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Abstract: The exploitation of ultradeep, fractured, and low-porosity gas reservoirs often encounters
challenges from water invasion, exacerbated by the presence of faults and fractures. This is particu-
larly evident in the Kelasu gas reservoir group, located in the Kuqa Depression of the Tarim Basin.
The complexity of the water invasion patterns in these reservoirs demands a thorough investigation
to devise effective water control measures. To elucidate the water invasion patterns, a combined
approach of large-scale physical modeling and discrete fracture numerical simulations was adopted.
These models allowed for the identification and categorization of water invasion behaviors in various
gas reservoirs. Furthermore, production dynamic analysis was utilized to tailor water control strate-
gies to specific invasion patterns. The large-scale physical simulation experiment revealed that water
invasion in gas reservoirs is primarily influenced by high-permeability channels (faults + fractures),
and that the gas production rate serves as the key factor governing gas reservoir development. The
range of gas extraction rates spans from 3% to 5%. As the gas extraction rate increases, the extraction
intensity diminishes and the stable production duration shortens. On the basis of the changes in
the water breakthrough time and water production rate, a 2% gas extraction rate is determined
as the optimal rate for the model. The embedded discrete fracture numerical simulation model
further supports the findings of the physical simulation experiments and demonstrates that 1© this
type of gas reservoir exhibits typical nonuniform water invasion patterns, controlled by structural
location, faults, and degree of crack development; 2© the water invasion patterns of gas reservoirs
can be categorized into three types, these being explosive water flooding and channeling along faults,
uniform intrusion along fractures, and combined intrusion along faults and fractures; 3© drawing
from the characteristics of water invasion in various gas reservoirs, combined with production well
dynamics and structural location, a five-character water control strategy of “prevention, control,
drainage, adjustment, and plugging” is formulated, with the implementation of differentiated, one-
well, one-policy governance. The study concludes that a proactive approach, prioritizing prevention,
is crucial for managing water-free gas reservoirs. For water-bearing reservoirs, a combination of
three-dimensional water plugging and drainage strategies is recommended. These insights have sig-
nificant implications for extending the productive lifespan of gas reservoirs, enhancing recovery rates,
and contributing to the economic and efficient development of ultradeep, fractured, and low-porosity
gas reservoirs.

Keywords: Kuqa Depression; fractured, low-porosity gas reservoirs; large physical simulation;
embedded discrete fracture numerical simulation; gas production rate
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1. Introduction

In recent years, the demand for oil and gas energy has increased, the exploration and
development of oil and gas in middle and shallow layers have become increasingly mature,
and new explorations and discoveries in middle and shallow layers have become more
and more difficult to make. Deep and ultradeep fields have gradually become the foci
and hotspots of oil and gas exploration and development [1–5]. The ultradeep, fractured,
and tight gas fields in the Kuqa Depression of Tarim Basin are the main bodies of natural
gas production in Tarim Basin during the “14th Five-Year Plan period” in China. This
type of gas field has large reserves, developed edge and bottom waters, deep burials, high
temperatures, high pressures, and fractures that develop differently [6,7]. Since the major
development of the ultradeep gas reservoirs in the Kuqa Depression in 2008, many large gas
fields, such as Keshen 2, Dabei, Keshen 5, Keshen 8, and Keshen 9, have been discovered
and established successively. At present, 29 gas reservoirs have been put into development
and trial production. The total proven natural gas geological reserves submitted are more
than 1 × 1012 m3, and the natural gas production capacity is 100 × 108 m3, and they have
become the main gas sources of the “West–East Gas Transmission Project (Project of Natural
Gas Transmission from West to East China)”. The main gas-bearing strata of the gas field
group are the Cretaceous Bashijiqike Formation, with a buried depth of more than 6500 m,
belonging to the category of ultradeep reservoirs [8–10]. Taking the Keshen gas reservoirs as
examples, both are fractured, low-porosity sandstone gas reservoirs, and their production
dynamics are very different. Under conditions of the same recovery degree, there are
two cases of comprehensive flooding and good production. In essence, the geological
characteristics and fracture modes of the two gas reservoirs are quite different [11,12].

In order to put forward effective control measures and means, on the basis of studying
the geological characteristics of the gas reservoirs, combined with gas reservoir produc-
tion performance, using embedded discrete fracture model numerical simulation (EDFM),
among other means, a water invasion model of ultradeep, fractured, and tight gas reser-
voirs is established, considering the two factors of the fault and fracture development
degrees [13,14]. It is applied to the Keshen gas reservoirs in the Kuqa Depression to study
the phase mechanism. The EDFM and actual gas reservoir production performance are
used to verify the effectiveness of the water invasion model [14–17]. Water invasion control
measures for this kind of gas reservoir are put forward to improve the overall recovery
rate of gas reservoirs. In 2018, Sun Xiongwei et al. established development technology
countermeasures for single-well-controlled production pressure differences, with the early
use of natural energy drainage and the later use of water production, according to an
understanding of the development law of the Kelasu gas field [18].

In 2019, Wu Yongping et al. analyzed the general characteristics of water invasion
in the Kela 2 gas field, determined the direction of the incoming water, predicted the
water invasion mode of unseen wells, and put forward development countermeasures for
waterproof water control [19]. In 2014, Dai Yong et al. conducted a water control test on
the gas reservoir in the Dixi 18 well area with the most intensive water production and
achieved good results [20]. In 2019, Zeng Li et al. focused on an analysis of the effect of
water invasion control, optimized the control countermeasures, and scientifically guided
the drainage and gas recovery measures [21]. In 2019, Jiang Tongwen et al. studied the
gas–water relationship and the water invasion law of gas reservoirs. The development
countermeasures of “high-level well drilling, moderate production increase and early
drainage” were formulated [22]. Liu Huaxun et al. used experimental and numerical
simulation methods to provide specific countermeasures for the rational and effective
development of edge and bottom water gas reservoirs [23]. Xu Xuan et al. studied fractured,
water-bearing, and low-permeability gas reservoirs and proposed multiwell coordinated
drainage gas recovery and water control. The development methods were “layering,
zoning, and classification” [24,25]. Lv Zhikai et al. analyzed the connectivity of reservoirs
and pointed out optimization countermeasures for the well pattern and production system
of gas wells [26]. Li Guoxin et al. analyzed in depth the factors affecting the recovery
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of tight gas reservoirs and established a development countermeasure system to match
the characteristics of the gas reservoirs in the area, improving the recovery of tight gas
reservoirs [27–30]. Fan H C et al. pointed out that, in the case of water invasion in fractured
gas reservoirs, natural gas primarily exists in the forms of bypass sealing gas, barrier sealing
gas, and water-blocking sealing gas [31]. Hu Y et al. elucidated the main reasons for the
significant decrease in gas recovery after water invasion in fractured gas reservoirs. During
the process of fracture water invasion, edge and bottom water will rapidly advance along
the fracture, and simultaneously, the reservoir matrix will adsorb water. After matrix water
absorption, the gas-phase permeability resistance of the reservoir matrix increases, leading
to a reduction in gas recovery [32]. Feng X et al. indicated that the development of fractures
accelerates the manifestation of water invasion in gas reservoirs. The water invasion
pattern corresponding to the development of microfractures is significantly different from
the water breakthrough in the presence of large fractures or the development of a network
of small fractures [33]. Zhou M et al. summarized various physical simulation methods
for simulating water invasion in fractured gas reservoirs and compiled an overview of
various water control methods [34]. Hu Y et al. found that when there is a highly permeable
channel between layers and that the water-blocking phenomenon is more severe in low-
permeability layers and in peripheral reservoirs far from gas wells [35]. Tan Xiaohua et al.
believed that for fractured gas reservoirs, with a high degree of reservoir heterogeneity,
water invasion easily leads to water-blocking gas. Conversely, for gas reservoirs with
relatively uniform reservoir properties, water invasion has a greater replenishing effect on
reservoir energy than the weakening effect of water-blocking gas on reservoir energy [36].
Gao Shusheng et al. pointed out that bottom water invasion is greatly influenced by
reservoir permeability. When the permeability is around 0.1 mD or lower, bottom water
has little effect on the recovery factor. Conversely, the higher the permeability, the faster the
bottom water invasion, and the lower the recovery factor [37]. Liu Qunming et al. pointed
out that the development pattern of fractures determines the water invasion rate, gas–water
distribution, and recovery factor [38].

Although many scholars at home and abroad have conducted a lot of research on
the development of fractured low-porosity gas reservoirs, there are still however many
development problems that have not been solved for the ultradeep, fractured, and low-
porosity gas reservoirs in the Tarim Basin, which are mainly reflected in the following facts:
(1) There is a certain change in geological understanding, a certain deviation in the reserve
base, a large difference between the actual pressure drop rate and the prediction, and a
large difference between the gas reservoir development rate and the prediction. (2) The
water breakthrough time of the gas reservoir is much earlier than that of the scheme, and
the productivity of gas well decreases greatly after water breakthrough. The key scientific
problems causing this development problem are as follows: (1) The seepage mechanism of
the “pore–fracture–fault” triple medium in fractured low-porosity sandstone gas reservoirs
is not clear. (2) At present, the understanding of water invasion mechanism of gas reservoir
is not clear, and the potential of remaining gas remains to be further analyzed. (3) There
are differences in water control measures for different gas reservoirs, which need to be
further clarified.

On the basis of the development problems and scientific problems existing in the
development practice of ultradeep, fractured, and low-porosity gas reservoirs, the author
starts with the geological characteristics of the reservoir, combines the dynamic characteris-
tics of gas reservoir development and production, analyzes the laboratory test conditions,
and uses the embedded discrete fracture numerical simulation technology (EDFM) to
establish a fractured low-porosity sandstone gas reservoir. The numerical simulation model
of the “hole–fracture–fault” triple-media gas reservoir clarifies the water invasion mode of
the ultradeep, low-porosity, and fractured gas reservoir under the triple-media condition,
analyzes the distribution characteristics and laws of the remaining gas, and proposes water
control countermeasures under the different water invasion modes of this type of gas
reservoir to improve the overall recovery rate of the gas reservoir. It provides theoretical
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and technical support for the economic and efficient development of ultradeep gas fields in
the Kuqa Depression.

2. Basic Geological Characteristics of Gas Reservoir

The Kuqa Depression is located in the northern part of the Tarim Basin. It is a super-
imposed foreland basin dominated by Mesozoic and Cenozoic sediments. It is connected
to the southern Tianshan fault fold belt by thrust faults in the north, the Tabei uplift in the
south, the Yangxia sag in the east, and the Wushi sag in the west. The depression is divided
into “two belts and one depression” from north to south, namely the Kelasu thrust belt,
Baicheng sag, and Qiulitage thrust belt (Figure 1). The Kelasu thrust belt is the first row of
thrust structures in the southern foot of the southern Tianshan Mountains. The north–south
direction can be further divided into the Kela zone and the Keshen zone with the Kelasu
fault as the boundary. The east–west direction of the Keshen area can be divided into five
sections according to the structural characteristics: the Awat section, the Bozi section, the
Dabei section, the Keshen section, and the Kela section. The north–south direction is cut by
multiple secondary thrust faults secondary to the Kelasu fault, and six rows of structures
are developed (Figure 2).
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The main gas storage layer of the gas reservoir is the Cretaceous Bashijiqike Formation.
The sedimentary facies are mainly braided river delta and fan delta deposits. The rock
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types are mainly lithic feldspar sandstone, followed by feldspar lithic sandstone. The
reservoir space is mainly dominated by intergranular pores (primary intergranular pores,
intergranular dissolution enlarged pores), accounting for 62–72% of space. These are
followed by intragranular dissolved pores, accounting for 14~18%. Micropores are well
developed, accounting for 9~21%, and microfractures account for 1~2% (Figure 3). The
average logging porosity of the reservoir is 5.4%. The average logging permeability is
0.055 × 10−3 µm2, and the physical property difference is small. High-angle fractures are
developed, and there is no obvious interlayer between reservoirs. Therefore, the Cretaceous
Bashijiqike Formation is regarded as a set of vertically gas-bearing reservoirs. The average
original formation pressure is 109.17 MPa, the average formation temperature is 152 ◦C, the
static pressure gradient is 0.28 MPa/100 m, the temperature gradient is 2.16 ◦C/100 m, and
the gas reservoir type is a layered edge water dry-gas reservoir with normal temperature
and high pressure.
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3. Analysis of Water Invasion Characteristics of Gas Reservoir

Since the development of gas reservoirs in the Kuqa Depression, some gas wells have
suffered serious water invasion, and water invasion control is the top priority of the current
work. Therefore, combined with the understanding of geological research, according to the
production characteristics of the water-free gas production period, the average water–gas
ratio, liquid-carrying production time, and water breakthrough or annual decline rate in
the first year of production, the gas reservoir production wells can be divided into four
categories, and the specific classification criteria are as shown in Table 1. The water invasion
types of such gas wells are analyzed according to the water breakthrough characteristics
and structural characteristics of different types of gas well. On the basis of the fracture
development model of gas reservoirs, a foundation for the establishment of a water invasion
model of gas reservoirs is laid in the next step.

The main characteristics and typical well water invasion characteristics of the four
types of production wells in the Kuqa Depression gas reservoir are as follows.

The characteristics of Class I production wells are as follows: statistics Class I wells
are mainly distributed in areas with a high degree of fracture development, far away from
edge water, and close to structural highs. As shown in Figure 4, the TK5-2 well is located
in the western structural high point of the K5 gas reservoir in the Kuqa Depression. The
fracture network around the well is developed, far away from the edge and bottom water,
and water has not been seen in production so far. However, with the advancement of
production time, there is a risk of water invasion.
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Table 1. Production well classification statistics of gas reservoir in Kuqa Depression.

Type Productive
Characteristic

Anhydrous
Gas Recovery
Period (Years)

Average
Water–Gas

Ratio

Liquid
Carrying Time

(Years)

The First Year of
Water Annual

Decline Rate (%)

Type-1

Waterless gas recovery period is long,
water gas ratio is high, and water

breakthrough time is late. At present,
liquid-carrying production has been

carried out, liquid-carrying
production capacity is strong, and

decline is slow.

>6 1.9~4.8 1.1–2.9 <10

Type-2

The water-free gas recovery period is
long, the water–gas ratio is high, and
the water breakthrough time is late.

At present, liquid-carrying
production has been carried out, with

strong liquid-carrying production
capacity and slow decline.

4~6 0.5~3.1 1.0–2.2 <15

Type-3

The water-free gas production period
is short, the water–gas ratio is low,
and the water breakthrough time is

early, but at present, the
liquid-carrying production has been

carried out, the liquid-carrying
production capacity is strong, and the

decline is fast.

2~4 0.4~4.63 1.8~4.2 15~30

Type-4

The water-free gas production period
is shorter, the water–gas ratio is

higher, the water breakthrough time
is earlier, the liquid-carrying

production time is shorter, the
water-flooded well is closed, and the

decline is faster.

Basic < 3 years Basic > 1.5
years

Basic < 1.5
years >25
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The characteristics of Class II production wells are as follows: statistics Class II wells
are mainly distributed in areas with high fracture development and near structural highs.
As shown in Figure 5, TK5-1 well is located in the western structural high of the K5 gas
reservoir in the Kuqa Depression. In the early stage of production, the chlorine content
was abnormal (more than 120,000 mg/L), and the water production was small but stable.
After many measurements, there was no significant change in gas production and water
production, which was comprehensively analyzed as reservoir retention water.

The characteristics of Class III production wells are as follows: statistics Class III wells
are mainly distributed in areas with general fracture development, low structural parts,
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and proximity to edge water. As shown in Figure 6, TK505 well is located in the middle
and low part of the eastern structure of the K5 gas reservoir in the Kuqa Depression. The
leakage and fracture network development degree of the whole well section are general.
The production profile shows that the first member of Bayi is the main gas-producing water
section. After water breakthrough, single wells basically have no water-carrying production
capacity. The water invasion mainly involves water channeling along the fracture after the
overall uplift of the edge and bottom water.
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The characteristics of Class IV production wells are as follows: statistics of Class
IV wells are distributed in the area near the edge water, near the fault, and through the
cracks and faults. They are also prone to rapid water invasion and water flooding shut-in.
As shown in Figure 7, TK5-3 well is located in the middle and lower part of the eastern
structure of the K5 gas reservoir in the Kuqa Depression. The fracture effectiveness is poor
and many large faults develop. The formation water invades nonuniformly along the large
faults, resulting in rapid flooding of the TK5-3 well and causing it to shut down.
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4. Large-Scale Physical Simulation Experiments on Water Invasion

Combining the characteristics of water invasion experimental devices, both domes-
tically and internationally, a high-pressure, visualized, and large-scale physical water
invasion experimental device has been developed. This device is used to conduct water
invasion experiments under different fracture development modes and analyze various
types of water invasion characteristics.

In this large-scale physical simulation experiment, fracture data from gas reservoirs
are utilized, and corresponding fracture morphologies are cut out on artificial large plates
using wire-cutting technology in order to create experimental models. The experimental
simulation section is designed with a resistivity of 36 and pressure detection devices that
can real-time detect and record the location and pressure changes of water intrusion into
the rock plate. Additionally, it is equipped with a visualization window that facilitates the
observation and recording of the water invasion process with a microscope.

The main simulation device is equipped with a mechanical device at the bottom that
can adjust the angle, allowing for the simulation of development states under different
formation dips. The injection end of the device is connected to an intermediate container,
which simulates different sizes and pressures of edge and bottom water bodies. Further-
more, a porous media partition is installed at the bottom of the chamber, compensating for
the limitations of conventional core point-wise water injection and enabling uniform con-
tact between the water body and the bottom of the rock plate upon arrival, thus providing
a more realistic simulation of edge and bottom water flooding.

4.1. Design of Large Physics Simulation Experimental Equipment

On the basis of the aforementioned design principles, a high-pressure visual water
invasion physical simulation experiment device is developed. This device aims to overcome
the limitations of nonvisualization in 2D core samples and the lack of 3D field mapping. It
also provides visualization of the water invasion distance, ultimately yielding data that
reflect oil and gas seepage parameters such as pressure and saturation fields. This allows
for the analysis of water invasion patterns in three-dimensional space. The large-scale,
high-pressure, visual water invasion physical experiment device comprises three major
systems: a gas high-pressure injection system, a main visual simulation system, and a
gas–water separation and measurement system. The structure of the device is illustrated in
Figure 8.
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4.2. Physical Simulation Experiment Process

After the experimental simulations, a set of corresponding large-scale physical simula-
tion experiment steps for water invasion are developed:

(1) Press Plate Fabrication and Fracture Creation

Manufacture artificial rock plates with different permeabilities (length 80 cm, width
40 cm, height 3 cm) using a mold. Use wire-cutting equipment to create fractures with
different development patterns on the plates.

(2) Rock Plate Sand Sealing and Microscope Calibration

Seal the rock plate with tape on the sides and bottom, and then fill the fractures with
sand. Perform final sealing with glue. Prepare river-grade glue for sealing around the rock
plate. After sealing, press the simulation top onto the rock plate, and open the vent holes
on the sides to vent the air inside the chamber, ensuring tight sealing between the rock
plate and the cover. After the model is fully sealed, adjust the microscope’s focal length
to prepare for later observations of water invasion. Connect the pressure and saturation
measurement points on the model and observe the measurement data to ensure accuracy.

(3) Saturation with Gas and Leak Testing

Increase the nitrogen pressure using an automatic high-pressure displacement pump.
Open the high-pressure nitrogen source and charge the rock sample with nitrogen to 8 MPa.
Let it sit for about 3 h, during which time nitrogen will be continuously injected through
the displacement pump to step up the pressure to 8 MPa. Stabilize the experiment for more
than 2 h, and then conduct leak testing to ensure no leakage. If no leakage is detected, the
model has successfully returned to its original gas reservoir state.

(4) Edge Water Invasion in Rock Plates

Increase the pressure of the high-pressure water body to 8 MPa. Set a constant outlet
pressure using the backpressure valve at the production end to simulate constant pressure
drive in a production well. Achieve constant production by maintaining a stable production
pressure difference. Stop production when the internal pressure of the flat model drops to
2 MPa.

(5) Data Collection

The data collection system can set collection time intervals and record production data:
import and export pressure, water production, gas production, and cumulative water and
gas production. It is necessary to connect measurement points on the back of the model,
including 36 pressure and electrode measurement points. Then, measure pressure and
electrode data at each point in the flat plate model in real time, and provide feedback to the
data collection system. After the experiment, measure the invasion depth of the rock plate
to calculate the invasion distance and sweep distance.

4.3. Analysis of Large Physical Simulation Experiment Results

Gas extraction speed is an important indicator to measure the speed of gas reservoir
development. If the gas extraction speed is too small, it cannot fully tap into the potential
of gas reservoir development. If it is too fast, it may shorten the steady production capacity,
leading to faster water breakthrough and a rapid decline in production. Therefore, three
different gas production rates were designed to analyze their impact on water invasion
patterns in gas reservoirs.

Through conducting experiments on rock plates under different gas production rates,
data on instantaneous gas production, stable production time, cumulative gas production,
saturation levels, pressure, and other relevant parameters were obtained. On the basis of
these data, an analysis was conducted on the impact of different gas production rates on
water invasion patterns in gas reservoirs.
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It can be seen from Table 2 that there are differences in the instantaneous gas production
rules of gas wells under different gas production rates. The higher the gas production rate,
the larger the instantaneous gas production at the early stage of production, and the closer
the distance to the crack location, which is generally twice as large as that of well 1. At
the same time, the steady production time is greatly shortened, indicating that the higher
the gas production rate, the larger the driving pressure difference, and the faster the water
invasion speed. This is further combined with saturation and pressure changes under
different gas production rates to analyze the degree of gas utilization and the distribution
of the remaining gas.

Table 2. Production data statistics under different gas production rates.

Gas Production
Rate (%)

Instantaneous
Gas Production

(L/h)
Recovery Rate (%)

Time to Water
Breakthrough

(min)

Steady
Production Time

(min)

Water
Production (g)

1 150 19.20 20.80 38.50 397
1.5 300 21.88 17.30 26.80 444.42
2 400 40.16 11 13.50 453.48
3 500 38.47 10.6 12.41 459.57
4 600 35.91 10.17 10.48 483.74
8 1000 30.40 9.14 9.76 549.47

It can be analyzed from pressure and saturation changes under different gas pro-
duction rates that, as the gas production rate increases, the pressure at the crack location
becomes higher. Under a 2% gas production rate, the average pressure at the crack is
3.6~3.8 MPa, and the pressure difference between the crack and matrix is 0.8~1.4 MPa.
Under a 1.5% gas production rate, it is 3.45~3.6 MPa, and the pressure difference between
the crack and matrix is 0.6~1.0 MPa. Under a 2% gas production rate, it is 3.2~3.55 MPa,
and the pressure difference between the crack and matrix is 0.3~0.7 MPa, indicating that
the crack is the channel for gas production. The larger the gas production rate, the larger
the pressure difference between the matrix and crack, and the higher the utilization degree
of gas in the matrix. The larger the gas production rate, the smaller the remaining amount
of gas in the matrix. High-speed gas production results in residual gas being distributed
in the middle, while low-speed gas production results in residual gas being distributed in
matrices near water bodies.

It is further combined with production data such as cumulative gas production, water
breakthrough time, steady production time, and recovery rate. According to experimental
results of cumulative gas production of each scheme, a 2% gas production rate has a
recovery rate of 40.16%, which is higher than that of 1% and 1.5% gas production rates.
However, its water breakthrough time is 11 min, while that of a 1% gas production rate
is 20.80 min. It can be seen that as the gas production rate increases, the cumulative gas
production increases, water breakthrough time is advanced, water production is increased,
and steady production time is shortened. Because of a small number of experimental
design groups, under existing well-field development conditions, it is shown that as the gas
production rate increases, cumulative gas production increases. Considering production
data results, it is considered that a reasonable gas production rate is 2%.

It was found through experimental results that when the gas production rate is be-
tween 3 and 5%, with an increase in gas production rate, the recovery rate decreases, and
steady production time shortens. Combined with changes in water breakthrough time
and water production, it is concluded that a 2% gas production rate is the optimal gas
production rate for the model. Continuously increasing the gas production rate leads to an
increase in water invasion level and high initial gas production before opening a well, but
fast water invasion speed causes the premature water inundation of wells. Additionally,
because of a high gas production rate, it is difficult to extract gases that are blocked in the
matrix by depressurization at later stages in the practical reservoir development process.
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Therefore, in the actual reservoir development processes, reasonable gas production rates
need to consider multiple indicators such as recovery rate, water breakthrough time, steady
production time, water production, and other factors to reasonably plan reservoir gas
production rates.

5. Research on Numerical Simulation of Embedded Discrete Fractures

To further investigate the water invasion characteristics of ultradeep, fractured, and
low-porosity sandstone gas reservoirs in the Kuqa Depression, starting from actual gas
reservoirs, this study analyzes the water invasion characteristics of gas reservoirs and
characterizes water invasion patterns. On this basis, different embedded discrete fracture
numerical simulation models for different water invasion types are established to analyze
their water invasion mechanisms.

The water invasion form of fractured gas reservoirs mainly exhibits the characteristic
of “water breakthrough”, where the production pressure difference causes the edge ground-
water to quickly flow along high-permeability fractures to local gas wells. The larger the
production pressure difference, the faster the water breakthrough occurs. The development
of faults accelerates the occurrence speed and frequency of water breakthrough. Fractured
water breakthrough can lead to many gas wells producing formation water in a short time,
but these are soon flooded. After the ultradeep gas reservoirs in the Kuqa Depression are
put into development, gas wells at low and high positions of the structure produce water
to different degrees. Faults and fractures are the preferred channels for water invasion.
The distance between production wells and edge groundwater, as well as the development
degree of fractures and faults, jointly determine the intensity of gas well water production.

From the main characteristics of four types of production wells and typical water
invasion characteristics of ultradeep gas reservoirs in the Kuqa Depression, it can be found
that the gas reservoirs in the Kuqa Depression are typical heterogeneous water-injected gas
reservoirs, which are jointly controlled by three factors: the structural location (the distance
between the production well and the edge and bottom water), and the development
degree of faults and fractures. Three types can be summarized: violent water flooding and
channeling along faults (type I), uniform invasion along fractures or fracture networks
(type II), and combined invasion along faults and fracture networks (type III).

With regard to the four types of production wells and typical water invasion charac-
teristics of ultradeep gas reservoirs in the Kuqa Depression, it can be found that the gas
reservoirs in the Kuqa Depression are typical heterogeneous water-injected gas reservoirs,
which are jointly controlled by three factors: the structural location (the distance between
the production well and the edge and bottom water), and the development degree of faults
and fractures. Three types can be summarized: violent water flooding and channeling
along faults (type I), uniform invasion along fractures or fracture networks (type II), and
combined invasion along faults and fracture networks (type III).

Type I: along-fault water invasion with violent water breakthrough. In this type,
regardless of whether the structure is high or low, once large faults are developed around
the well, violent water breakthrough will occur. The strength of the fault itself determines
the amount of water production in the production well. If there are small faults, the gas
well will produce water, normally with stable liquid production and low chloride content,
in the produced fluid. As the pressure difference between the gas reservoir and water
body gradually decreases, the daily water production gradually increases, and, ultimately,
the well is shut down because of an insufficient gas supply. If there are large faults, the
well is prone to shutting down because of an insufficient gas supply after violent water
breakthrough. The change rate of water content in the production reflects the size of the
fault well, and the time of water breakthrough reflects the distance between the production
well and the fault, which is closely related to the pressure difference between the gas
reservoir and water body, and has a certain relationship with the structural location.
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Type II: uniform invasion along fractures or fracture networks. As the Kuqa Depression
belongs to low-porosity fractured gas reservoirs, fractures serve as the main migration
channels. Therefore, its water invasion characteristics are clearly related to the structural
location. Once water invasion occurs, it generally occurs within 1–2 years after water
breakthrough. In this type of gas well, water invasion occurs as groundwater enters the
wellbore along fractures. The chloride content in the produced fluid is high, and the time
of water breakthrough or dry-gas production period is related to the structural location
and pressure difference between the gas reservoir and water body. The lower the structural
location, the faster the time of water breakthrough, and the smaller the pressure difference
between the gas reservoir and water body, the faster the time of water breakthrough.
Therefore, wells that experience violent water breakthrough later are generally classified as
this type of water invasion mode.

Type III: combined invasion along faults and fracture networks. Because of the highly
developed faults and fractures in the Kuqa Depression, this type of water invasion mode
is the most common and is the main mode that produces “water-sealed gas” effects. It
has strong relationships with structural location, fault and fracture combinations, pressure
difference between gas reservoirs and water bodies, etc. The water invasion characteristics
of production wells fall between the first two types.

In order to establish a more accurate mechanism model for ultradeep, fractured, and
low-porosity sandstone gas reservoirs and analyze their water invasion mechanisms, as
well as study improving recovery efficiency and corresponding technical countermeasures
for gas reservoirs, a numerical simulation model for embedded discrete fractures in ul-
tradeep, fractured, and low-porosity sandstone gas reservoirs is proposed. On the basis
of the previous analysis, three typical well mechanism models are established. Fracture
initial morphology and physical parameters are extracted from actual gas reservoir fracture
characteristics parameters, including fracture and well productivity characteristics and
water breakthrough time and sequence. Adjusting fracture permeability to fit water break-
through time and adjusting fracture opening to fit final water content require a two-step
process where corrections to fracture morphology and parameters mutually influence each
other. Fine adjustments are needed to achieve expected modeling results. Fracture initial
morphology is shown in Figure 9 and relevant data for mechanism models are shown in
Table 3.
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According to the current gas production rate of the actual gas reservoir and the gas
production rate set in the large physical model, the numerical simulation sets the annual gas
production rate at 1%, 1.5%, 2%, 3%, 4%, and 8% to comprehensively analyze the optimal
gas production rate for different types of water invasion patterns. As the gas production
rate increases, the cumulative gas production and water production gradually rise, while
the daily gas production and water production reach an inflection point when the gas
production rate is 2%. This rate can provide a longer stable production time and a relatively
low daily water production rate. Therefore, the numerical simulation model shows that a
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gas production rate of 2% is the appropriate rate for gas reservoir development, as shown
in Figure 10.

Table 3. Basic Parameters of the Mechanistic Model.

Parameter Value

Grid Scale 100 × 30 × 10 (30,000)
Grid Size 40 × 40 × 20 m

Number of Faults 1 secondary fault
Number of Discrete Fractures 37

Matrix Properties Perm = 0.5 mD, Por = 0.15
Model Inclination Angle 20◦

Model Reserves 24.6 billion cubic meters
Number of Wells 4 development wells
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6. The Development of Water Control Philosophy and Countermeasures in Gas
Reservoirs
6.1. The Philosophy of Three-Dimensional Water Blocking and Combination of Water Blocking and
Drainage

To further improve the overall recovery rate of the entire gas reservoir, a set of water
control strategies based on three-dimensional water blocking and the combination of water
blocking and drainage is established. On the basis of the mechanistic model, the application
effects and mechanisms of this strategy are analyzed. After the first-line wells are plugged,
the water body energy is significantly reduced, which improves the drainage effect. After
the second-line wells are plugged, the water body energy continues to decrease. The
specific development diagram is shown in Figure 11.
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Figure 11. Schematic diagram of the three-dimensional water control strategy combining three-
dimensional water plugging and drainage. (a) Stereogram of the energy restriction of strong water
body on the effect of extraction. (b) Stereogram of initial first-line well plugging. (c) Stereogram of
plugging of the second-line well in the later stage.

6.2. Three-Dimensional Water Blocking and Drainage Combined Water Control Measures

On the basis of the multiscale embedded discrete fracture numerical simulation model
of TK gas reservoir in the Kuqa Depression, combined with the structural location, fault
and fracture development characteristics of different production wells, four types of typical
wells and three types of water invasion models are taken as the main objectives, and their
historical production performance and predicted production performance characteristics
are analyzed. According to the characteristics of different production wells, differentiated
and ‘one well, one strategy’ implementation management are carried out.

On the basis of the geological characteristics, water invasion status, and residual gas
enrichment of TK gas reservoir, four sets of schemes are designed for comparison and
selection.

(1) Comparison Plan 1 (Old Well with Water Production).

A design to utilize natural gas reserves of 522.70 × 108 m3, annual gas production
scale of 6.6 × 108 m3, with a total design of 15 wells, all of which are old wells (including
10 production wells and 5 monitoring wells). The predicted cumulative gas production at
the end of the period is 108.79 × 108 m3, cumulative water production is 75.96 × 104 t, and
the predicted natural gas recovery rate at the end of the period is 20.81%.
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(2) Comparison Plan 2 (5 old wells for drainage + 1 blocked well)

A design to utilize natural gas geological reserves of 522.70 × 108 m3, annual gas
production scale of 6.6 × 108 m3. There are a total of 16 wells designed, including 15 old
wells (including 10 production wells and 5 drainage wells) and 1 new well (including
1 reinjection well), with a daily drainage capacity of 900 t/d. The predicted cumulative
gas production at the end of the period is 115.95 × 108 m3, cumulative water production is
272.40 × 104 t, and there is a predicted natural gas recovery rate of 22.18% at the end of
the period.

(3) Comparison Plan 3 (5 old wells for drainage, 4 new wells, and 1 blocked well)

A design to utilize natural gas geological reserves of 522.70 × 108 m3, annual gas
production scale of 6.6 × 108 m3, with a total design of 19 wells, 15 old wells (including
10 production wells and 5 drainage wells), 4 new wells (including 3 production wells
and 1 reinjection well), and a daily drainage capacity of 900 t/d. The predicted end-of-
period cumulative gas production is 135.55 × 108 m3, the cumulative water production is
314.12 × 104 t, and the predicted natural gas recovery rate at the end of the period is 25.93%.

(4) Comparison Plan 4 (4 old wells drainage + 4 new wells + 1 old well plugging)

A design to utilize natural gas geological reserves of 522.70 × 108 m3, annual gas
production scale of 6.6 × 108 m3, with a total design of 19 wells, 15 old wells (including
10 production wells, 4 drainage wells, and 1 water blocking test well), 4 new wells (in-
cluding 3 production wells and 1 reinjection well), a daily drainage capacity of 700 t/d,
and a predicted cumulative gas production of 138.65 at the end of the period × 108 m3,
cumulative water production of 284.53 × 104 t, and the predicted natural gas recovery rate
at the end of the period is 26.52%.

On the basis of the research results of the comparative plan, taking into account factors
such as the current increase in extraction degree, ground supporting facilities, and economic
benefits, Plan 4 is recommended. Compared with Plan 1, Plan 4 accumulated a gas increase
of 2.986 billion cubic meters and an increase in extraction degree of 5.1% (as shown in
Figures 12 and 13).
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In summary, for the production wells without water invasion, the main means of the
efficient development of fractured water-bearing gas reservoirs is to adopt the water control
countermeasures based on “prevention” and reasonably formulate the gas recovery rate.
Through systematic research we found that, when the fracture development is relatively
homogeneous, the reasonable gas recovery rate is between 2.0% and 2.4%. When the
fracture development heterogeneity is strong, the reasonable gas recovery rate is smaller,
between 1.6% and 2.0%. For water breakthrough wells, drainage is the main technical
means of water control in gas reservoirs. However, for gas wells in different water invasion
modes, there should be corresponding separate treatment. For the production wells with
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violent water flooding along the fault, when the ‘harmonic plugging’ is the main method,
the production interval of the gas well is adjusted, and the water channeling channel of the
fault connecting the wellbore is blocked, and the effect is the best, which can effectively
improve the recovery rate of the gas well. For the production wells with uniform invasion
along fractures or fracture networks, the production rate of gas wells should be reasonably
formulated, the production pressure difference should be controlled, and the drainage
wells should be deployed or transformed at the bottom of the structure, so as to prolong
the production period for the production wells in the middle and high parts.
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7. Conclusions and Outlook
7.1. Conclusions

(1) The production wells in the Kuqa Depression’s gas reservoirs can be categorized
into four distinct groups based on key production metrics: water-free gas production
duration, average water-to-gas ratio, duration of liquid-carrying production, and the
rate of water breakthrough or annual decline during the initial production year. These
classifications serve as the foundation for developing targeted water control strategies
tailored to the unique characteristics of each gas reservoir.

(2) The gas reservoir in the Kuqa Depression exemplifies a nonuniform water invasion
pattern, primarily influenced by three determining factors: structural positioning (specifi-
cally, the proximity of production wells to edge and bottom water sources), the prevalence
and development of faults, and the presence of fractures. Illustrating this with the TK gas
reservoir, we observe three distinct invasion patterns: violent water flooding along faults,
uniform invasion through fracture networks, and a combined invasion pattern along both
faults and fractures.

(3) Utilizing extensive physical simulation experiments and sophisticated discrete
fracture numerical simulation models, we have observed a direct correlation between
gas production rate and both stable production duration and water breakthrough time.
Specifically, increased gas production rates lead to shorter stable production periods and
accelerated water breakthrough. For the gas reservoirs under study, a gas production
rate of 2% has been identified as the optimal balance, striking a crucial balance between
production efficiency and reservoir sustainability.

(4) Taking into account the varied water invasion patterns observed in gas reservoirs,
alongside the production dynamics and the strategic structural positioning of production
wells, a comprehensive water control strategy has been devised. This strategy combines
the principles of three-dimensional water blocking with a balanced approach of both water
blocking and drainage. This results in a five-pronged water control approach encompass-
ing “prevention, control, drainage, adjustment, and blocking.” Within this framework, a
differentiated and tailored treatment approach is implemented for each well. Wells that
have not yet experienced water invasion are primarily focused on preventive measures.
Wells at risk of water invasion are managed with a focus on control. Wells that have already
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been invaded by water undergo adjustment measures, whereas wells experiencing severe
water breakthrough are targeted for blocking interventions. At the gas reservoir level, a
“drainage and gas recovery” strategy is employed to effectively manage the water advance
and thereby enhance the overall gas recovery rate. This integrated approach ensures that
water control measures are tailored to the specific needs of each well and the gas reservoir
as a whole, maximizing efficiency and effectiveness in gas production operations.

7.2. Outlook

After carefully examining the background and previous conclusions, it becomes
evident that fractures and fracture networks play pivotal roles in both enhancing gas
production and facilitating water invasion in gas reservoirs. Understanding the distribution
of faults and fracture networks will be paramount in the development of such reservoirs,
serving as a crucial stepping stone for future exploration efforts. Moreover, developing
effective water control measures represents a significant challenge once the distribution
of these features is clearly mapped out. Although drainage gas extraction has become the
preferred method for developing smaller water-bearing gas reservoirs, larger reservoirs
may benefit from a combined approach of blocking and removal techniques. This approach
opens up a promising new avenue for the sustainable development of such reservoirs.
However, the successful implementation of these strategies often hinges on the support
of oilfield companies. Field testing and operational validation are essential for validating
the effectiveness of these techniques, calling for a closer collaboration between researchers
and industry professionals. This integration of engineering and technology represents a
potential game changer for the future development of gas reservoirs, offering new hope for
overcoming the challenges posed by water invasion.
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