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a b s t r a c t

The ultra-deep fractured low-porosity sandstone gas reservoirs in the Kuqa Depression of the Tarim 
Basin exhibit complex characteristics, including high temperature, high pressure, significant  in-situ 
stress, multi-scale fractures, and strong aquifer activity. The development of these reservoirs is chal
lenged by rapid water invasion, which causes severe production declines. Conventional experiments fail 
to adequately simulate the coupled flow between the in-situ matrix and fractures. This study developed 
a high-temperature, high-pressure large-scale physical simulation platform and a methodology for 
preparing large rock samples with complex fractures. Using this platform, we conducted single-phase 
and gas-water two-phase flow experiments under in-situ conditions. The key results indicate that 
during single-phase depletion, cumulative gas production rapidly reaches a quasi-steady state, con
firming  the hierarchical flow  and coupling from “large fracture” to “small fracture” to “matrix”. The 
matrix’s gas supply capacity diminishes with decreasing pressure, exacerbating the supply-production 
imbalance. Constant-volume bottom water experiments reveal that when fracture water saturation 
exceeds a critical threshold, the matrix gas supply abruptly declines due to “water-sealed gas”. 
Continuous fracture drainage and pressure reduction can partially alleviate this sealing and restore 
some gas supply, although recovery remains limited. Experiments under different management stra
tegies demonstrate that higher production rates and larger water-to-gas volume ratios lead to lower 
cumulative gas production before water sealing, higher abandonment pressures, greater challenges in 
post-sealing recovery, and consequently, lower ultimate recovery. These findings  provide critical in
sights for optimizing development strategies in ultra-deep fractured low-porosity sandstone gas 
reservoirs.
© 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

The development of ultra-deep tight sandstone gas reservoirs 
represents a formidable challenge within the global oil and gas 
sector. These reservoirs are typically marked by multi-scale 

fracture development, and their fluid dynamics in porous media 
are governed by matrix-fracture interactions. The presence of 
active water bodies frequently leads to significant  operational 
challenges, including a rapid decline in production following water 
breakthrough and highly unpredictable reservoir behavior. 
Consider the Kelasu gas field in the Kuqa depression of the Tarim 
Basin as an illustrative case. This field is among the few ultra-deep 
and ultra-high-pressure fractured low-porosity sandstone gas 
reservoirs in China. It has undergone numerous tectonic phases, 
resulting in a complex geological structure characterized by high 
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steepness at the surface and overthrust faults. The reservoir is 
buried at depths reaching up to 8,271 m, with an average depth of 
6,850 m, and exhibits low matrix porosity (4%–8%) and perme
ability (0.04–1 mD). It is typified by “three highs and two strong 
characteristics”: formation temperatures of 100–190 ◦C, reservoir 
pressures of 80–140 MPa, in-situ stresses of 100–180 MPa, pro
nounced heterogeneity in multi-scale fracture development, and 
the presence of active water bodies. On one hand, the presence of 
natural fractures significantly enhances the physical properties of 
ultra-low-permeability sandstone reservoirs, thus serving as the 
primary conduits for oil and gas migration, which underpins the 
high productivity of gas wells. On the other hand, the efficient 
transport of water through these fractures leads to rapid water 
encroachment at the well bottoms during production, precipi
tating a marked decline in output and adversely affecting the 
stability of gas well production. The tight matrix and fractures 
together form a multi-scale medium with a discontinuous distri
bution, where the permeability contrast may span 5–6 orders of 
magnitude. The flow mechanisms and patterns differ across these 
media, and their distribution laws critically influence the coupled 
flow between media, ultimately impacting production dynamics.

Dynamic monitoring results have revealed significant  dispar
ities in productivity between wells, rapid pressure responses, and 
non-uniform rates of water invasion. To address these issues, re
searchers have introduced a novel reservoir classification termed 
the “pore–fracture–fault” triple multi-scale media (Wei et al., 
2019). They employed discrete characterization methods to 
delineate the flow dynamics across various porous media within 
multi-scale fracture and fault systems. This preliminary investi
gation elucidated the dynamic behaviors of “coupling synergistic 
gas supply, water channeling-induced gas isolation, and sealing” in 
gas reservoirs under diverse fracture network development 
modes. This methodology has enhanced the prediction accuracy of 
gas-water transport and the distribution of residual gas within 
these reservoirs. Nevertheless, it has not yet satisfied the demands 
for fine-scale development. Further investigations into multi-scale 
flow  in porous media, through experiments and mechanism 
studies under in-situ high-temperature and high-pressure condi
tions, are essential to promote the efficient exploitation of ultra- 
deep gas reservoirs.

Extensive research has been conducted globally on matrix- 
fracture coupled flow  in porous media through physical simula
tion experiments. Predominantly, these studies have concentrated 
on pore-scale 2D microsimulations (Shoukry et al., 2023), 
Plexiglas-based physical simulations of fracture-vug reservoirs in 
carbonate formations (Zhao et al., 2020), NMR or CT-based plunger 
experiments (Tang et al., 2017), and physical simulations utilizing 
full-diameter cores or sand-filled tubes (Wang et al., 2017), as well 
as two-dimensional and three-dimensional physical simulations 
employing large-scale sand filling or rock plate fracture creation 
(Chen et al., 2024). Pore-scale two-dimensional microscopic 
models typically utilize materials such as silicon wafers, glass, or 
actual sandstone thin sections to visually demonstrate fluid  ex
change processes between the matrix and fractures at the pore 
level (Zhong et al., 2018; Ahmadi et al., 2019; Du et al., 2020). 
Nevertheless, the limited size of these models constraints the scale 
of fractures, making it challenging to accurately represent the 
spatial relationship between matrix and fracture reservoir spaces. 
The Plexiglas-based physical simulation technique for fracture- 
vug reservoirs primarily facilitates the simulation of such reser
voirs in carbonate rocks, where matrix pores are negligible (Wang 
et al., 2022, 2024; Sun et al., 2022; Li et al., 2012), rendering it 
unsuitable for fractured low-porosity sandstone gas reservoirs. 
The small diameter of core plunger samples results in a dispro
portionately high fluid penetration depth from fractures into the 
matrix, thereby yielding an experimentally measured waterflood 
sweep efficiency  that exceeds actual reservoir conditions. The 
physical simulation method using full-diameter cores or sand- 
filled  tubes, supported by advanced experimental apparatus, en
ables the construction of diverse flow  media combinations 
through naturally fractured cores (Liu et al., 2021; Fang et al., 
2019), artificially  fractured cores (Shen et al., 2014; Huang et al., 
2019), or multiple cores in a series-parallel configuration (Hu 
et al., 2022; Xu et al., 2020). This approach is currently the pre
dominant method for conducting high-temperature and high- 
pressure gas reservoir flow experiments (Yang et al., 2024). How
ever, limitations in core size impede the construction of intricate 
multi-scale fracture networks.

Additionally, conventional core experiments primarily capture 
end-face production data, failing to observe dynamic parameters 
such as internal pressure distributions. In contrast, two- 
dimensional and three-dimensional physical simulations, which 
utilize large-scale sand filling  or rock plate fracture creation, 
overcome the limitations inherent in indoor experiments like 
conventional plunger, full-diameter, and microscopic scanning. 
These indoor methods often struggle to characterize multi-scale 
fracture flow  accurately. The aforementioned simulations facili
tate a crucial transition from centimeter to meter scales, serving as 
an essential link between core-scale and reservoir-scale studies. 
They significantly  mitigate uncertainties related to scale-up in 
unified  modeling and numerical simulation, offering substantial 
advantages. Consequently, numerous scholars have pursued this 
methodological approach (Fang et al., 2016, 2024; Tong et al., 2015; 
Liu et al., 2023; Ge et al., 2018). The flexible design of fracture 
distributions is achievable through techniques such as sand filling 
or rock plate fracture creation, which have been widely applied in 
reservoir waterflood simulations. However, due to their large scale 
and the limitations of experimental apparatuses, these models are 
typically sealed with epoxy resin without external confining 
pressure support and are subjected to direct testing. Their pressure 
resistance generally remains below 1 MPa (Fang et al., 2016; Guo 
et al., 2011; Li et al., 2021; Zheng et al., 2017; Tong et al., 2015; 
Liu et al., 2013). Through ongoing enhancements to the experi
mental apparatus platform, the pressure in two-dimensional 
large-scale simulations has reached 70 MPa (Liu et al., 2023; Guo 

Nomenclature

g Acceleration of gravity, m/s2

Kf, Km Fracture, matrix permeability, μm2

L Characteristic length, m
pc Capillary force, Pa
Δp Displacement pressure, Pa
q Flow rate of production well, m3/s
rw Well diameter, m
t Production time, s
vf Flow velocity in the fracture, m/s
V Apparent volume of the model, m3

Vpf Fracture pore volume, m3

Vpm Matrix pore volume, m3

x, y, z Coordinates of any point in the study area, m
μg, μw Viscosity of gas and water, mPa⋅s
μ Average viscosity of fluid, mPa⋅s
ρg, ρw Density of gas and water, kg/m3

ρ Average density of fluid, kg/m3

ϕ Total porosity of the model
ϕm Matrix porosity
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et al., 2024), while the pressure in three-dimensional large-scale 
simulations remains within 20 MPa (Ge et al., 2018). These pres
sures are insufficient to simulate the production processes of ultra- 
deep, high-temperature, and high-pressure gas reservoirs with 
complex multi-scale fractures under in-situ conditions. This limi
tation restricts the study of flow  mechanisms in porous media 
within ultra-deep fractured low-porosity sandstone gas reservoirs.

This paper focuses on the ultra-deep fractured low-porosity 
sandstone gas reservoir in the Tarim Basin, using typical outcrop 
rock samples to establish a large-scale three-dimensional physical 
model. This model characterizes the integration of matrix pores 
and multi-scale fractures, with reference to the prevalent fracture 
development modes in gas reservoirs. Additionally, a comple
mentary high-temperature and high-pressure in-situ experi
mental platform has been developed to conduct simulation 
experiments on fractured water-bearing gas reservoirs. These ex
periments are designed to investigate the water intrusion mech
anism in such reservoirs, identify influencing factors, and analyze 
recovery efficiency  characteristics under various development 
strategies. The findings provide a theoretical basis to inform the 
formulation of sound technical development policies for fractured 
low-porosity sandstone gas reservoirs.

2. Experimental methods

The significant permeability contrast between the matrix and 
the multi-scale fractures/faults in fractured, low-porosity sand
stone gas reservoirs engenders complex flow behaviors of gas and 
water. This presents a quintessential multi-scale flow  problem. 
The reservoir comprises multi-scale media including micro/nano- 
scale pores, micro-fractures, faults, and complex networks of 
natural and artificial  fractures, which are distributed discontinu
ously. A critical aspect of understanding the flow  mechanisms 
within such multi-scale media is the construction of multi-scale 
fractures.

2.1. Similarity principle

Marked differences in scale and the physical properties of 
fluids exist between conditions in fractured, low-porosity sand
stone gas reservoirs under natural reservoir conditions and those 
recreated in laboratory settings. To accurately simulate the flow 
of reservoir fluids under experimental conditions, it is imperative 
to maintain fixed ratios of corresponding physical quantities 
across the two flow fields. Consequently, this study employs the 
similarity principle to guide both the construction of the exper
imental model and the selection of test fluids.  This approach 
integrates the analysis of governing equations and dimensional 
analysis, from which a set of similarity criteria has been estab
lished. Following simplification,  13 similarity criteria were 
derived to inform the design of experimental parameters, as 
detailed in Table 1.

The actual gas reservoir simulated in this study is charac
terized as an edge-water gas reservoir with near-bottom water, 
originally at a formation pressure of 106 MPa. During deple
tion production, as pressure decreases to approximately 
70 MPa, wells positioned at lower perforated intervals along 
the reservoir margin begin to experience water breakthrough. 
At this juncture, the state of the water within the reservoir 
transitions to bottom water. Consequently, the model employs 
the state of the reservoir at 70 MPa as the initial state for the 
simulation. A local rectangular domain, situated between the 
bottom of the well and the bottom water, is selected to 
investigate the process of water intrusion from the bottom 
upwards into the gas reservoir. The specific parameters of both 

the prototype gas reservoir and the physical model are pre
sented in Table 2.

2.2. Multi-scale fracture modelling design and fabrication

The designated gas reservoir exhibits well-developed fractures, 
encompassing faults and other fracture types with apertures 
reaching up to the millimeter scale, as well as finer  fractures 
possessing apertures on the micrometer scale. The predominant 
orientation of these fractures is a dip angle ranging from 60◦ to 
85◦. To effectively simulate the dissecting impact of this medium- 
to-high angled fracture network on the matrix blocks, and given 
the challenges associated with cutting rock samples, the fracture 
network depicted in Fig. 1(a) is strategically comprised of both 
horizontal and vertical fractures. This configuration includes two 
horizontal fractures and diagonal vertical fractures, classified  as 
large-scale fractures with an aperture of 1 mm, and cross vertical 
fractures aligned parallel to the model's edges, classified as small- 
scale fractures with an aperture of 0.1 mm. The production well is 
strategically located at the upper corner of the model, intersecting 
a large-scale fracture. Four pressure gauging points have been 
installed at the centers of four matrix blocks within the upper and 
lower sections of the model, positioned at varying proximities 
from the production well. The model also integrates a bottom 
water inlet, manifested as a small-scale fracture at the base of the 
model, Fig. 1(a).

The model preparation process, as illustrated in Fig. 1(b), begins 
with the cutting of natural rock samples utilizing wire-cutting 
equipment designed for precision (achieving an accuracy of 
±0.01 mm to ensure the flatness  of the fracture surfaces). 
Following this, the three-dimensional large-scale fractured rock 
samples are manually assembled. For matrix blocks that are 
equipped with pressure measurement points, holes are drilled to 
extend into the center of each block. A 3 mm pressure tubing is 
subsequently inserted into these holes, and epoxy resin is used to 
seal the annulus between the tubing and the block, with the 
exception of the tubing ports. Additionally, for both the production 
wells and the bottom water inlets, a shallow slot is directly 
machined on the fracture surface to house the 3 mm tubing. After 
routing the model’s pressure and fluid injection-production tubing 
to a single side, the assembly is placed into a mold and encapsu
lated with high-temperature-high-pressure epoxy resin. Upon 
curing, the mold is removed to reveal the finalized  model. This 
method offers several advantages over traditional multi-scale 
fracture model fabrication techniques, including improved resis
tance to high temperatures and pressures, enhanced similitude to 
actual gas reservoir conditions, and the ability to control multi- 
scale fracture apertures precisely.

The large-scale fractures are fortified  with ceramic proppant 
(0.85 ± 0.02 mm), as depicted in Fig. 1(c). The ceramic proppant is 
initially spread upon a viscous porous film  to create an easily 
manageable proppant sheet, which is subsequently positioned 
within the large-scale fractures according to predetermined 
placements during the assembly process.

2.3. Experimental apparatus

In this study, we constructed an experimental setup tailored to 
the requirements of large-scale physical modeling under high- 
temperature and high-pressure conditions, as depicted in Fig. 2. 
The setup comprises three main components: a high-temperature 
and high-pressure injection system for large-scale rock samples, a 
high-temperature and high-pressure experimental chamber, and a 
data collection system. The injection system consists of an 
advection pump, an intermediate vessel, and a large-capacity 
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bottom water reservoir. The high-temperature and high-pressure 
experimental chamber, illustrated in Fig. 3, includes a pressure- 
resistant shell, a confining  pressure chamber, and an array of 
sealing mechanisms. Additionally, the chamber is equipped with 
capabilities for mechanical loading in the X- and Z-directions. 
However, the current study does not explore the effects of stress; 
therefore, these loading functions are not activated during the 
experiments. Upon placement of the model within the confining 
pressure chamber, it is entirely filled  with a confining  pressure 
fluid. This setup not only ensures a uniform pressure distribution 
around the exterior of the model but also utilizes the fluid  as a 
heating medium to precisely control the model's temperature via 
cyclic heating. The collection system features a dynamic tracking 
pressure relief valve, a gas-liquid separation device, and a 
comprehensive data acquisition system. Through meticulous 
sealing procedures, the experiment maintains a maximum injec
tion pressure of 80 MPa. For safety, the experimental design in
corporates a maximum allowable pressure of 70 MPa.

2.4. Experimental content

Experiments focusing on single-phase gas depletion produc
tion were conducted alongside physical experiments investigating 
water invasion under conditions of fixed-volume water body 
depletion production, varying gas production rates, and differing 
water body multiples. The comprehensive experimental plan is 
delineated in Table 3, and the experimental procedures are as 
follows:

① The confining pressure chamber of the experimental appa
ratus was removed from the pressure hull, and the model 
was positioned within the confining  pressure chamber. 

Following the connection of the experimental pipelines, the 
confining  pressure chamber was reinserted into the pres
sure hull, and the confining pressure fluid loading apparatus 
was activated. Once the confining pressure fluid had filled 
the chamber, the exhaust port was sealed. An initial 
confining pressure of 5 MPa was applied; subsequently, the 
confining pressure fluid was circulated and heated to reach 
the desired experimental temperature.

② Both the model’s bottom water inlet and the production well 
outlet were simultaneously evacuated. Subsequently, the 
bottom water inlet and the outlet of the production well 
were connected to the upper part of the piston of the gas 
injection intermediate vessel, which had a volume of 5 L and 
was pressurized to 2 MPa (at this juncture, the piston of the 
gas injection intermediate vessel was at its lowest position, 
and the bottom valve was sealed). This configuration was 
maintained until the pressures at the four pressure mea
surement points within the rock sample matrix and the 
pressure in the gas injection intermediate vessel stabilized 
and aligned.

③ The valve between the gas injection intermediate vessel and 
the model was sealed. The pressure boosting system was 
then connected and pressurized to 7 MPa, and the confining 
pressure was raised to 10 MPa. Upon reopening the valve 
between the gas injection intermediate vessel and the 
model, the pressures at the four pressure measurement 
points in the rock sample matrix and in the gas injection 
intermediate vessel were allowed to stabilize and align. 
Subsequently, the confining pressure and the pressure in the 
gas injection intermediate vessel were incrementally 
increased in 5 MPa steps during the gas injection into the 
model. This process continued until the pore pressure 

Table 1 
Main similarity criteria and their physical significance.

Similar condition Similarity criterion Physical significance

Geometric similarity π1 = x=L Dimensionless x-direction spatial position
π2 = y=L Dimensionless y-direction spatial position
π3 = z=L Dimensionless z-direction spatial position
π4 = rw=L Ratio of wellbore radius to characteristic length

Dynamic similarity π5 = μg=μw Viscosity ratio

π6 = ρg=ρw Density ratio

π7 = ρgL=Δp Ratio of gravity to displacement pressure
π8 = pc=Δp Ratio of capillary force to displacement pressure

Kinematic similarity π9 = Vpf=Vpm Ratio of fracture to matrix pore volume

π10 = ϕm Matrix porosity
π11 = Kf=Km Ratio of fracture to matrix permeability
π12 = ρvf L=μ Ratio of inertial force to viscous force
π13 = qt=(Vϕ) Dimensionless time

Table 2 
Main physical parameters.

Parameter type Gas reservoir prototype Physical model Scale factor

Fluid medium Formation water, natural gas Pure water, nitrogen –
Lx, Ly, Lz 100 m, 100 m, 100 m 26 cm/26 cm/26 cm 384.6
Pressure 77 MPa 70 MPa 1
Gas-water viscosity ratio 0.031 mPa s/0.3 mPa s 0.04 mPa s/0.41 mPa s 1.06
Gas-water density ratio 371 kg/m3/1079 kg/m3 443.6 kg/m3/1006 kg/m3 0.78
Temperature 152 ◦C 70 ◦C 2.17
Caliper 0.12 m 0.5 cm 24
Small scale fracture opening 0.1 mm 0.1 mm 1
Large-scale fracture (fault) opening 1 mm 1 mm 1
Matrix permeability 0.4 mD 0.4 mD 1
Matrix porosity 0.05 0.055 0.91
Production time 5 a 400 min 6570
Flow rate 50 × 104 m3/d 600 mL/min 578704
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neared 60 MPa, at which point the lower part of the piston in 
the gas injection intermediate vessel was directly connected 
to the two-stage pressurization displacement pump. Water 
was then injected into the lower part of the piston to 
drive the gas from the gas injection intermediate vessel 
into the model, continuing until the pressures at all four 
pressure measurement points in the rock sample 
matrix reached 70 MPa, at which point saturation was 
terminated.

④ During the single-phase gas depletion production experi
ment, the inlet valve connected to the bottom water was 
sealed. In contrast, for the fixed-volume water body deple
tion experiment, the bottom water inlet pipeline was linked 

to a fixed-volume water body maintained at 70 MPa. 
Concurrently, the production well's outlet pipeline was 
connected to a computer-controlled tracking back-pressure 
valve. The pressure exerted by the back-pressure valve was 
incrementally reduced at a predetermined rate. Measure
ments were taken of both gas and water yields at the outlet, 
as well as the pressures at the various monitoring points 
located at the bottom water’s end, the outlet, and within the 
experimental model itself. This experiment was concluded 
once the pressure at the outlet reached atmospheric levels.

⑤ The confining pressure was relieved, the fluid maintaining 
this pressure was evacuated, and the rock sample was 
replaced for the repetition of the aforementioned steps.

(d) Physical drawing of model preparation

Rock splicing Model encapsulation Finished model

(c) Support fracture implementation method

Proppant Tack film Proppant sheet

(a) Model design

Aperture 1 mm

Aperture 0.1 mm

P3
P4

P1
P2

Upper pressure
point

z = 19.5 cm

Lower pressure
point

z = 6.5 cm

xy
z

Production well
z = 23 cm

Bottom water
injection point

z = 3 cm

(b) Model fabrication process

Model encapsulationRock cutting Rock splicing

26 cm
30 cm

Fig. 1. Preparation of multi-scale fracture rock sample.
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3. Experimental results

3.1. Results of single-phase gas depletion production

The production rates of wells during depletion and the corre
sponding pressure characteristics of the model are depicted in 
Fig. 4. Initially, gas from large fractures is produced first,  fol
lowed by gas supply from the surrounding matrix of these frac
tures. Over time, smaller fractures and the entire matrix begin to 

contribute to the gas production. As the reserves being mobilized 
increase, the slope of the cumulative gas production curve 
steepens, reaching a pseudo-steady state rapidly. In this phase, the 
cumulative gas production curve increases linearly until nearing 
depletion, at which point the production rate declines due to a 
diminishing gas supply.

Both Fig. 4(a) and (b) demonstrate that the pressures in the 
matrix and fractures decrease almost synchronously in the early 
stages of the pressure drop, but they begin to diverge as the pro
cess progresses. This divergence is attributed to the combined 
effects of gas compression characteristics and the delayed gas 
supply from the matrix. The higher the gas pressure, the smaller 
the volume of gas expansion per unit of pressure drop. As the gas 
pressure decreases, the volume of gas expansion per unit of 
pressure drop increases, as illustrated in Fig. 5. Initially, when the 
pressure is high, the matrix only needs to release a small amount 
of high-pressure gas into the fractures to synchronize the pressure 
decline with that in the fractures. In the middle and late stages of 
production, as the pressure decreases, the volume of gas (at for
mation conditions) that needs to be released from the matrix for a 
unit pressure drop increases significantly. If the gas flow  rate, 
driven by the pressure difference between the matrix and the 
fractures, is insufficient to release enough gas in a timely manner, 
it results in a lag in the matrix gas supply. Consequently, the 
pressure decline in the matrix slows down and diverges from that 
of the fracture pressure drop.

Gas
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Back pressure
valve

N2

Intermediate
container

Pressure
regulator

Secondary
supercharger

Gas
recovery
vessel

Electronic
balance

Data acquisition

Gas-liquid
separation
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cooling unit
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fluid
loading
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Fluid
collection

Axial
stress

loading
device

0.00 g

MODEL AST10-MMN
RANGE N2 1SLM

Gas flow
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Fig. 2. Large scale physical simulation experiment flow chart.

Sealing ring

Interface plane

Confining pressure
chamber

Pressure hull

Fig. 3. High temperature and high pressure experimental chamber.
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The observed phenomenon of pressure drop separation be
tween the matrix and fractures indicates that the material ex
change capacity between these two is limited. As the gas reservoir 
pressure declines, the standard condition volume of gas that can 
be discharged from the matrix into the fractures for the same 
formation volume significantly  decreases. Therefore, from the 
perspective of surface production capacity, the matrix gas supply 
capability will substantially decline in the middle and late pro
duction stages. If production allocation is not adjusted during 

actual production, it could exacerbate the imbalance between 
supply and production, leading to a depletion of the fracture 
pressure and consequently causing abnormally intense water 
channeling.

The comparison of Fig. 4(a) and (b) reveals differences in matrix 
pressure between the upper and lower parts of the model, pri
marily due to temporal and spatial variations in flow. The pro
duction well is situated in the upper part of the model. Here, the 
pressure drop first  affects the upper fracture system, causing a 
rapid decline in pressure in the upper fractures that then propa
gates downward through the fracture network. Due to its prox
imity to the production well, the upper matrix is directly exposed 
to the rapidly declining fracture pressure, prompting earlier gas 
flow from the matrix. Conversely, the pressure decline in the lower 
fractures lags behind. Coupled with the gas supply from the 
middle and upper matrix, this results in higher pressure in the 
lower fractures compared to those near the production well and a 
slower decline in matrix pressure. The faster the gas production 
rate, the greater the pressure gradient across the fractures, leading 
to a larger pressure difference between the upper and lower ma
trix blocks. Consequently, a higher proportion of gas production 
originates from the upper matrix blocks, leading to lower cumu
lative gas production. This phenomenon suggests that, even in the 
absence of water invasion, the remaining gas in actual gas reser
voirs is predominantly located in the lower parts of the reservoir.

Moreover, the cumulative gas production curve depicted in 
Fig. 4 exhibits approximately linear growth before reaching 

Table 3 
Table of experimental programme.

Serial 
number

Experimental content

1 Initially, the model is saturated with single-phase gas at 70 MPa. Subsequently, the inlet is sealed and the production well is operated at a depletion rate of 
10 MPa/h.

2 Initially, the model is saturated with single-phase gas at 70 MPa. Subsequently, the inlet is sealed and the production well is operated at a depletion rate of 
15 MPa/h.

3 Initially, the model is saturated with single-phase gas at 70 MPa. The inlet is then connected to a 10 L constant-volume reservoir of bottom water, and the 
production well is operated at a depletion rate of 10 MPa/h.

4 Initially, the model is saturated with single-phase gas at 70 MPa. The inlet is then connected to a 10 L constant-volume reservoir of bottom water, and the 
production well is operated at a depletion rate of 15 MPa/h.

5 Initially, the model is saturated with single-phase gas at 70 MPa. The inlet is then connected to a 20 L constant-volume reservoir of bottom water, and the 
production well is operated at a depletion rate of 10 MPa/h.
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depletion, indicating that the gas production rate remains 
balanced during the uniform pressure drop at the production well. 
This observation supports the conclusion that the fractures within 
the model do not undergo closure under the experimental 
pressure.

3.2. Results of the fixed-volume bottom water depletion production

When analyzing a fixed-volume bottom water of 10 L (which is 
8.7 times the reservoir volume), the production well operates with a 
pressure drop rate of 10 MPa/h. The characteristics of production, 
such as rate and model pressure, are depicted in Fig. 6. Fig. 6 illus
trates that the production profile under the influence  of bottom 
water exhibits distinct phases. These include the large fractures and 
surrounding matrix gas supply stage, the stable gas supply stage 
from both large and small fractures along with the matrix, the matrix 
water sealing stage, and the matrix water sealing recovery stage.

During the initial stage involving large fractures and the sur
rounding matrix, the reserves within the large fractures are the 
first  to be mobilized, followed by a gradual gas supply from the 
matrix near these large fractures. As the pressure decreases to a 
critical threshold, the small fractures become active, transitioning 
the system into a stage where both large and small fractures, along 
with the matrix, stably supply gas. The slope of the cumulative gas 
production curve at this stage shows an increase compared to the 
previous stage.

As the overall pressure within the model decreases, the fixed- 
volume bottom water expands due to elastic energy. The volume 
of water expansion, calculated from the measured bottom water 

pressure and water compressibility coefficient  (determined by 
directly depressurizing the water body and draining it into a 
measuring cylinder), is illustrated in the water expansion volume 
curve in Fig. 6(c). The water volume within the model represents 
the difference between the water expansion volume and the cu
mulative volume of water produced at the outlet. Initially, during 
the stage of gas supply from the large fractures and surrounding 
matrix, the pressure drop does not extend to the bottom water. 
However, when the small fractures become mobilized, the pres
sure drop reaches the bottom water, causing it to intrude into the 
fractures. This intrusion results in a noticeable step at the transi
tion between Stage I and Stage II in the cumulative gas production 
curve, Fig. 6(c).

As the pressure declines, the bottom water continues to expand 
and the volume of water entering the model fractures gradually 
increases. When the water volume in the fractures reaches a 
certain threshold, the gas production rate sharply declines, causing 
the cumulative gas production curve to flatten.  The fracture 
pressure continues to drop while the matrix pressure stabilizes, 
coinciding with water breakthrough in the production well (Stage 
III). This phenomenon occurs because once the fractures are 
flooded, the water from the fractures invades the matrix under the 
influence  of capillary forces. This results in the formation of a 
resistance layer saturated with gas and water in the outer layer of 
the matrix near the fractures. This layer impedes the flow of gas 
from the matrix into the fractures, a process known as water 
sealing.

During the water sealing stage, the gas within the matrix is 
unable to penetrate the resistance layer to reach the fractures, 
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causing the matrix pressure to remain stable. Meanwhile, the 
fracture pressure continues to drop due to the ongoing pressure 
decline in the production well. When the pressure differential 
between the matrix and the fractures reaches a specific threshold, 
the matrix pressure begins to decrease, signifying that gas supply 
from the matrix has resumed. We define this pressure threshold as 
the water sealing recovery pressure difference, which is depicted 
in Fig. 6 as 13 MPa.

Following the water sealing recovery in the matrix, gas supply 
is reestablished, marking the onset of Stage IV. In this stage, cu
mulative gas production starts to rise slowly. Concurrently, the 
rate at which bottom water is produced significantly  increases 
compared to that in Stage III. However, due to the exceedingly high 
gas-water ratio during this stage, it may not present significant 
economic value for actual gas reservoir production.

3.3. Results of fixed-volume bottom water depletion production 
under different production methods

Experimental results for various gas production rates under a 
consistent water body multiple are presented in Fig. 7. These re
sults show that an increased gas production rate leads to a quicker 
decline in both matrix and fracture pressures, higher matrix 
pressure at the onset of water sealing, and lower recovery effi
ciency upon water sealing. The primary cause of these outcomes is 
that a higher gas production rate widens the gap between gas 
supply from the matrix and gas extraction from fractures. This gap 
is compensated only by the elastic energy stored in the fracture 
reserves and the displacement effect caused by bottom water 
invading the fractures. Consequently, a faster gas production rate 
results in a greater volume of bottom water invasion per unit of 
pressure drop, which in turn leads to higher matrix pressure when 
complete water flooding in fractures results in water sealing.

Furthermore, Fig. 7 also reveals that a higher gas production 
rate increases the difficulty of recovering the matrix after water 
sealing. Therefore, in actual gas reservoir management, it is crucial 
to maintain a reasonable gas production rate to prevent premature 
water sealing of the reservoir, as this would significantly compli
cate enhanced gas recovery efforts.

Experimental results comparing the same gas production rate 
across different water body multiples are depicted in Fig. 8. These 
results demonstrate that a larger water body multiple results in 

higher matrix pressure at water sealing, lower recovery efficiency 
at water sealing, and increased difficulty  in post-water-sealing 
matrix recovery. This trend is similar to the one observed with 
varying gas production rates. A larger water body multiple leads to 
greater bottom water invasion per unit pressure drop, accelerating 
water flooding  and resulting in higher matrix pressure when 
complete water flooding in fractures triggers water sealing. Thus, 
in actual gas reservoir operations, managing a smaller gas pro
duction rate becomes essential with larger water body multiples 
to avoid premature water sealing of the reservoir.

4. Conclusion

(1) This study has innovatively established a method for pre
paring multi-level complex fracture flow  media and has 
constructed a three-dimensional model that characterizes 
the combination of matrix pores and multi-scale fractures in 
ultra-deep fractured low-porosity sandstone gas reservoirs 
of the Tarim Basin. This model enables accurate character
ization of large-scale and complex fractures.

(2) The independently developed large-scale high-temperature 
and high-pressure physical simulation experimental 
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platform, which can withstand pressures up to 80 MPa, has 
facilitated laboratory simulations of gas-water two-phase 
coupled flow processes in the matrix and multi-scale frac
tures under the in-situ conditions of ultra-deep gas 
reservoirs.

(3) Utilizing the three-dimensional large-scale physical 
simulation experimental platform and flow  testing 
methods, we conducted depletion production simulations 
of fractured low-porosity sandstone gas reservoirs. The 
results indicate that during single-phase gas depletion 
production, gas initially emerges from large fractures, fol
lowed by gas from the adjacent matrix, and then gradually 
from smaller fractures and the entire matrix. The cumu
lative gas production curve's slope increases steadily and 
reaches a pseudo-steady state quickly. The experiments 
have confirmed the hierarchical mobilization and coupled 
superposition flow characteristics of “large fractures–small 
fractures–matrix” during production. Additionally, the 
observed phenomenon of pressure drop separation be
tween the matrix and fractures in later production stages 
signifies a significant decline in matrix gas supply capacity. 
If production allocation remains unadjusted in actual op
erations, it can exacerbate the supply-production imbal
ance, leading to a depletion of fracture pressure and 
intense water channeling.

(4) The simulation results for the depletion production of fixed- 
volume bottom water gas reservoirs demonstrate that when 
water saturation in fractures exceeds a critical threshold, 
there is a sudden decline in matrix gas supply due to the 
“water-sealed gas” phenomenon. Although continuous 
drainage and pressure reduction in fractures can partially 
alleviate water sealing and restore matrix gas supply, the 
enhancement in recovery is limited. Experiments under 
various production strategies show that higher gas pro
duction rates and larger water-to-gas volume ratios result in 
lower cumulative gas production before water 
sealing, higher abandonment pressure, greater difficulty in 
post-water-sealing recovery, and subsequently lower 
recovery.

(5) This study did not account for the effect of fracture closure 
due to increased effective stress following pore pressure 
depletion, which represents a limitation. Future work will 
aim to integrate stress-sensitive fracture models into the 
experimental setup.
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