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Abstract: The majority of China’s multi-layer low permeability tight gas reservoirs are currently being
extracted through the method of multi-layer co-production. However, due to the significant disparity
in physical properties and varying degrees of pressure depletion among the production layers,
elucidating the primary factors influencing the productivity contribution of each gas layer remains
challenging. A multi-factor analytical model is proposed for commingled gas wells with multiple
layers. An unstable model is established for the production of commingled layers, and the problem
of flow distribution is addressed using the Duhamel convolution principle. The Laplace transform is
subsequently employed to derive the solution in the Laplace domain, which can be inverted utilizing
the Stehfest inversion algorithm to obtain a real-time domain solution. The influence of reservoir
factors on the stratification contribution rate has been comprehensively analyzed, encompassing
permeability, porosity, initial pressure, drainage radius, and layer thickness. The orthogonal test
design was employed to conduct range analysis and variance analysis separately, yielding the primary
and secondary order as well as influence weight of the five factors. The findings demonstrate that,
within this gas reservoir, the discharge radius, thickness, and porosity are identified as the primary
factors influencing gas well productivity. Furthermore, seven horizontal flow charts illustrating the
double-layer gas reservoir and five horizontal flow charts depicting single-factor variations in the
double-layer gas reservoir were constructed. These charts provide a clear visualization of the impact
of each reservoir factor on stratification’s contribution rate. In contrast to previous studies, this novel
approach presents a comprehensive optimization framework that ranks the influence weights of
individual factors and identifies the most significant factors impacting multi-layer gas reservoirs.
The presented method also serves as a foundation for the subsequent selection of multi-layer gas
reservoirs, formulation of gas well stimulation measures, and efficient development.

Keywords: commingling production; productivity influencing factors; unsteady flow model;
orthogonal experimental design

1. Introduction

Due to the formation of sedimentary layers in various geological ages, many reservoirs
exhibit multiple layer characteristics. The permeability and porosity vary across these
layers, which can either be connected or disconnected. In cases where there is strong inter-
layer leakage flow and good inter-layer connectivity, the dynamic characteristics resemble
those observed in a single-layer scenario. However, if the layers are only connected through
the wellbore, they clearly demonstrate multi-layer characteristics [1].

The characteristics are significantly different between multi-layer gas reservoirs and
single-layer gas reservoirs. This is evident in the disparate depletion rates observed across
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each production layer, leading to variations in pressure and occurrences of interlayer chan-
neling as well as wellbore backflow [2]. To meet production requirements, many production
wells employ a multi-layer combined production approach. During production, the output
of multi-layer commingled wells may occasionally be lower than the sum of individual
layer outputs, which contradicts expectations and often perplexes reservoir engineers in the
field. Investigating seepage characteristics and productivity factors of layered reservoirs
is essential for practical analysis and interpretation of multi-layer commingled gas wells,
guiding the selection of appropriate production pressure differentials, and facilitating
development of multi-layer gas fields.

The investigation of unstable seepage flow in multi-layer commingled mining has
been conducted since the 1960s, with numerous valuable studies undertaken by esteemed
scholars [3–5]. Lefkovits et al. pioneered the application of analytical methods to investigate
a multi-layer system model devoid of interlayer fouling, obtaining solutions for bottomhole
pressure and production in a circular closed reservoir with an arbitrary number of layers,
and conducting a comprehensive analyzing specifically focusing on the two-layer case.
While the study holds significant importance, its practical utility is constrained by its
failure to consider inter-layer crossflow. Russell and Prats conducted a comprehensive
investigation on the multi-layer system model with crossflow, resulting in a novel solution
for fixed bottom hole pressure, effectively addressing the limitations of previous research.
The study conclusively demonstrated that inter-layer crossflow significantly influences the
dynamic response of pressure during the transition stage from no crossflow to a single-
layer homogeneous response. Additionally, scholars have extensively explored diverse
initial pressure, boundary, porosity, and permeability conditions by integrating them into
various models for further examination [6–8]. Papadopulos successfully resolved the
issue of disparate pressures and pressure distributions across layers by obtaining an exact
solution for a two-layer homogeneous and infinitely bounded aquifer model. Kucuk et al.
developed an analytical solution applicable to scenarios involving distinct initial pressures
and external boundary conditions in each layer, including complex cases featuring partial
perforation, fractured wells, dual media, and external boundary conditions.

The aforementioned scholars overlooked the inclusion of the wellbore storage coef-
ficient and skin factor in the study. However, as research progressed, it became evident
to many scholars that incorporating these factors into the model is crucial, leading to
numerous subsequent investigations [9–13]. Tariq et al. expanded the well-testing model
for a multi-layer non-channeling flow system, incorporating both the effects of the wellbore
storage effect and skin factor. Larson addressed the challenge of multi-layer commingled
production with varying initial conditions, but it was assumed to be under constant rate
conditions in the wellbore, and there still exist challenges in dealing with the problem of
wellbore storage. Bourdet proposed a two-layer channeling reservoir model that incor-
porates the effects of the wellbore storage and skin effect. In the subsequent year, Mavor
utilized a combinatorial technique to consider the influence of the wellbore storage effect,
and applied the concept of parallel resistance to solve the multi-layer connected reservoir
model. Rahman and Mattarm introduced a new analytical model that accounts for both
the skin factor and wellbore storage effects in order to address instantaneous flow prob-
lems associated with commingled production in tight gas reservoirs featuring different
initial pressures. This model is suitable for handling variations in production steps before
and during production and construction stages, as well as constant pressure or non-flow
conditions at the outer boundary of each layer.

Additionally, researchers have studied the calculation model for flow in each layer
under varying pressure factors and obtained a series of results during this process [14,15].
Several scholars have utilized the relationship between flow rate at a constant pressure and
pressure at a constant flow rate [14,16–18]. By considering the fundamental condition that
the flow rates of individual layers are independent from each other during constant pressure
production, the respective layer’s flow rate is determined, followed by determining the
wellbore pressure. Milad et al. established a hydraulic coupling parameter model for
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multi-layer shale gas reservoirs using an effective iterative numerical simulation method
to couple wellbore and gas reservoirs. A methodology is proposed for modeling and
simulating commingled production from multiple shale-gas layers while accounting for
changes in both pressure and flow within each layer.

Many scholars have conducted extensive research on production performance and
prediction models in order to enhance the utilization of multi-layer commingled production
technology for high-efficiency development in practical production. Ei-Banbi and Robert
developed a stratified steady flow model for multi-layer commingled production data
of tight gas reservoirs by combining the material balance equation with the gas steady
flow equation [19]. This approach enables analysis and prediction of production perfor-
mance for multi-layer commingled production, obtaining geological reserves of natural gas
(OGIP) for each layer in tight gas reservoirs and evaluating the relative importance of each
layer. Building upon Ei-Banbi and Rober’s established multi-layer commingled production
model, Arevalo-Villagran improved the productivity prediction method for multi-layer
commingled gas wells by further incorporating the actual boundary flow equation into the
material balance equation, thereby proposing a novel multi-layer commingled production
model capable of matching and predicting production outcomes [20]. This model can be
used to calculate natural gas geological reserves, productivity index, and production rate of
each layer while also enabling predictions regarding the individual layer’s future output.

As widely recognized, the analysis of the interlayer interference mechanism in multi-
layer commingled production systems has been a focal point of research on multi-layer
commingled production models for decades. Over the course of several decades, numer-
ous scholars have conducted studies on this issue utilizing numerical simulations and
other methods, resulting in a series of valuable findings. After analyzing the main factors
contributing to interlayer interference, Zhang et al. concluded that they believed multi-
layer commingled mining and differences in pressure systems were conditions for such
interferences to occur [21]. Wang et al. [22,23] developed a methodology to calculating the
interlayer interference coefficient of gas wells based on the binomial productivity formula
and wellbore pressure calculation model derived from a physical model of multi-layer
commingled production. Over the past decade, numerous scholars have extensively inves-
tigated the factors influencing interlayer interference in multi-layer commingled mining
through the establishment of diverse mathematical and physical models, as well as utilizing
numerical simulations, laboratory tests, and other methodologies. According to variations
in research methodologies, the analysis can be categorized into three main approaches:
(1) Through the establishment of a two-layer model without crossflow between layers,
a physical model of multi-layer commingled production in gas wells, a rate transient
analysis (RTA) and a structured RTA model of gas wells, a steady-state two-phase pipe
flow model, and a radial multi-layer commingled production numerical model [24–28], the
factors influencing interlayer interference were analyzed, and it was determined that the
main factors affecting interlayer interference were interlayer pressure difference, reservoir
physical properties, and interlayer span. Furthermore, the impact of each layer’s properties
on multi-layer commingled production was evaluated, including permeability, porosity,
thickness, initial pressure, and compressibility. (2) By conducting a visible multi-tube water
flooding experiment, Huang et al. successfully quantified the interlayer interference in
the multi-layer commingled production of offshore heavy oil reservoirs and established a
theoretical model to predict directional well productivity [29]. (3) Zhao et al. employed
the grey lattice Boltzmann method to evaluate how permeability and pressure differences
affect interlayer interference in multi-layer commingled production [30]. It can be inferred
that the interlayer interference coefficient exhibits a linear increase with the rise in pres-
sure differential during multi-layer commingled production of gas reservoirs. Moreover,
reservoirs with lower permeability exhibit more pronounced levels of interference.

In recent years, conventional oil production has remained stable, while advancements
in the oil industry have significantly boosted unconventional oil production. Compared
to conventional oil and gas reservoirs, unconventional oil and gas reservoirs exhibit a
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more intricate geological structure. Therefore, it is imperative to consider various factors
such as reservoir density and heterogeneity when investigating the seepage behavior
of these reservoirs. By incorporating the dynamic characteristics of three distinct pore
systems, namely inorganic matter, organic matter, and natural fractures, Yan et al. [31] have
successfully developed a micro-scale multi-pore model for fluid flow in shale reservoirs.
This advancement not only enhances our understanding of the intricate flow mechanism
but also paves the way for its potential extension to the reservoir scale through technological
advancements. In order to investigate the flow mechanism in the re-reservoir of tight oil
reservoirs, Wang and Yan et al. [32,33] conducted a series of studies on modeling the
composition of tight oil. They proposed a comprehensive model for tight oil reservoir
composition that incorporates the influence of nanopores. This model accurately simulates
the rock and fluid characteristics affected by nanopores, resolves inconsistencies in the
gas–oil ratio (GOR), significantly simplifies history matching procedures, and enhances
recovery prediction reliability.

Numerical simulation methods are crucial for studying oil and gas reservoir seepage
behavior. In the past decade, researchers have focused on enhancing these methods
through novel algorithms. Tarip, Xu, Gudala et al. [34–38] have made significant ad-
vancements using the integrating inversion neural network (INN), particle swarm opti-
mization evolutionary algorithm (PSO), and deep learning (DL) models to investigate
reservoir seepage mechanisms and management frameworks. This represents a recent re-
search breakthrough that requires further exploration to provide a more comprehensive
description of reservoir characteristics.

In summary, the analysis of interlayer interference mechanism and influencing factors
in a multi-layer commingled gas reservoir is typically done through three methods: indoor
experiments, numerical simulations, and production model establishment. However, these
methods have some drawbacks such as high costs for laboratory experiment simulation
and a lack of parameters in production models or quantitative characterization in some
approaches. The present paper proposes a novel mathematical model for multi-layer com-
mingled production taking into account multiple influencing factors. By integrating the
unstable seepage model of multi-layer commingled production with orthogonal experi-
mental design, a comprehensive analysis is conducted on the proportion of each control
factor affecting the productivity of commingled gas reservoirs, leading to a profound
understanding of the unique seepage behavior in such reservoirs. In comparison with
previous research, this model considers the influence of multiple factors on productivity
and employs orthogonal testing to rank their importance in relation to multi-layer gas
reservoirs. This provides a foundation of gas well stimulation measures, and efficient
development practices for multi-layer gas reservoirs.

The following provides a concise overview of this paper. In Section 2, the governing
equations and analytical solutions of the unstable seepage model of multi-layer commingled
production are presented. Section 3 conducts an analysis on the combination of orthogonal
test design, determining both the primary and secondary order of each influencing factor
as well as their respective influence weights. Finally, in Section 4, conclusive remarks
are provided.

2. Mathematical Model
2.1. Establishment of Constant Production Mathematical Model

Figure 1 depicts the schematic diagram of a physical model for multi-layer combined
gas production. In this model, it is assumed that there exists a combined gas production
well at the center of a closed gas reservoir with initial pressure pij, permeability kj, porosity
ϕj, thickness hj, and drainage radius rej maintained at constant production rate. Under



Water 2023, 15, 3052 5 of 19

the general modeling condition, the governing equation for micro-compressible fluids
is established:

∂2∆ppj

∂r2 +
1
r

∂∆ppj

∂r
= ηj

∂∆ppj

∂t
, ηj =

(kh)j

(φµcth)j
, ∆ppj = ppji − ppj, j = 1, 2, · · · , n (1)
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Figure 1. Schematic diagram for physical model of multi-layer combined production.

Initial conditions:
∆ppj(r, 0) = 0 (2)

Outer boundary conditions:

∂∆ppj
(
rej, t

)
∂r

=
k f dj∆ppj

k jrej ln
(

r f dj/rej

) (3)

Inner boundary conditions:

ppj(rw, t) = ppjs(t) (4)

r
∂∆ppjs

∂r

∣∣∣∣
r=rw

= −
qjsc(t)µgBgi

2π(kh)j
(5)

n

∑
j=1

qjsc(t) = qsc (6)

where pji—original formation pressure for layer j, MPa; ppj—gas pseudo pressure for layer j,
MPa; ϕj—porosity for layer j; kj—permeability for layer j, µm2; kfdj—recharge permeability
for layer j, µm2; hj—thickness for layer j, m; ctj—comprehensive compression coefficient
for layer j, 1/MPa; rej—drainage radius for layer j, m; rfd—drainage radius for layer j, m;
r—wellbore radius, m; pjs(t)—bottomhole pressure, MPa; qjsc(t)—surface production for
layer j, m3/D; and qsc—surface production of a gas well, m3/D.
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2.2. Laplace Solution of Constant Production Equation

The variable flow problem is summarized for the aforementioned Equations (1)–(6). In
accordance with the Duhamel superposition principle, the following relations are estab-
lished for the jth layer:

ppjs(t) = ppji − Bgi
∂

∂t

∫ t

0
qjsc(τ) · ppjrs(t− τ)dτ (7)

where ppjsr represents the solution to the problem subject to dimensionless flow per unit
conditions. Upon applying dimensionless and Laplace transform, we obtain:

p̃pjsD(rD, s) =
1
s

ppjiD + q̃jscD(s) · sp̃pjrsD(rD, s) (8)

If the dimensionless flow of a single layer is all 1, that is, qJd = 1, the solution of the
pull-space pressure under fixed production can be obtained through Laplace transform
as follows:

p̃pjsrD(rD, s) =
1

sκj
√szj

K0(rD
√szj) + Cjλ · I0(rD

√szj)

K1(
√szj)− Cjλ · I1(

√szj)
, zj = ωj/κj (9)

In the formula:

Cjλ =
rjeD
√szjK1(rjeD

√szj) + λjK0(rjeD
√szj)

rjeD
√szj I1(rjeD

√szj)− λj I0(rjeD
√szj)

, λj =
k f dj

k jrejD ln
(

r f dj/rej

) (10)

In the case of a closed boundary, λj = 0, while for a constant pressure boundary, λj →
∞. I0(v) and I1(v) are the first class of deformed Bessel functions, whereas K0(v) and K1(v)
belong to the second class of deformed Bessel functions. The calculation of single-layer
liquid production qjD(tD) can be performed using Formula (8).

2.3. Real-Time Domain Solution of Constant Production Problem

Define the average pressure as:

ppjavg(t) =
1

VjT

∫ VjT

Vw
ppj(r, t)dV (11)

where VjT—total volume of discharge area, m3 and Vw—discharge shaft volume, m3.
Then, for the plane radial flow case:

ppjavg(t) =
1

r2
e − r2

w

∫ rje

rw
rppjs(r, t)dr (12)

Substitute Formula (8) into Formula (13) after Laplace transformation to obtain:

p̃pjavgD(s) = 2
r2

eD−1

∫ rjeD
1 rD

[
1
s ppjiD + q̃jscD(s) · sp̃pjrsD(rD, s)

]
drD

= 1
s ppjiD +

2sq̃jscD(s)
r2

eD−1

∫ rjeD
1 rD · p̃pjrsD(rD, s)drD

(13)

Substitute Formula (9) into the above formula and invert by Stehfest to obtain the
real-time domain solution of the average pressure:

ppjavgD(tD) = ppjiD +
τj

ωj

2
r2

jeD − 1

∫ tD

0
qjscD(τ)dτ (14)
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After dimensionalization, it can be obtained:

ppji − ppjavg(t) =
0.092

r2
je − r2

w

Tj

(ϕcth)jµi

∫ t

0
qjsc(τ)dτ (15)

where the left side of the equation represents the average pseudo pressure drop in layer j,
while the right side is the cumulative production.

3. Results and Discussion
3.1. Effect of Dimensionless Parameters on Layered Contribution Rate
3.1.1. Storage Coefficient

Taking a two-layer combined reservoir as an example, the permeability of each layer
is maintained at a constant level to investigate the influence of the storage coefficient on
layer flow behavior. Figure 2 illustrates the relationship between layer flow and the storage
coefficient under different permeability conditions with equal initial pressure. When both
layers have equal permeability, the layer with a higher storage coefficient exhibits a greater
contribution to flow. Conversely, when the permeability of the two layers is unequal, the
layer with a higher permeability and storage coefficient has a higher flow contribution.
Additionally, in cases where there is a high permeability but low storage coefficient, there
exists an intersection point in the early stage of production on the flow contribution curve
for that particular layer; however, during later stages of production, it is observed that
layers with a high permeability exhibit higher flow contributions.

3.1.2. Permeability Coefficient

The storage coefficient of each layer remains unchanged to investigate the impact
of the permeability coefficient on the layer flow. Figure 3 illustrates the relationship
between the layer flow and permeability coefficient for each layer, considering equal initial
pressure but different storage coefficients. The influence of the permeability coefficient on
layer flow exhibits a similar pattern to that of the storage coefficient. Layers with a high
permeability coefficient and storage coefficients contribute more significantly throughout
the production process, while layers with a low permeability but high storage coefficients
exhibit intersecting contribution curves during production. However, the overall impact
of permeability and storage coefficients on layer flow in the entire production process
remains unclear.

3.1.3. Dimensionless Initial Pressure

The results depicted in Figure 4 indicate that the initial pressure exhibits heterogene-
ity, leading to the occurrence of backflow during the early stages of well opening. The
magnitude of backflow is directly proportional to both the permeability and pressure
difference, while inversely proportional to the storage coefficient. Moreover, a greater
disparity in initial pressure intensifies the severity of the backflow phenomenon. However,
as mining time progresses, the bottom hole pressure decreases gradually, resulting in a
rapid disappearance of backflow.

3.2. Case Example Analysis of Changqing Oil Field
3.2.1. Effect of Formation Parameters on Layered Contribution Rate

Taking the double-layer gas production well of a tight gas reservoir in the Changqing
Oilfield as an example, the average daily gas production rate is 1 × 104 m3/d. The
thickness of the gas reservoir ranges from 2 to 10 m, with permeability varying between
2 and 10 × 10−3 µm2 and porosity ranging from 8% to 12%. The initial pressure of the low-
pressure gas reservoir is 17.8 MPa, while that of the high-pressure gas reservoir is 18 MPa.
Additionally, the drainage radius is 100–500 m. Based on these parameters’ distribution
within four groups in the gas reservoir, five levels are designed for each group in the
low-pressure gas reservoir, as shown in Table 1.
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Figure 2. The effect of storage coefficient (ω) on the contribution of stratification under different
permeability coefficients: (a) the permeability coefficients of the first and second layers (k1 and k2) are
0.5 and 0.5, respectively, (b) the permeability coefficients of the first and second layers (k1 and k2) are
0.1 and 0.9, respectively, and (c) the permeability coefficients of the first and second layers (k1 and k2)
are 0.9 and 0.1, respectively.
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Table 1. Parameter design table of low-pressure gas reservoir.

Level Thickness
(m)

Permeability
(10−3 µm2)

Porosity
(%)

Initial Pressure
(MPa)

Drainage Radius
(m)

1 2 2 8 17.80 100
2 4 4 9 17.84 200
3 6 6 10 17.88 300
4 8 8 11 17.92 400
5 10 10 12 17.96 500

1 Effect of permeability on layered contribution rate.

In order to investigate the influence of single-factor permeability on production in strat-
ified gas wells, we designed parameters for a low-pressure gas reservoir and established
five levels of permeability, as shown in Table 2.

Table 2. Design table of permeability parameters of low-pressure gas reservoir.

Thickness
(m)

Porosity
(%)

Initial Pressure
(MPa)

Drainage Radius
(m) Permeability (10−3 µm2)

2 8 17.80 100 2 4 6 8 10

Figure 5 shows the relationship between the layer flow and permeability at each layer
with other parameters held constant. When the permeability of the low-pressure gas layer
is lower than that of the high-pressure gas layer, the contribution of layer flow from the
high-pressure gas layer surpasses that from the low-pressure gas layer throughout the
entire production process. In cases where there exists a high-permeability low-pressure gas
layer and a low-permeability high-pressure gas layer, the contribution curve of layer flow
from the high-pressure gas layer intersects with that of the early stage in the production
process, but the contribution of the layer flow of the high-pressure gas layer is generally
higher in the whole production process.

2 Effect of initial pressure on layered contribution rate.

In order to study the influence of initial pressure on production in stratified gas wells,
a low-pressure gas reservoir was selected as the experimental setting, with five different
levels of initial pressure established as outlined in Table 3.
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Table 3. Design table of initial pressure parameters of low-pressure gas reservoir.

Thickness
(m)

Porosity
(%)

Permeability
(10−3 µm2)

Drainage Radius
(m) Initial Pressure (MPa)

2 8 6 100 17.8 17.84 17.88 17.92 17.96

The relationship between the layer flow rate and the initial pressure at each layer,
while keeping other parameters constant, is illustrated in Figure 6. With the increase in
the initial pressure of the low-pressure gas layer, the pressure difference between the two
layers decreases, the contribution of the low-pressure gas layer during early production
stages gradually intensifies but diminishes in later stages. In the whole production process,
there is generally a significant contribution from the high-pressure gas layer flow. Overall,
it can be inferred that variations in the initial pressure of the low-pressure gas layer have a
limited impact on its contribution to overall flow.
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3 Effect of porosity on layered contribution rate.

In order to study the influence of single factor porosity on stratified gas well produc-
tion, the parameters of the low-pressure gas reservoir were designed and five porosity
levels were set, as shown in Table 4.
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Table 4. Design table of low-pressure gas reservoir porosity parameters.

Thickness
(m)

Initial Pressure
(MPa)

Permeability
(10−3 µm2)

Drainage Radius
(m) Porosity (%)

2 17.8 6 100 8 9 10 11 12

Figure 7 shows the relationship between the layer flow and porosity for each layer
with other parameters held constant. With the increase in the porosity of the low-pressure
gas reservoir, the contribution degree of the layer flow increases significantly in the middle
production period, and there is little difference between the early and late production period.
In general, the contribution degree of bed flow increases with the increase in porosity.
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4 Effect of formation thickness on layered contribution rate.

In order to study the influence of single-factor layer thickness on stratified gas well
production, the parameters of the low-pressure gas layer were designed, and five horizontal
layers were set, as shown in Table 5.

Table 5. Low-pressure gas thickness parameter design table.

Porosity
(%)

Initial Pressure
(MPa)

Permeability
(10−3 µm2)

Drainage Radius
(m) Thickness (m)

8 17.8 6 100 2 4 6 8 10

Figure 8 shows the relationship between the layer flow and thickness of each layer
with other parameters held constant. When the thickness difference between the two layers
is ≥4 m, the high-pressure layer thickness exhibits a higher contribution to layer flow
throughout the production process. Additionally, in the early stages of production, there
is an intersection between the contribution curves of low-pressure layer thickness and
low-pressure gas layer thickness. For a thickness difference of 2–4 m (i.e., when the low-
pressure gas layer has a thickness of 4–6 m), the contribution degree of the low-pressure
gas layer surpasses that of the high-pressure gas layer. Towards late production periods,
both layers tend to have equal contributions with a degree close to 0.5.
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5 Effect of drainage radius on layered contribution rate.

In order to study the influence of single-factor drainage radius on stratified gas well
production, the parameters of the low-pressure gas reservoir were designed, and five levels
of drainage radius were set, as shown in Table 6.

Table 6. Design table of low-pressure gas reservoir drainage radius parameters.

Porosity
(%)

Initial Pressure
(MPa)

Permeability
(10−3 µm2)

Thickness
(m) Drainage Radius (m)

8 17.8 6 100 100 200 300 400 500

Figure 9 shows the relationship between the layer flow and drainage radius for each
layer with other parameters held constant. As the drainage radius of the low-pressure gas
layer increases, the contribution degree of layer flow gradually rises; however, throughout
the entire production process, the contribution degree of the high-pressure gas layer flow
remains consistently higher than that of the low-pressure gas layer.
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3.2.2. Multi-Factor Sensitivity Analysis

1 Orthogonal experiment design.

The orthogonal experimental design is a crucial discipline within statistical mathemat-
ics. The fundamental tool of the orthogonal method is the orthogonal table, which possesses
two distinctive characteristics: (1) it ensures an equal number of different levels for each
participating factor in the experiment and the number of combinations; (2) each level of any
given factor exhibits closely comparable test conditions, enabling an effective comparison
among factors. Therefore, employing orthogonal tables for experimental design not only
reduces the number of experiments but also enhances their representativeness, thereby
meeting the requirements of comprehensive experimentation more effectively.

High-pressure gas reservoir parameters were kept constant, and the contribution ratio
of low-pressure gas reservoir production was taken as the test result, as shown in Table 7, to
explore the proportion of each influencing factor under the interaction of multiple factors.

Table 7. Orthogonal experiment design table for multi-factor analysis.

The Case Thickness
(m)

Permeability
(10−3 µm2)

Porosity
(%)

Initial Pressure
(MPa)

Drainage Radius
(m) Production Contribution

1 2 2 8 17.8 100 6.74%
2 2 4 9 17.84 200 54.53%
3 2 6 10 17.88 300 24.67%
4 2 8 11 17.92 400 31.18%
5 2 10 12 17.96 500 36.56%
6 4 2 9 17.88 400 20.21%
7 4 4 10 17.92 500 32.87%
8 4 6 11 17.96 100 18.59%
9 4 8 12 17.8 200 40.24%
10 4 10 8 17.84 300 46.90%
11 6 2 10 17.96 200 26.84%
12 6 4 11 17.8 300 41.26%
13 6 6 12 17.84 400 51.32%
14 6 8 08 17.88 500 57.22%
15 6 10 09 17.92 100 20.31%
16 8 2 11 17.84 500 33.86%
17 8 4 12 17.88 100 31.09%
18 8 6 8 17.92 200 49.14%
19 8 8 9 17.96 300 61.67%
20 8 10 10 17.8 400 67.88%
21 10 2 12 17.92 300 39.30%
22 10 4 8 17.96 400 54.40%
23 10 6 9 17.8 500 63.31%
24 10 8 10 17.84 100 29.62%
25 10 10 11 17.88 200 63.96%

Subsequently, range analysis and analysis of variance were conducted on these results
to determine the primary and secondary order of influencing factors, as well as the influence
weight of the single-layer production contribution ratio under multiple influencing factors.
The analytical process is illustrated in Figure 10.

2 Range analysis of orthogonal test results.

Through range analysis, a more intuitive comparison can be made between the primary
and secondary factors influencing this test. The underlying principle is that variations in
the k value, representing the average of i-level data for factor A, are generally attributed to
different levels of factor A. The range (RA) between k values for different levels of factor
A can be considered an approximate measure of how changes in factor A levels impact
experimental results, with RA positively correlating with the significance of factor A.
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The range analysis results are presented in Table 8, with the k value representing
the average sum of each test index. Among them, the optimal levels are observed for the
fifth level of thickness, the fifth level of permeability, the second level of porosity, the first
level of initial pressure, and the second level of drainage radius. The range R indicates
that the main and second order of influencing factors is drainage radius > permeability >
thickness > initial pressure > porosity. Furthermore, the trend chart of contributing factors
of gas reservoir production in Figure 11 also reflects the above conclusion. The three most
important factors are drainage radius, permeability, and thickness, and porosity and initial
pressure have little influence on production.

Table 8. Range analysis results.

Level Thickness Permeability Porosity Initial Pressure Drainage Radius

k value

1 0.3074 0.2539 0.4288 0.4389 0.2127
2 0.3176 0.4283 0.4401 0.4325 0.4694
3 0.3939 0.4141 0.3638 0.3943 0.4276
4 0.4873 0.4399 0.3777 0.3456 0.4500
5 0.5012 0.4712 0.3970 0.3961 0.4476

Range R 0.1938 0.2173 0.0763 0.0933 0.2567

Ranking of impact degree 3 2 5 4 1

The isoline map presented in Figure 12 illustrates the contribution ratio of the two pri-
mary factors, namely the drainage radius and permeability, to the gas reservoir production.
In this representation, the blue region is the area with a low contribution ratio, and the red
area is the area with a high contribution ratio. As depicted in the figure, an increase in both
drainage radius and permeability leads to a corresponding elevation in the production
contribution ratio for this particular layer.

3 Variance analysis of Orthogonal test results.

Variance analysis is used to infer the significance of the difference in the overall mean
value of the corresponding factors at different levels by analyzing the difference between the
data fluctuation caused by each factor and the data fluctuation caused by the error. Given
the complexity of this experiment involving multiple factors, batch numerical analysis
software was employed for efficient processing of variance and range analyses in this study.
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Figure 12. Contour map of production contribution proportion of gas reservoir (drainage radius
and permeability).

Table 9 shows the results of analysis of variance, where the F value represents the
level of significance and the p value indicates the magnitude of difference. The findings
reveal that the maximum F value of the drainage radius is 3.89, and the significance degree
accounts for 38.71%, as shown in Figure 13. It was followed by thickness and permeability,
whose F-values were 2.84 and 2.48, respectively, and the significant degree accounted
for 28.26% and 24.68%. However, porosity and initial pressure do not exert significant
influence on yield contribution. The order of importance for significant effects is as follows:
drainage radius > thickness > permeability > initial pressure > porosity, and the three most
important factors were drainage radius, permeability, and thickness, which was consistent
with the results of range analysis.
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Table 9. Analysis of variance results.

Sources of Variance Degrees
of Freedom

Deviation Sum
of Squares Variance F Value p Value Degree

of Significance

Thickness 4 0.16623 0.041557 2.84 0.168 *
permeability 4 0.14495 0.036237 2.48 0.200 *

Porosity 4 0.02121 0.005304 0.36 0.825 ∆
Initial pressure 4 0.02781 0.006953 0.48 0.755 ∆

Drainage radius 4 0.22711 0.056778 3.89 0.108 *
Error 4 0.05843 0.014607

Note: ‘*’ means moderately significant, and ‘∆’ means not significant.
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Figure 13. Analysis of variance impact percentage histogram.

4. Conclusions

(1) The paper establishes an unsteady seepage flow model for the combined produc-
tion of multilayer gas reservoirs in vertical wells. By utilizing the Duhamel convolution
principle, the variable flow problem is transformed into a constant flow problem. Subse-
quently, the Laplace spatial solution is obtained through Laplace transform, and finally,
the real time-domain solution is derived using the Stehfest inversion. This comprehensive
model takes into account various parameters such as permeability, reservoir thickness,
porosity, and initial pressure to fully assess productivity.

(2) By integrating the unstable percolation model of multi-layer gas reservoirs with
an orthogonal test design, this study comprehensively considers the proportion of each
influencing factor under the combined influence of multiple factors. In the case of the
double-layer gas production well of a tight gas reservoir in the Changqing Oilfield in this
paper, where there is a small initial pressure difference between the gas reservoirs and no
backflow phenomenon was found, it is found that the impact on productivity contribution
is minimal due to the small permeability scale and span. The test results were analyzed
through a combination of an orthogonal experimental design, range analysis, and variance
analysis. The results of the range analysis and variance analysis indicate that the drainage
radius has the greatest impact, followed by permeability, thickness, initial pressure, and
porosity. The findings demonstrate that, within this gas reservoir, the dominant factors
influencing productivity are the drainage radius, permeability, and thickness, whereas
initial pressure and porosity exhibit a negligible impact on productivity.

(3) The model proposed in this paper provides valuable practical guidance for current
multi-layer combined gas production reservoirs. It effectively orders the main and sec-
ondary influencing factors under the common influence of multi-layer gas reservoirs with
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different characteristics, thus offering theoretical guidance for subsequent joint drilling and
abandonment of the secondary productive contribution layer in multi-layer gas reservoirs.
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