydrate saturation in hydrate reformation zone was higher 
than that in the zone of hydrate first formation. Thus, when 
calculating permeability using Eq. (3), the values of L in different 
cases were assigned as follows: L 1 = L/4 (1/4 of the vessel length) 
in Case 1, L 2 = L/2 in Case 2, and L 3 = L in Case 3. The resulting 
permeability values are shown in Fig. 8(c). It can be found that the 
permeability values were very similar in each Case. This was 
because the permeability was primarily determined by zones with 
high hydrate saturation (Gong et al., 2023a), and it also indirectly 
confirmed that the hydrate saturation in the hydrate reformation 
zones was very similar across all cases.

3.3. Blockage characteristics of saturated porous media with 
different hydrate thicknesses

Gas flow within hydrate-bearing sediment zone is a more 
prevalent phenomenon (Yin et al., 2018). This study investigated 
the changes of sediment layer state during gas flow based on the 
water-saturation hydrate-bearing sediment, and the gas flow rate 
was 6 mL/min. The most significant change was the reservoir 
pressure. As shown in Fig. 9(a)–(c), the inlet pressure of the 
reservoir reached a maximum of 12,500 kPa, indicating that 
hydrate-bearing reservoirs imposed a significant blockage. 
Compared to the water flow process, the gas flow process gener-
ated a more significantly larger pressure difference. As gas entered 
the sediment layer, part of it displaced pore water and occupied 
the pore space, while another portion reacted with water to form 

hydrates, and the remaining gas flowed out through the outlet. A 
comparison of methane and water efflux revealed that at the 
beginning of gas flow, the water efflux increased significantly, 
while the methane efflux remained at zero, which indicated that 
the process initially involves gas displacing pore water. By calcu-
lating the difference between the gas influx and efflux, the real-
time hydrate formation amount during gas flow can be deter-
mined. In Case 1, the gas flux remained stable even after the inlet 
pressure reached its peak, indicating that complete blockage 
occurred in the sediment layer. In contrast, in Cases 2 and 3,

Table 3
Results of water interface movement in different cases.

Case Interface migration duration, min Interface migration rate, mm/min

In hydrate-bearing zone In hydrate-free zone In hydrate-bearing zone In hydrate-free zone

3 68 0 / 3.45
2 34 38 3.09 3.45
1 17 57 3.09 3.45
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Fig. 7. Hydrate formation and temperature changes during water flow process.

Fig. 8. Schematic diagram of hydrate formation (a), mean hydrate distribution in different zones (b) and reservoir permeability (c) during water flow process.
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methane outflow increased significantly after the inlet pressure 
reached its maximum, while the inlet pressure itself has not 
dropped abruptly, this suggested that local breakthrough occurred 
within the sediment layer due to high-pressure gas overcoming 
the capillary sealing in certain pore channels (Zhao et al., 2025a). 

Fig. 10 demonstrates the temperature changes at different lo-
cations during gas flow process, where the point that the tem-
perature began to increase was corresponded to the onset of 
hydrate formation at each location. Similarly, the movement of the 
gas-water interface can be determined based on the water efflux in 
Fig. 9. The point when the water efflux stabilizes marked the point 
when the interface reached the vessel outlet, allowing the calcu-
lation of the interface movement rate and the time required for the 
interface to reach different positions. By comparing the time for 
the interface to reach different positions with the onset time of 
hydrate formation (as shown in Fig. 10), it was found that hydrate 
formation occurred after the interface arrived. This is because the 
area ahead of the interface was water-saturated, while the area 
behind the interface had been displaced, leading to gas-water 
contact and subsequent hydrate formation. In addition, the time 
difference between the interface arrival and hydrate formation at 
different positions represented the induction time for hydrate 
reformation during the flow process, which exhibited randomness. 
Hydrate formation occurred after the gas displaced water, leading 
to changes in the pore structure within the sediment layer. The 
pore water generated larger capillary forces in the narrower 
spaces, blocking the gas flow.

After gas-driven water displacement ended (water efflux sta-
bilized), the inlet pressure of the sediment layer increased signif-
icantly, indicating the existence of hydrate blockage. The end of 
displacement served as the onset signal of blockage. Once blockage 
occurred, the pressure increase was caused by the continuous gas 
inflow, and the mass of the blocked gas (m g ) can be calculated as 
Eq. (8):

m g = n g ⋅M CH 4 = ρ i ⋅(V i + V B ) (8)

where ρ i , V i are the initial density and volume in the pump of the 
CH 4 that is blocked by the hydrate blockage, respectively; V B is the 
volume of blocked CH 4 in the vessel, mL. As the gas was continu-
ously injected into the vessel, the V i was decreasing, the real-time 
volume blocked CH 4 in the pump was represented through V t . 
Thus, the relationship between V B and the real-time pressure of 
blocked CH 4 can be expressed by Eqs. (9) and (10):

ρ t = 
m g − n l ⋅M CH 4

V t + V B
(9)

P t = F(ρ t ; T) (10)

where n l represent the leaked CH 4 through the vessel outlet, mol. 
By substituting the reservoir pressure and temperature at the final 
moment of the pressure increase caused by blockage into Eq. (10), 
the value of V B can be calculated. Then, this calculated V B can be 
substituted back into Eqs. (9) and (10) to compute the pressure 
variations at different moments caused by the blockage. By 
comparing the calculated pressure values P t with the experimental 
data, the calculation error can be determined, as shown in Fig. 11. 

The error in Case 3 was relatively large because the V B 
increased due to the local breakthrough within the sediment after 
displacement. The formation of hydrate during gas flow changed 
the pore structure, leading to changes in V B , which was a key factor 
contributing to this error. Nevertheless, the calculation error 
remained below 8%, indicating that this method was suitable for 
predicting V B . The amount of hydrate in the sediment layer before 
gas flow has been determined. Assuming a uniform distribution of 
hydrate within the sediment layer, thus, the blockage location (X B ) 
can be calculated by Eq. (11):
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X B = 
V B

V P ⋅(1 − S H ) 
⋅L (11)

where S H is the average hydrate saturation before the gas flow 

process, %, the blockage interface in the vessel is demonstrated in 
Fig. 11. The calculation error was less than 8%, indicating that the

model has good predictive accuracy. Zhang et al. (2019) proposed a 
hydrate blockage calculation model by integrating the hydrate sta-
bility zone prediction model, the hydrate formation prediction 
model, and the hydrate deposition prediction model, which 
required comprehensive consideration of hydrate phase change, 
wellbore structure, gas-phase enthalpy variation, and temperature-
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pressure changes, involving a large number of parameters. In 
contrast, the model proposed in this study can directly infer spatial 
distribution characteristics and predict blockage locations based on 
pressure evolution data, requiring fewer parameters and offering 
greater convenience for engineering applications. The model in this 
study provides a theoretical basis for determining blockage posi-
tions during the hydrate exploitation and pipeline transportation 
process and offers a theoretical foundation for the accumulation of 
natural gas hydrate in marine environment.

4. Conclusions

This study systematically investigates the evolution of methane 
hydrate formation, water flow, and gas flow in sediments with 
varying water distributions. The key findings are as follows:

(1) The real-time hydrate formation rate was found to be 
inversely proportional to the amount of hydrate formed. A 
hydrate formation model for gas-saturated systems was 
developed, achieving a prediction error of less than 9%. 
However, as a fundamental model, it still requires further 
refinement. Future research should investigate the influence 
of key formation factors on the parameters r and K, aiming 
to derive their mathematical expressions and improve the 
model’s accuracy and applicability.

(2) Hydrate formation during the gas flow process occupied the 
pore space, which is the direct cause of the blockage effect in 
the sediment layer. Hydrate blockage occurred after gas 
displaces pore water, with observed pressure differences 
reaching up to 6500 kPa. This can potentially lead to local 
breakthrough phenomena and significant methane leakage. 
Increasing the number of production wells and imple-
menting pressure reduction strategies during hydrate 
exploitation may help mitigate hydrate reformation induced 
by gas flow.

(3) A blockage localization model with an error of less than 8% 
was proposed to address the issue of pore blockage during 
gas flow. By analyzing pressure evolution, the blockage po-
sition can be calculated, providing a simple and efficient 
method for locating blockages in sediments and pipelines 
during oil and gas production. For this model, further pore-
scale visualization validation and large-scale studies are still 
required to enhance its applicability.
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