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Abstract: The efficient development of tight gas reservoirs is significantly enhanced by multi-stage
and multi-cluster fracturing techniques in conjunction with horizontal well technology, leading to
substantial increases in reservoir drainage volume and individual well productivity. This study
presents a tailored fine-fracturing approach for horizontal wells in tight gas reservoirs, supported by
a gas–water two-phase numerical simulation model. Utilizing the orthogonal experimental design
method, we simulated and optimized various fracture distribution schemes to refine fracturing
parameters for maximum efficiency. The optimization was further validated through a comparison
with actual well completion and development dynamics. The quantitative results highlight the
optimal fracture distribution for horizontal wells, with a horizontal section length of 1400 to 1600 m
and 14 to 16 fracturing stages. The pattern features a “dense at both ends and sparse in the middle”
strategy, with stage spacing of 80 to 110 m, and a “longer in the middle and shorter at both ends”
fracture half-length of 100 to 140 m, achieving a fracture conductivity of 30 µm2·cm. To ensure the
economic feasibility of the proposed fracturing strategy, we conducted an economic evaluation using
the net present value (NPV) method, which confirmed the robustness of the optimization outcomes
in terms of both technical performance and economic viability. The reliability of these optimization
outcomes has been confirmed through practical application in the development of horizontal wells in
the study area. This research approach and methodology can provide theoretical guidance for the
design of hydraulic fracturing operations and the integration of geological and engineering practices
in similar unconventional oil and gas reservoirs.

Keywords: tight gas reservoirs; horizontal well; multi-stage and multi-cluster fracturing; fracture
distribution pattern; numerical simulation optimization

1. Introduction

The development of unconventional gas resources has been significantly enhanced
by the implementation of multi-stage and multi-cluster hydraulic fracturing in horizontal
wells. This technique has become pivotal for the economic extraction of tight gas reser-
voirs, which are characterized by low permeability and low porosity formations [1–3]. The
optimization of fracture distribution patterns and operational parameters is crucial for
maximizing the stimulated reservoir volume (SRV) and improving the productivity of the
reservoir [4–6]. Over the past decade, extensive research has focused on understanding
the complex behavior of hydraulic fractures and their interaction with the formation’s
geomechanical properties. The advent of advanced numerical simulation models, such
as the planar 3D model, has provided valuable insights into the vertical propagation of
hydraulic fractures in multi-layered reservoirs [7–10]. These models have been instru-
mental in predicting fracture geometry and analyzing the influence of various operational
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parameters, including injection rate, fluid viscosity, and geostress [11–15]. Despite these
advancements, the optimization of multi-stage, multi-cluster hydraulic fracturing remains
a complex challenge due to the interplay of geological uncertainties and operational con-
straints. Recent studies have highlighted the need for a comprehensive understanding of
the geomechanical properties of tight formations and the development of efficient opti-
mization algorithms [16]. The integration of machine learning and data-driven approaches
has shown promise in predicting fracture behavior and guiding the design of hydraulic
fracturing operations [17–19]. However, the aforementioned methods have not conducted
simulation optimization on the non-uniform distribution of fractures, thereby failing to
achieve the purpose of fine-fracture distribution in horizontal wells.

The optimization of fracture distribution patterns in horizontal wells is a complex
task that requires a nuanced understanding of the reservoir’s geological characteristics
and the behavior of the fractures within it. Geological complexity, with its heterogene-
ity and natural fracture networks, demands meticulous subsurface analysis. Hydraulic
fracture behavior is subject to the complex interplay of in situ stresses, rock anisotropy,
and pre-existing geological structures, often diverging from model predictions. Key pa-
rameter uncertainties, such as those in rock strength and permeability, contribute to the
unpredictability of outcomes. The non-uniform geological characteristics of reservoirs and
practical constraints like pumping rates and proppant availability complicate the quest for
uniform fracture distribution. In recent years, the multi-parameter collaborative optimiza-
tion experimental design method known as Response Surface Methodology (RSM) has
emerged [20–23]. RSM is a technique that simulates the actual limit state surface through
a series of deterministic “experiments” involving multiple variables. It allows for the
optimization of each parameter individually, and then, through a systematic coordination
mechanism, it addresses the coupling issues between parameters and seeks the optimal
solution. This method and orthogonal experimental design have been widely recognized
and applied to multi-parameter collaborative optimization problems.

To this end, the present study aimed to develop a reasonable fracture distribution
pattern for horizontal wells in tight gas reservoirs by establishing a gas–water two-phase
numerical simulation model. This model was specifically tailored for multi-stage and
multi-cluster fractured horizontal wells, accounting for the variability in fracture length
and the non-uniform nature of fractures that are commonly encountered in tight formations.
The results of this comprehensive analysis provided valuable insights into the optimal
fracturing parameters and fracture distribution patterns that maximize well productivity.

2. Basic Model Establishment
2.1. Numerical Modeling and Grid Division

The geological parameters outlined herein are based on a conceptual model designed
to encapsulate the essential characteristics of a tight gas reservoir. It is imperative to note
that while this model is not a direct representation of a specific real-world reservoir, it
incorporates typical values and conditions that allow for the generalization of our findings
to similar reservoirs. The model’s parameters include an average gas layer thickness of
25 m, an average permeability of 0.05 mD, an average porosity of 9.4%, and an original
gas saturation of 50.2%. Utilizing the ECLIPSE BlackOil module, a three-dimensional
numerical simulation model for gas and water two-phase flow has been developed. The
model employs an infinite grid system with a total of 750,000 cells, arranged in 500 cells
along the x-axis, 500 cells along the y-axis, and 3 cells along the z-axis, corresponding to
the vertical depth. Each cell measures 20 m by 20 m in planar dimensions and 4 m in
vertical depth, resulting in a grid cell area of 400 m2. The total simulated area encompasses
100 square kilometers, with an estimated gas reserve abundance of 1.28 × 108 m3/km2.
The structure of the numerical model for tight gas reservoir is illustrated in Figure 1.
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Figure 1. Numerical model diagram of the tight gas reservoir.

2.2. Formation and Fluid Properties Parameters

The fluid property model presented in this study offers a comprehensive characteriza-
tion of the physical properties of fluids within gas reservoirs. It meticulously documents the
formation water and natural gas properties that mirror the in situ conditions of the reservoir.
The properties listed in Table 1 are derived from the Su5 block of the Sulige Gas Field in
the Ordos Basin, China, providing a real-world dataset that ensures the model’s relevance
and applicability. These include measurements of viscosity and other parameters at the
standard reservoir temperature, which are indicative of the conditions prevalent in the re-
gion’s subterranean environment. The model further integrates the high-pressure physical
properties of natural gas, as detailed in Table 2, essential for simulating the behavior of
gas under the specific conditions encountered in the Su5 block. Additionally, the model
captures the critical relative permeability curves, essential for deciphering the interplay
between gas and water mobility within the reservoir rock matrix. Figure 2 illustrates the
gas–water relative permeability curve, derived from laboratory experiments that simulate
the actual conditions of the Su5 block, showcasing the fluid flow dynamics within this
particular gas field.

Table 1. The formation and fluid property parameters.

Parameters (Unit) Data

Formation water density, g/cm3 1.008
Formation water volume factor 1.03

Rock compression coefficient, 10−5/bar 4.3974
Reservoir temperature, ◦C 95

Formation water viscosity, mPa·s 0.5
Formation water compression coefficient, 10−5/bar 4.56

Relative density of natural gas 0.616
Original formation pressure, bar 276
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Table 2. High-pressure properties of natural gas.

Pressure (bar) Compression Factor (Zg) Viscosity (mPa·s)

10 1.0045 0.0134
20 0.9968 0.0137
40 0.9832 0.0143

100 0.9568 0.0161
120 0.9528 0.0167
160 0.952 0.0179
180 0.9552 0.0185
200 0.9608 0.0191
240 0.9792 0.0203
260 0.992 0.0209
280 1.0072 0.0215
300 1.0248 0.0221
320 1.0448 0.0227
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2.3. Treatment of Hydraulic Fractures

In the development of unconventional tight gas reservoirs, hydraulic fracturing is
essentially required for production wells, with the resulting artificial fractures predomi-
nantly concentrated in the vicinity of the wellbore and exhibiting distinct directionality.
This leads to significant variations in the permeability of the reservoir near the wellbore,
where permeability is higher along the fracture direction and exhibits characteristics of
infinite conductivity. Consequently, during numerical simulation, the permeability at the
location of the fracture grid within the model is adjusted based on the fracture stimulation
parameters and production dynamics, effectively equating it to an artificial fracture. In
the study area, the maximum principal stress orientation is typically NE 75 to 85 degrees.
Generally, the propagation of hydraulic fractures is primarily controlled by the in situ stress
conditions and the tensile strength of the formation, extending along the direction of the
maximum principal stress.

Utilizing this knowledge, the Eclipse reservoir numerical simulation model applies
the Local Grid Refinement (LGR) technique to effectively manage the fractures generated
by multi-cluster fracturing in horizontal wells. Figure 3 depicts the fracture distribution
resulting from a multi-cluster fracturing operation, consisting of nine stages with three
clusters per stage, within a horizontal well, as well as the LGR effect surrounding a
single fracture.
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3. Simulation Scheme Design
3.1. Horizontal-Well Fracturing Parameters

Based on actual hydraulic fracturing operations, appropriate parameters for horizontal-
well length and fracture characteristics are selected to reflect field conditions for optimiza-
tion. The parameter design matrix of fundamental parameter factors, which includes
horizontal-well length, the number of fracturing stages, fracture half-length, fracture con-
ductivity, and stage spacing, along with their respective levels for fractured horizontal
wells, is presented in Table 3.

Table 3. The factors and levels of basic parameter design for a fractured horizontal well.

Factors
/

Levels

F1 F2 F3 F4 F5
Horizontal-Well

Length (m)
Number of

Fracturing Stages
Half-Length of

Fracture (m)
Fracture Conductivity

(µm2·cm)
Stage Spacing

(Different Design)

L1 600 3~10 50 10 X1
L2 1000 3~12 100 15 X2
L3 1400 3~16 150 20 X3
L4 1800 3~18 200 30 X4

Since the position of the fractures along the horizontal well determines the spacing
between fracturing stages, the four levels of stage spacing (X1, X2, X3, and X4) from
the aforementioned table are reflected in the following different fracture distribution de-
sign schemes.

3.2. Fine-Fracture Distribution Patterns

Taking the example of hydraulic fracturing in a horizontal well with nine stages and
three clusters per stage, four differentiated fracture distribution schemes are designed
as follows:

(X1) Equal spacing of fractures along the horizontal well;
(X2) Denser fracture distribution at the ends of the horizontal section, with sparser

distribution in between;
(X3) Sparser fracture distribution at the ends of the horizontal section, with denser

distribution in between;
(X4) Denser fracture distribution at the heel of the horizontal well, and sparser at

the toe.
Figure 4 presents the schematic diagrams of various fracture distribution schemes for

the horizontal well, each featuring distinct stage spacing to optimize fracture efficiency
and coverage. These diagrams highlight the customized approach to well stimulation,
emphasizing the adaptability of the fracture design to different reservoir conditions.
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Figure 4. Schematic diagram of differential fracturing (varied stage-spacing distribution) plan for
horizontal well (nine stages with three clusters per stage).

Assuming that numerical simulation has demonstrated that the development effective-
ness of the horizontal well is optimal under Scheme X3, four refined multi-cluster fracture
distribution patterns are designed based on this foundation:

(Y1) Equal-length pattern, where the lengths of all fractures in the horizontal section
are equal;

(Y2) Spindle pattern, where fractures in the middle of the horizontal section are longer,
and those at the ends are shorter;

(Y3) Dumbbell pattern, where fractures in the middle of the horizontal section are
shorter, and those at the ends are longer;

(Y4) Increasing pattern, where the length of the fractures gradually increases from the
heel to the toe of the horizontal well.

The schematic diagrams in Figure 5 illustrate the intricate design of the refined multi-
cluster fracture distribution patterns for the horizontal well, showcasing their spatial
configuration and the strategic placement intended to optimize reservoir contact and
stimulate fluid flow.
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On the basis of the above design scheme, considering the different number of fracture
clusters in each fracturing stage, the factors and levels for fine-fracture distribution pattern
design in a multiple-fractured horizontal well are shown in Table 4.

Table 4. The factors and levels for fine-fracture distribution pattern design in a multi-stage and
multi-cluster fractured horizontal well.

Factors
/

Levels

F5 F6 F7
Fracture Distribution Pattern

(Differences in Position)
Fracture Distribution Pattern

(Differences in Length)
Cluster Number

(per Stage)

L1 X1 Y1 2
L2 X2 Y2 3
L3 X3 Y3 4
L4 X4 Y4 5

4. Reasonable Fracturing Design
4.1. Optimization Results Based on Deterministic Models

An orthogonal experimental design is used to efficiently identify optimal factor com-
binations and to uncover underlying patterns across various levels, enabling effective
analysis. This method is particularly adept at dissecting complex experimental scenarios
where multiple variables interact in intricate ways. By systematically varying factors at
different levels, orthogonal designs minimize the number of experiments needed while
maximizing the information obtained from each test.

An orthogonal experimental design was applied to the factors and levels presented in
Table 3, resulting in the construction of an L64 (161 × 44) orthogonal table, which requires
64 experimental schemes. After eliminating schemes with significantly low economic
benefits (e.g., the scheme with 18 fractures in a 600 m horizontal section length), numerical
simulation production forecasts were conducted for the remaining 48 schemes (labeled F-1
to F-48).

Using the cumulative gas production of horizontal wells in the initial state, 3rd year,
5th year, and 10th year as technical evaluation indicators, 12 schemes with distinct technical
advantages at different development stages are identified by their respective numbers:
F-24, F-28, F-32, F-37, F-38, F-39, F-41, F-42, F-43, F-45, F-46, and F-47. The cumulative gas
production in different development stages of the gas reservoir is shown in Figure 6a.

Subsequently, considering economic factors such as drilling investment, fracturing
costs, and sales revenue, these 12 schemes’ simulation results were evaluated using the net
present value (NPV) method, yielding the NPV at different development stages, with the
economic evaluation results presented in Figure 6b.

Comprehensively considering technical indicators and economic factors, the optimal
fracturing modification basic parameter combination scheme is selected. (1) The technically
optimal (maximizing production) horizontal-well fracture placement scheme is F-46, fea-
turing a horizontal section length of 1800 m, with 18 fracturing stages, half-length fractures
of 150 m, fracture conductivity of 20 µm2·cm, and a “uniform spacing” arrangement for
stage intervals. (2) The economically optimal (maximizing NPV) horizontal-well fracture
placement scheme is F-28, with a horizontal section length of 1400 m, 14 fracturing stages,
half-length fractures of 150 m, fracture conductivity of 30 µm2·cm, and a “denser at both
ends and sparser in the middle” (stage spacing of 80 to 110 m) differential spacing scheme
for stage intervals of the horizontal well.

Based on the economically optimized F-28 scheme, a full orthogonal experimental
design was conducted for four different fracture lengths and cluster counts, resulting
in 16 fine-fracture distribution patterns for horizontal wells. Subsequently, numerical
simulation production forecasts for horizontal wells were conducted for different schemes,
with the cumulative gas production over ten years of well operation serving as the ultimate
evaluation criterion. Comprehensive comparative charts of the cumulative gas production
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for the horizontal well developed in the 10th year under different fracture distribution
patterns are presented in Figure 7.
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The predictions derived from various modeling schemes have pointed towards an
optimal configuration for the refined fracture distribution within the horizontal wells of
our study area. This configuration, which demonstrates the most promising results, is
defined by an arrangement that places “longer fractures in the middle and shorter fractures
at both ends”. Specifically, the fracture half-length ranges from 100 to 140 m, and this
pattern is complemented by a cluster design that consists of three to four clusters per stage.
This strategic distribution aims to enhance the contact area between the wellbore and the
reservoir, thereby improving the extraction efficiency. The rationale behind this pattern is
rooted in the geological characteristics of the study area, where the gas-bearing sandstone
layers exhibit varying degrees of lateral continuity. The design takes into account the need
to maximize the interaction between the fractures and the productive formations while
minimizing the potential for encountering non-productive intervals, such as mud layers.

In practical mining operations, the construction risks escalate with the elongation of
the horizontal well sections and the proliferation of fracturing points. When the horizontal
section of a well extends beyond 1600 m, the probability of intersecting with less productive
or non-productive zones, such as mud layers, significantly increases. This not only dimin-
ishes the effective reservoir encounter rate but also introduces additional challenges in well
construction and completion. To mitigate these risks, this study recommends adopting
a fracturing scheme that maintains a horizontal section length within the range of 1400
to 1600 m. By doing so, it is anticipated that the effective reservoir encounter rate can be
enhanced, targeting an encounter rate of approximately 70%. This approach also seeks to
minimize operational hazards and reduce the associated costs. Moreover, the selection of
the appropriate horizontal-well length and fracture distribution is crucial for balancing the
stimulation effectiveness and the economic viability of the operation. The recommended
scheme is expected to provide a sweet spot that optimizes the fracture network’s coverage
of the reservoir while avoiding the complications arising from drilling into unfavorable
geological intervals.

Synthesizing the results, the refined fracture distribution pattern, with its specific
configuration and the recommended horizontal-well length, is designed to address the
geological nuances of the study area and the operational constraints of horizontal well con-
struction. It represents a data-driven strategy that aims to optimize the development of un-
conventional gas resources, ensuring both technical feasibility and economic sustainability.

4.2. Exploration of Reasonable Fracture Distribution Patterns under Uncertainty Conditions

The optimization of hydraulic fracture distribution in tight gas reservoirs is a complex
endeavor, intricately linked with the challenges posed by subsurface uncertainties and
heterogeneities. These geological variables, which include variations in rock mechani-
cal properties, the presence of natural fracture networks, and the spatial distribution of
reservoir spatial physical properties, introduce significant complexity to the hydraulic
fracturing process. Despite the structured methodology of this study, we recognize the
inherent limitations of simulation models in fully encapsulating the diverse characteristics
of subsurface heterogeneity. The influence of such heterogeneities on the propagation of
hydraulic fractures is manifold. The interaction between induced fractures and pre-existing
geological structures can significantly alter fluid flow pathways, either promoting or im-
peding the efficiency of reservoir stimulation. Furthermore, uncertainties surrounding
key parameters—such as in situ stress orientations, variations in rock strength, and the
dynamics of fluid–rock interactions during fracturing—can lead to a spectrum of potential
outcomes that deterministic simulations may not fully capture.

This study, while anchored in a conceptually homogeneous model, acknowledges the
often heterogeneous nature of subsurface conditions in the simulation optimization process.
The outcomes are presented as a spectrum of effective strategic options rather than as a
singular solution. By offering a range of optimization results, we propose a strategy that
is adaptable to the intrinsic variability of subsurface conditions. This approach surpasses
the limitations of the model’s idealized conditions, aiming for applicability in the complex
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realities of real-world operations. In the realm of geological modeling, both conceptually
homogeneous models and heterogeneous models play pivotal roles and possess distinct
strengths. They cater to different needs and are applicable in a variety of scenarios when
addressing subsurface challenges. There is no one-size-fits-all “optimal result” when it
comes to selecting between these two types of models. Instead, the choice of the model
should be informed by a careful consideration of the specific application contexts and
research objectives at hand. If the physical properties of the study area exhibit relative
uniformity, or if there is a pressing need for computational efficiency due to time or resource
constraints, a conceptually homogeneous model may offer a more streamlined and efficient
approach. This type of model can provide valuable insights and optimized solutions,
with reduced computational expense, making it particularly suitable for large-scale or
preliminary analyses. Conversely, when the objective is to achieve a high degree of fidelity
in the representation of complex spatial heterogeneity within a specific geological block,
a heterogeneous model is indispensable. These models, with their ability to incorporate
detailed geological variations, are crucial for scenarios demanding precise simulations that
can capture the subtleties of local geological nuances. Therefore, while the applicability
of optimization results derived from conceptually homogeneous models is broad and
can be generalized across different geological settings, the applicability of optimization
results from heterogeneous models is more focused and confined to a particular study
area. This focused approach ensures that the model’s predictions and recommendations
are highly relevant and specific to the unique characteristics of the geological context
under investigation.

Based on the aforementioned understanding, it becomes clear that the optimization of
fracture distribution must be approached with a high degree of flexibility and adaptability.
Given the diverse and unpredictable nature of subsurface conditions, a “one-size-fits-all”
strategy falls short in addressing the complex realities of hydraulic fracturing operations.
Each well must be considered a unique case, necessitating tailored strategies that account
for its specific geological context and operational constraints. The principle of “one well,
one policy” highlights the need for individualized fracture designs informed by detailed
subsurface characterization and a comprehensive understanding of local geomechanics.
This approach not only acknowledges the heterogeneity of each reservoir, but also capital-
izes on it to enhance the efficiency and effectiveness of hydraulic fracturing. By adopting a
“one well, one policy” strategy, operators can more effectively navigate the uncertainties
and complexities associated with subsurface operations. This includes employing advanced
diagnostic tools, real-time monitoring, and data-driven decision-making processes that en-
able the continuous refinement of fracture designs as new information emerges. Essentially,
the “one well, one policy” approach advocates for a more personalized and responsive
hydraulic fracturing strategy, capable of evolving with the ever-changing understanding
of the subsurface. It signifies a forward-looking paradigm shift set to improve the overall
success and sustainability of hydraulic fracturing operations in the tight gas reservoirs of
the future.

5. Conclusions

This study has successfully established a tailored fine-fracturing approach for hori-
zontal wells in tight gas reservoirs, providing valuable theoretical guidance and a compre-
hensive framework for optimizing fracture distribution patterns in similar unconventional
hydrocarbon reservoirs.

(1) The optimal fracture distribution pattern for horizontal wells in the study area is
characterized by a combination that features fractures that are longer in the middle and
shorter at both ends. This pattern, which includes a fracture half-length of 100 to 140 m
and a cluster number of three to four clusters per stage, with a fracture conductivity of
30 µm2·cm, has been identified as the most effective in enhancing well productivity.

(2) The practical application of the economically optimized scheme has demonstrated
its effectiveness in improving the effective reservoir encounter rate and reducing operational
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risks and costs. With a horizontal section length of 1400 to 1600 m, this scheme, which
includes fracturing at every 100 m along the well, has proven to be a balance between
technical performance and economic viability, assuming a 70% encounter rate.

(3) The integration of numerical simulation with economic evaluation using the NPV
method has provided a robust framework for assessing the economic feasibility of different
fracturing schemes. This methodology has been instrumental in selecting the optimal basic
parameter combination scheme that considers both technical performance and economic
benefits. Furthermore, it is advised that in practical applications, specific issues should be
analyzed on a case-by-case basis to ensure that the chosen fracturing scheme is tailored to
the unique conditions and constraints of the operation at hand.
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