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Abstract: The fluid disturbance effect is a significant challenge in CBM (CBM) co-production
within superimposed pressure systems in China. To address the unique CBM reservoir of
superimposed pressure systems, a CBM co-production experimental apparatus for multi-
pressure systems has been independently developed. To comprehensively understand fluid
behavior during the early stage of CBM co-production, two sets of experiments were con-
ducted using the self-developed physical simulation test device: one in single-production
mode and the other in co-production mode. The dynamic response of reservoir fluids and
gas production characteristics were analyzed, and the fluid disturbance mechanism under
wellbore fluid confluences was explored. The method adopted in this study addresses
the issues of traditional co-production equipment, such as the use of series-parallel core
holders, small dimensions, limited monitoring capabilities, single loading methods, and
the lack of consideration for wellbore co-production flow disturbance and fluid redistribu-
tion in superimposed pressure systems. The following results were obtained: @ A flow
disturbance effect emerges when fluids from coal reservoirs with different pressure proper-
ties converge and mix in a main wellbore. The pressure inside the four horizontal wells
simultaneously reaches 1.45 MPa at t = 0.03 min. (2) Based on the fluid disturbance effect,
the evolution process of wellbore pressure is categorized into two stages: the confluence
disturbance stage and the confluence pressure drop stage. 3 This fluid disturbance effect
exacerbates the disparities among coal reservoirs, facilitating fluid exchange between the
main wellbore and coal reservoirs through branch wellbores. Under the co-production
mode, the instantaneous gas production of the No. 1 coal reservoir reaches its maximum
negative value at the moment of production, amounting to —3.85 L/min, indicating that a
portion of the fluid from high-pressure coal reservoirs flows back into low-pressure coal
reservoirs. () A dynamic characterization compatibility method is proposed based on the
differences in fluid flow between the single and co-production modes during the early stage
of CBM production. For example, at t = 0.1 min, the pressure compatibility coefficients
of the No. 1-4 coal reservoirs are 0.72, 0.45, 0.34, and 0.33, respectively. The pressure
compatibility and production compatibility coefficients exhibit rapid growth during the
early stages, followed by a slight decrease during the middle and later stages. &) The worst
compatibility performances are observed during the early stage of CBM co-production,
but these performances improve as the co-production time extends. (6) Optimizing super-
imposed pressure systems involves progressive co-production: dynamically introducing
coal reservoirs, balancing reservoir pressure, minimizing fluid disturbance, and enhancing
recovery efficiency.

Processes 2025, 13, 1095

https://doi.org/10.3390/pr13041095


https://doi.org/10.3390/pr13041095
https://doi.org/10.3390/pr13041095
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr13041095
https://www.mdpi.com/article/10.3390/pr13041095?type=check_update&version=2

Processes 2025, 13, 1095

2 0f 22

Keywords: superimposed pressure systems; CBM co-production; fluid disturbance;
compatibility; physical simulation test

1. Introduction

Coal serves as the primary energy resource in China, accounting for 56.0% of its
total national energy supply in 2021 [1]. The overuse of coal and oil resources has neg-
atively impacted the country’s ecosystems [2,3]. As public awareness of environmental
conservation rises, coalbed methane (CBM) resources, regarded as efficient and clean un-
conventional natural gas resources, have been increasingly developed globally [4,5]. The
CBM co-production method in areas with multiple coal reservoirs can convert uneconomic
and thick marginal and thin coal reservoirs into valuable reservoirs [6,7].

In eastern Yunnan and western Guizhou, the most abundant resources of CBM are
in southern China. The primary coal-bearing strata are the Changxing Formation and the
Longtan Formation, with a total CBM resource volume of about 32.04 x 108 m3, which ac-
counts for about 10% of China’s total national CBM resource volume [6,8,9]. In this area, the
distances between coal reservoirs are relatively small, and the coal reservoirs are relatively
closely spaced, exhibiting the distinctive characteristic of coal reservoir group development.
Meanwhile, multiple sets of independent gas-bearing systems are developed vertically,
characterized by superimposed pressure systems [10]. In the two pilot demonstration zones
of coalbed methane development in eastern Yunnan, there are 816 minable coal reservoirs
in the Enhong demonstration zone, with an accumulated thickness of 9.35-26.27 m. In the
Laochang demonstration zone, there are 5-14 minable coal reservoirs with an accumulated
thickness of 14-26 m and an average thickness of 20 m. The pilot demonstration area
situated in western Guizhou is the Songhe block within the Tucheng syncline, encom-
passing 2-24 minable coal reservoirs that collectively possess an accumulated thickness
ranging from 3.0 to 29.8 m [11]. In the eastern Guizhou region, CBM wells are primarily
concentrated in the Tucheng Syncline and Yangmeishu Syncline in Panxian County. Among
these, the Songhe exploration area has deployed clustered well groups GP-1 to GP-9 and
the GC-1 CBM parameter well. Currently, the producing CBM wells in the Yangmeishu
Syncline include three wells: DC-1, YMC-1, and QSC-1. Notably, the YMC-1 well exhibits
high production characteristics, while the GP-3, GP-4, GP-5, GP-6, and GP-8 wells in the
Songhe block are classified as medium-production wells, with the remaining wells being
predominantly low-production. In contrast, CBM development in the eastern Yunnan
region is mainly focused on the Laochang Basin, located in the southeastern part of Fuyuan
County [12].

In contrast, the single-well production of CBM wells in eastern Yunnan has not
achieved industrial gas flow breakthrough. The main reason for the above phenomenon is
that many relatively thin coal seams exist in eastern Yunnan and western Guizhou. The
frequent interaction of marine and continental coal measures deposits has resulted in the
formation of superimposed pressure systems in the vertical direction, with a complex litho-
logic combination. The superimposed pressure systems provide superior gas sources and
preservation conditions, which provide favorable conditions for CBM development [10-13].
On the other hand, it leads to the superposition of multiple fluid pressure systems to
superimpose, making it challenging to regulate the redistribution and transmission of fluid
energy among the systems involved in CBM co-production (as shown in Figure 1). It is
easy to destroy the dynamic balance effect between systems due to poor compatibility, and
the technology of the CBM co-production faces significant challenges. Based on the super-
imposed pressure systems, the fluid disturbance is common in the CBM co-production,
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limiting the maximum production capacity release. Hence, the investigation of the fluid
flow mechanism underlying CBM co-production in superimposed pressure systems holds
significant theoretical importance and practical worth, which is vital for guaranteeing the
sustainable development and utilization of CBM resources.

Static fluid Dynamic fluid
Figure 1. Schematic diagram of the occurrence process of fluid disturbance during CBM co-production.

To accurately understand the fluid effects in multi-gas reservoirs and effectively guide
the efficient development of gas wells, a series of test devices have been designed for
the development methods of multi-gas reservoirs. The disturbance of fluid in CBM co-
production is still in the exploratory stage, and current physical simulation experiments
have revealed common understandings [2,6,7,12,14-22]. In the physical simulation de-
vice for the co-production of a double-layer coalbed methane reservoir, the convergence
point of the two gas flow paths in the wellbore simulation system creates a site for inter-
layer interference, and the forward and reverse flow rates of the upper and lower layers
are monitored through bidirectional flow meters [6]. The physical simulation device for
co-production in superposed gas-bearing systems can simulate the gas and water flow
processes during CBM co-production in superposed gas-bearing systems under high-
temperature and high-pressure conditions, achieving separate measurements of gas and
water flow rates entering and exiting the reservoir specimens [7]. The physical simulation
device for combined desorption of double-layer coalbed methane reservoirs integrates the
characteristics of multi-layer CBM reservoirs and CBM co-production features, enabling
simultaneous simulation of the bottom-hole pressure in each co-production reservoir and
each individual reservoir [14]. The physical simulation device for multi-layer co-production
uses permeable materials between adjacent coal seams to better reflect actual formation
conditions, allowing uniform interlayer crossflow and simulating the fluid flow processes
within single layers and between multiple coal seams during CBM co-production [16].
The simulation experiment device for multi-reservoir production damage can replace
traditional permeability measurements with constant pressure or constant flow rate meth-
ods, simulating the fluid flow state of multi-lithology reservoirs entering the wellbore
simultaneously under different pressures [17,18]. In the simulation experiment device for
CBM co-production of superposed gas-bearing systems, the coal reservoir simulation unit
and the CBM extraction unit are the core components. This device can simulate the gas
reservoir and CBM occurrence conditions of stacked gas-bearing systems under different
well-type conditions, featuring advantages such as large-scale coal rock specimens, true
triaxial stress loading, intelligent data monitoring, and multi-purpose integration [22]. The
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above research indicates that under the condition of multi-pressure system co-production,
the borehole breakthrough disrupts the dynamic balance of fluid energy among various
reservoirs, leading to fluid disturbance during co-production. Simultaneously, gases origi-
nating from multiple reservoirs interfere with each other as they converge into the wellbore
from different pressure systems, affecting gas flow in the reservoirs, causing production
damage, and reducing gas production capacity. Upon summarizing the existing physical
simulation results, it has been found that multi-pressure system co-production is sensitive
to reservoir physical properties and co-production patterns. Differences in interlayer pres-
sure, permeability, effective stress, water saturation, and other factors may all induce fluid
disturbance during co-production and production damage to the reservoirs. Strategies
such as constant-pressure co-production, constant-production co-production, alternating
and progressive production systems, and controlled production pressure differentials may
be effective in reducing fluid disturbance and production damage during co-production.
Compared to physical simulation, numerical simulation boasts numerous advantages,
such as repeatability and low cost. Currently, research on the dynamic changes of reser-
voir parameters in CBM co-production predominantly relies on numerical simulation and
mathematical modeling. Xiong et al. established a dual-layer non-crossflow homoge-
neous gas reservoir model to analyze the influence of factors such as gas pressure and
reservoir physical properties on co-production. They concluded that when the pressure
coefficients are similar, differences in reservoir physical properties are the primary cause of
interlayer interference [23]. Guided by the theory of superimposed pressure systems, Fu
et al. proposed a progressive drainage strategy: first, the gas-bearing system with higher
critical desorption pressure and gas production pressure is drained. When the pressure
drops to the critical desorption and production pressures of another gas-bearing system,
co-production of the two systems is initiated [24]. Jiang et al. used COMET 3 software
to simulate the productivity of CBM co-production in the Bide-Santang Basin in western
Guizhou, concluding that reservoir physical properties and hydrogeological conditions
form the basis for co-production within and across gas-bearing systems, with permeability
differential being the main factor affecting productivity contribution distribution, and the
impact of production layer spacing reaching up to 70%, while the influence of reservoir
pressure gradient is relatively limited [25]. Li et al. established a numerical model for the
synergistic production of CBM and tight gas, systematically analyzing the dynamic changes
in permeability and reservoir pressure during co-production, and suggested that single
wellbore co-production of coal series gases also experiences interlayer interference due to
pressure imbalance [26]. Wang et al. Simulated CBM co-production in the Huangnitang
Syncline in Guizhou, with results showing that the effect of pressure-to-storage ratio and
permeability on recovery rate is more than twice that of other factors [27]. Wang et al.
constructed a geological-mathematical model for CBM co-production production layer
groups, discussing the control mechanisms of permeability differential, reservoir fluid
pressure difference, and production layer spacing on productivity contribution distribution
and interlayer interference from an engineering adaptation perspective [28]. In summary,
under CBM co-production conditions, the wellbore’s connecting effect merges multiple gas-
bearing systems into a single pressure system. When the attribute differences between the
gas-bearing systems are significant, the dynamic equilibrium state of fluid energy among
the systems is disrupted, leading to interlayer interference or incompatibility phenomena.
To address the aforementioned challenges, an independently developed physical sim-
ulation test system for CBM production in large-scale multi-field coupling superimposed
pressure systems has been used to perform the physical simulations on CBM co-production
in superimposed pressure systems. The fluid dynamic response characteristics of the
reservoir and their gas-production characteristics during the early stages of the single
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production and co-production have been analyzed. Meanwhile, the formation mechanism
of fluid behavior under well-hole fluid confluences has been explored, and the disturbance
degrees of CBM co-production have been quantitatively evaluated.

2. Simulation Test Method

2.1. Simulation Test Device

The simulation test device is comprised of various modules, including a well-hole
simulator, reservoir simulation, CBM production, multi-gas source, test control and data ac-
quisition, real three-axis loading servo control, and coal-rock specimen formation (as shown
in Figure 2). This device is a physical simulation test device for multi-field coupling CBM
production with the functional advantages of large-scale coal-rock specimens, true triaxial
stress loading, intelligent data monitoring, and integration of multi-purposes [29,30]. Its pri-
mary features are (1) Simulating the multi-pressure system composed of coal reservoirs and
impermeable gas barriers. @) Simulating the real three-dimensional non-evenly distributed
complex crustal stress state by controlling nine loading oil cylinders to independently
apply stresses to different coal reservoirs. The large-scale physical simulation test device
employed in this study effectively eliminates or mitigates the issues associated with the
parallel core holder approach in constructing a co-production model, such as the monotony
of reservoir samples, limited monitoring data methods, and uniform stress loading forms.
This device enables the consideration of fluid pressure transmission characteristics in large-
scale heterogeneous and multi-type reservoir samples under true three-dimensional and
complex non-uniform geostresses, as well as between adjacent reservoirs.
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Figure 2. Schematic of the simulation test device.
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It should be noted that the inhibitory effect of produced water on gas production in
low-pressure coal reservoirs under different pressure systems cannot be ignored. However,
since gas mass flow controllers can only monitor dry gases, the presence of moisture or
other impurities in the gas can impair their measurement accuracy. Therefore, a gas-liquid
separator must be installed at the inlet of the gas mass flow controller, as shown in Figure 3.
Without a gas-liquid separator, a spray-like mixture of gas and liquid will emerge from the



Processes 2025, 13, 1095 6 of 22

outlet. The water produced in this study differs from that produced by on-site drainage,
and due to experimental constraints, the role of water in different gas-bearing systems
is neglected.

Figure 3. Schematic diagram of the gas-water separator.

2.2. Coal Reservoir Design and Material Selection

A superimposed pressure system is comprised of vertically stacked independent gas-
bearing systems [31]. The material basis for its formation is low-permeability thick rock
strata with high water and gas resistance between adjacent gas-bearing systems [32-34].
Thus, the gas and water within different gas-bearing systems are isolated, and the verti-
cal gas and water exchanges between different gas-bearing systems are stopped. Given
this characteristic of superimposed pressure systems, reproducing the test conditions
constructed during the CBM production process in superimposed pressure systems with
test methods must have four elements simultaneously: reservoir, CBM, impermeable gas
barriers, and well-hole. To prevent inter-layer gas channeling resulting from fracture pen-
etration, impermeable gas barriers are installed between adjacent coal reservoirs, along
the four walls of the reservoir simulation module, and within each coal reservoir. Within
the reservoir simulation module, there are four superimposed coal reservoirs, with each
layer having a size of 212 mm X 380 mm x 390 mm, and the size of the whole sample is
1040 mm x 400 mm x 400 mm. Figure 4 shows the spatial layouts of the coal reservoir and
impermeable gas barriers.

- Coal reservoirl:l Impermeable gas barrier “- o= Wellhole simulator

(@) - ®) -
E78 —. 8 .08 iz (. ey [
gl Tl Vg Yy

o= %=
’

-

= =

Figure 4. The spatial arrangement of coal reservoirs and impermeable gas barriers. (a) Front view,
(b) left view, (c) vertical view, and (d) physical picture.

The materials used in the physical simulation test encompass coal reservoir materials,
impermeable gas barrier materials, and cementing agents. In these experiments, briquette
specimens are employed, utilizing raw coal sourced from the Jinjia coal mine in Guizhou.
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The test was conducted using crushed coal for two primary reasons. Firstly, acquiring
large-scale raw coal is challenging, and its internal primary fractures are highly developed,
potentially resulting in significant deviations in test outcomes. Conversely, briquette speci-
mens can be regarded as an isotropic medium, offering more consistent results. Secondly,
there are certain similarities between briquette specimens and raw coal in terms of physical
mechanics and permeability [35-42].

The production flow chart of the briquette specimens is shown in Figure 5. After
undergoing impurity removal, crushing, and screening processes, raw coal with four
particle sizes of 0.250-0.425 mm, 0.180-0.250 mm, 0.150-0.180 mm, and 0.000-0.150 mm
was obtained. To minimize the differences between the four groups of coal reservoirs,
the raw material sources of the four independent coal reservoirs are consistent, and the
conditions such as material proportioning, pulverized coal weight, molding pressure, and
molding time are kept the same. Clay materials with dense texture, strong cementation,
and viscosity were chosen for the impermeable gas barriers to realize their strong water
and gas resistance characteristics. The impermeable gas barriers exhibit a wrapping effect
on the coal reservoir.

| Pulverized coal A: 0.250~0.425 mr
| - . o ulverized clay B: 0.180~0.250 mm:
CFETEREERE
| - C: 0.150~0.180 i
| —— mﬁ% s § - w
I Sieving = ) e _ D:0.000-0.150 sy
E: 0.000~0.425 mn
[ g |
[ ﬂ ~ L |
|
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brushln <>
,'00
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|
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|
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|
|
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Figure 5. Production flow chart of the briquette specimens.

The optimized mix proportion scheme table of coal reservoir and impermeable gas
barriers is detailed in the published papers [43]. Likewise, clay materials undergo the
processes of impurity removal, crushing, and screening, with clay powder particles of
0.000-0.425 mm obtained. Cementing agents include the polyvinyl acetate emulsion adhe-
sive and gypsum powder. Specifically, the polyvinyl acetate emulsion adhesive enhances
specimen shaping, while the gypsum powder boosts specimen strength. The specific steps
for specimen preparation are as follows: the material mixture was loaded into the reservoir
simulation, and the specimen was molded under a cold forming pressure of 10.0 MPa for
1.0 h. After the first forming, the height of the specimen was 70 mm. The second batch
of material mixture was loaded into the coal specimen box to form the second layer of
the coal specimen (i.e., second forming). The extraction pipe and sensors are installed on
the surface of the second layer. The third and fourth layers are formed correspondingly.
The specimen height after the second, third, and fourth forming is 200 mm, 300 mm, and
390 mm, respectively. The fifth layer, an interlayer, is composed of clay materials, and
the specimen height after the fifth forming is 400 mm. The gas pressure sensor model is
GB-Y-J6M, with a measurement range of —0.1 to 6 MPa and an accuracy of £0.25% ES. The
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temperature sensor selected is a platinum resistance thermometer, model Pt100, with a
theoretical measurement range of —200 to 850 °C and an accuracy of £0.15 °C.

2.3. Test Scheme and Steps

Two modes of single production and co-production have been designed in this scheme.
The distinguishing feature between these two modes lies in the presence or absence of
fluid confluences within the main well-hole. This distinction is further reflected in whether
four independent horizontal wells are interconnected with the main well-hole. Four coal
reservoirs in the superimposed pressure systems have been numbered, with the reservoirs
along the Z axis being reversely numbered as 1, 2, 3, and 4. There is an independent
horizontal well within each coal reservoir in the superimposed pressure systems. Therefore,
the horizontal wells in the No. 1, 2, 3, and 4 coal reservoirs are numbered I, II, III, and IV.
Multiple fluid pressure sensors are placed in different areas of the coal reservoir to obtain
the changes in reservoir parameters in different positions during CBM production. The
fluid pressure sensors model is GB-Y-J6M, with a measuring range of 0.1~6.0 MPa and a
testing accuracy of +0.25% E.S. The fluid pressure sensor is connected to the measuring
point through a PU tube that can ignore the pressure loss. Figure 6a shows four independent
cross sections, namely D1, D2, D3, and D4 (z = 141 mm, z = 395 mm, z = 645 mm, and
z =925 mm), and Figure 6b shows the specific positions of fluid pressure sensors in these
cross sections. Different crustal stress values are set for different coal reservoirs. That is,
loads of oH1, cH2, oH3, and cH4 are sequentially applied to No. 14 coal reservoirs along
the X-axis direction, with loads of oh1, ch2, ch3, and ch4 applied along the Y-axis direction,
and a load of ov applied along the Z-axis direction. Different initial reservoir pressures of
PI, PII, PIII, and PIV are applied to coal reservoirs No. 1-4, respectively. The stress-loading
process commenced, with a schematic representation of the stress application illustrated in

Figure 7.
(a) @ Fluid pressure sensors mwwovssssm Horizontal wells (b)
3
400
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Figure 6. Layout of well-hole simulator and sensor. (a) Space layout, and (b) nomenclature of sensors.
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Figure 7. Stress loading scheme.
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According to the analysis of the in-situ stress field characteristics in the eastern Yunnan
and western Guizhou regions, it is evident that the three principal stresses and initial
reservoir pressure exhibit a significant increasing trend with burial depth [44,45]. This
results in a distinct vertical zonation of in-situ stress and initial reservoir pressure across
different coal seams. Based on similarity theory analysis, the study determined a geometric
similarity ratio of 2.31 and a bulk density similarity ratio of 1.04 between the prototype
and the model. Consequently, the in-situ stress similarity ratio was calculated to be 2.4. In
accordance with the fundamental principles of similarity theory, it is essential to strictly
maintain consistency in the similarity ratios of in-situ stress and initial reservoir pressure
to ensure the reliability of the model experiments. The study set the burial depth of the
No. 1 coal reservoir at 350 m. Based on the vertical in-situ stress calculation formula and
the empirical relationship for initial reservoir pressure in the eastern Yunnan and western
Guizhou regions [44-46], the vertical in-situ stress of No. 1 coal reservoir was determined to
be approximately 4.0 MPa, with an initial reservoir pressure of about 1.0 MPa. Considering
that the ratio of minimum to maximum horizontal principal stress typically ranges between
0.4 and 0.8, this study selected the median value of 0.6 as the calculation parameter [47].
The lateral pressure coefficient (defined as the ratio of the average of the two horizontal
principal stresses to the vertical principal stress) has a range of 0.39 to 1.95, and a value of
1.0 was adopted for this study [46]. According to the three-dimensional stress relationship
theory, the maximum horizontal principal stress of the No. 1 coal reservoir was calculated
to be 5.0 MPa, while the minimum horizontal principal stress was 3.0 MPa. Additionally,
the reservoir pressure difference between adjacent coal reservoirs was set at 0.4 MPa. Based
on the calculated results of the above parameters, the experimental scheme shown in Table 1
was ultimately determined.

Table 1. Test scheme.

Crustal Stress (MPa) Initial Reservoir Pressure (MPa) .
No. Production Mode
OH1 OH2 OH4 Oy Opy Op2 Oh3 Ohg Py Pr Py Prv
! 5.0 40 3.0 1.0 14 18 2o  Singleproduction
2 Co-production

The test procedures follow (shown in Figure 8): @) Preliminary Preparation: Verify the
proper functioning of the test system. Conduct air tightness detection to ensure the system
is leak-free. Perform sensor calibration to guarantee accurate measurements. 2) Vacuum
Pumping: Initiate the evacuation of impurity gases from pipelines, cavities, and reservoirs
to establish a controlled environment, reducing the reservoir pressure to —0.1 MPa. (3) Stress
Loading: Following the vacuum pumping process, apply the predetermined stress to the
specimen. In the X direction, cH1, cH2, cH3, and cH4 were set to 5.0 MPa; in the Z
direction, ov was maintained at 4.0 MPa; and in the Y direction, chl, ch2, ch3, and
oh4 were 3.0 MPa. (®» Gas Injection and Adsorption: Inject gas incrementally in steps
of 0.25 MPa until adsorption equilibrium is attained. Note: Adsorption equilibrium is
determined by monitoring the pressure sensor. A stable pressure reading indicates that the
system has reached equilibrium. ) CBM Production: Upon completion of the preceding
steps, commence the CBM production test. While the CBM co-production process typically
spans 6.0 h, this study emphasizes the initial phase, specifically analyzing data collected
within the first 10.0 min of the co-production process. This structured approach ensures
clarity and enhances the readability of the experimental methodology.
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2.4. Definition of Relevant Parameters

Using the single production mode as a benchmark, a pressure compatibility coeffi-
cient and a production compatibility coefficient are constructed from the perspective of
dynamic variations of pressure and gas production during CBM production. Subsequently,
the dynamic variation characteristics caused by fluid disturbance are explored, and the
compatibility of CBM co-production is evaluated.

Based on the condition of the single production mode, the pressure compatibility
coefficient is characterized by the ratio of the real-time difference in pressure between the
co-production mode and single production mode to the maximum difference. The pressure
compatibility coefficient is calculated as follows:

__Pc=hs
max(P;c — P;s)

Pir )

Based on the condition of single production mode, the production compatibility
coefficient is characterized by the ratio of the real-time difference in production between co-
production mode and single production mode to the maximum difference. The production
compatibility coefficient is calculated as follows:

9i,s — 4iC
9ir = ax(gis — 9ic) &)
where p represents the pressure inside horizontal wells and g represents the instantaneous
gas production volumes. The subscripts of i, C and i, S, i represents the number of the
corresponding coal reservoir, with a value of 1, 2, 3, or 4 representing the No. 1, 2, 3,
and 4 coal reservoirs, respectively. The C represents a single production mode, and the S
represents a co-production mode.

3. Test Results and Analysis
3.1. Influences of Well-Hole Fluid Confluences on the Pressure Field

Figure 9 illustrates the dynamic evolution curves of pressure within four horizontal
wells during the initial phase of CBM co-production. Under the co-production mode, the
pressure in horizontal wells I and II demonstrates an increasing trend, while the pressure
in horizontal wells III and IV exhibits a decreasing trend during the early stage of co-
production. Notably, the pressure in all four horizontal wells simultaneously reaches
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1.45 MPa at t = 0.03 min. Subsequently, the pressure curves for all four wells align, showing
a consistent downward trend. Based on this observation, the pressure evolution in the
horizontal wells can be divided into two stages: Stage 1, the confluence disturbance stage,
and Stage 2, the pressure converging and drop stage.

2.5

2.0+

Pressure (MPa)
=

—O—No.1 coal reservoir-single producti0n+ No.2 coal reservoir-single production
No.3 coal reservoir-single production No.4 coal reservoir-single production

~ No.1 coal reservoir-single production""%‘"' No.2 coal reservoir-co-production

- -8 - No.3 coal reservoir-co-production "No.4 coal reservoir-co-production

= Pressure balance: 1.45MPa

0.033min

Time (min)

Figure 9. Dynamic evolution curves of pressure inside four horizontal wells during the early stage of
CBM production under single-production mode and co-production mode.

Stage 1: The Confluence Disturbance Stage

This stage is attributed to the varying reservoir pressure properties of different coal
reservoirs. During this stage, when fluids with different pressure properties converge in
the main wellbore, the pressure in the horizontal wells corresponding to the low-pressure
coal reservoirs does not decrease but instead rises due to the confluence effect. This
phenomenon can be explained from a fluid dynamics perspective: when high-pressure
fluids mix with low-pressure fluids in the main wellbore, the low-pressure fluids are pushed
by the high-pressure fluids, leading to a temporary pressure increase. This pressure rise is
particularly pronounced during the initial co-production period and differs significantly
from the pressure evolution observed in single-production mode.

Stage 2: The Pressure Converging and Drop Stage

This stage follows the confluence disturbance stage, during which the pressures in
the four horizontal wells reach equilibrium and begin to decline synchronously. In this
stage, fluids with different pressure properties are fully mixed in the main wellbore, and
the pressure gradient gradually becomes uniform, resulting in the four pressure decline
curves becoming largely consistent. The downward trend in this stage reflects the uniform
flow characteristics of the co-production fluids in the main wellbore.

In summary, under the co-production mode, fluids originating from coal reservoirs
with varying pressure properties converge within the main wellbore, leading to the forma-
tion of confluences and subsequently inducing the co-production fluid disturbance effect.
In contrast, this effect is absent under the single production mode.

To further investigate the differences in pressure curves between single production
mode and CBM co-production modes, a pressure compatibility coefficient was proposed
to quantify the degree of pressure difference between single production mode and CBM
co-production modes. Specifically, based on the conditions of the single production mode,
the pressure compatibility coefficient is characterized by the ratio of the real-time pres-
sure difference between the co-production mode and the single production mode to the
maximum pressure difference.

Figure 10 illustrates the evolution curves of the pressure compatibility coefficient
during the early stage of CBM co-production. As shown in the figure, the pressure compat-
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Pressure compatibility coefficient

1.2

ibility coefficients of No. 1-4 coal reservoirs all rapidly increase to 1.00 at the beginning
of co-production, reaching this value around t = 1.4 min, and then gradually decline as
co-production continues. During this stage, the pressure in the No. 1 coal reservoir exhibits
significant fluid disturbance phenomena at the early stage of CBM co-production. Fluid
exchange occurs between the main wellbore and each coal reservoir through the branch
wellbores, meaning that a portion of the fluid from the high-pressure coal reservoir flows
back into the low-pressure coal reservoir, creating pressure disturbances and inhibiting
the productivity release of the low-pressure coal reservoir. The pressure compatibility
coefficient curve of No. 1 is positioned at the top, followed by the curves of No. 2, 3, and 4
in descending order. For example, at t = 0.05 min, the pressure compatibility coefficients
of coal reservoirs 1 to 4 are 0.72, 0.45, 0.34, and 0.33, respectively. This indicates that
when coal reservoirs with significantly different pressure characteristics are co-produced,
the coal reservoir with a higher initial reservoir pressure exhibits stronger resistance to
pressure disturbances caused by fluid interference and demonstrates better compatibility.
Conversely, coal reservoirs with lower initial reservoir pressures show weaker resistance to
pressure disturbances and poorer compatibility. However, as co-production progresses, the
pressure compatibility coefficients begin to decline from their peak values. After t = 10 min
of co-production, the pressure compatibility coefficients of No. 14 coal reservoirs are 0.88,
0.89, 0.89, and 0.90, respectively. Numerically, the pressure compatibility coefficients of
No. 14 coal reservoirs are relatively close, indicating that fluids from coal reservoirs with
different pressure properties mix in the main wellbore, creating a fluid disturbance effect.
As the pressures in the lateral wellbores stabilize, the impact of the fluid disturbance effect
on coal reservoirs with similar pressure properties weakens, and the degree of influence
becomes more uniform.

: (1.4 1.0)

-0.4
0.01

Time (min)

Figure 10. Dynamic evolution curves of the pressure compatibility coefficient during the early stage
of CBM co-production.

Figures 11 and 12 show the cloud pictures of reservoir pressure at t = 0.08 min under
CBM co-production and single-production modes, respectively. The figures show that
under the co-production mode, there is a high-pressure area with a distribution shape of
pear around the production section of the horizontal well in the No. 1 coal reservoir. Also,
the pressure-rise trend develops towards the inner side of the coal reservoir. The reservoir
pressure spatial distribution characteristics of the No. 2 coal reservoir are similar to those
of the No. 1 coal reservoir. That is, their pressure rises. However, the pressure increase in
the amplitude of the No. 2 coal reservoir is lower than that of the No. 1 coal reservoir. This
observation suggests that pressure disturbances are more likely to emerge in low-pressure
coal reservoirs and initially manifest in the near-well zones of these reservoirs. Under the
single production mode, the pressure spatial distribution characteristics of the No. 1 and 2



Processes 2025, 13, 1095

13 of 22

coal reservoirs exhibit a distinct pattern. Specifically, a low-pressure area occurs around
the production section of the horizontal well, and the pressure decrease trend develops
towards the inner side of the coal reservoir. Their spatial pressure distributions differ from
those under the co-production mode. The pressure spatial distribution characteristics of the
No. 3 and 4 coal reservoirs under the single-production mode are similar to those under
the co-production mode. Additionally, low-pressure areas are observed in the vicinity of
the production sections of horizontal wells within these two coal reservoirs.

360

(a) = MP:
: t=5s a1‘1

320
£ 280
Eomy
3
§200
g |
Z 160
> 120

80

40 -
40 80 120 160 200 240 280 320 360
Y distance/ mm

(¢) MPa
360

320
£ 280
Eomo
3
2 200
2
2 160
> 120

80

40
40 80 120 160 200 240 280 320 360
Y distance/ mm

1.9

1.85

18

17

360
320
£ 280
E 20,
3
520 3
17]
2 160 i
> 120
80

40
40 80 120 160 200 240 280 320 360
Y distance/ mm

()
360

320
280
E o
8
2 200
%

2 160
> 120

80

40
40 80 120 160 200 240 280 320 360
Y distance/ mm

(b) t=5s MPa

Figure 11. Cloud pictures of reservoir pressure under co-production mode. (a) No. 1 coal reservoir,
(b) No. 2 coal reservoir, (c) No. 3 coal reservoir, and (d) No. 4 coal reservoir.
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In summary, during the single production mode, fluids flow continuously from in-
dividual coal reservoirs through independent branch shafts. Conversely, during the co-
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production mode, fluids exiting individual branch shafts converge within the main well
hole, resulting in fluid interference between shafts and coal reservoirs. This interference
extends into the coal reservoirs, leading to pressure disturbances. Its manifestation is that
under the co-production mode, pressure drop rates will decrease, and even the pressure of
low-pressure coal reservoirs will increase. According to CBM co-production cases in the
Qinshui Basin, Hancheng area, and Laochang block in eastern Yunnan, strong interlayer
interference occurs during multi-layer co-production due to phenomena such as fluid
backflow, which aligns with the experimental results [48-51].

3.2. Influences of Well-Hole Fluid Confluences on the Flow Field

Figures 13 and 14 describe the flow field diagrams at t = 0.08 min under the CBM
co-production and single production modes, respectively. Through observation of flow
spatial distribution characteristics of fluids under the co-production mode, the flow vector
arrows of fluids in the near-well zones of the No. 1 and 2 coal reservoirs all point to the
deep sides of these reservoirs, showing a pattern of centrifugal flow. Also, the closer the
areas are to the production sections of horizontal wells in these coal reservoirs, the faster
the fluids flow. Under the single production mode, the flow vector arrows of fluids in
the near-well zones of the No. 1 and 2 coal reservoirs all point to the production sections
of horizontal wells, presenting a pattern of centripetal flow. It shows that under the co-
production mode, the dynamic pressure equilibrium between well-holes and coal reservoirs
is partially driven by the reverse injection of fluids from the high-pressure coal reservoirs
to the low-pressure coal reservoirs. The fluids flow reversely towards the deep sides of
the coal. Under both production modes, the flow field diagrams of the reservoirs create
the centrifugal flow inside these reservoirs. e No. 3 and 4 coal reservoirs show dense
equipotential lines in the near-well zones and sparse lines in the areas far from the wells.
Their fluid flow vector arrows all point to the centers of well holes, presenting a pattern of
centripetal flow. Although the pressure inside four horizontal wells reached equilibrium at
t = 0.03 min with a pressure value of 1.45 MPa, the pressure at t = 0.08 min was higher than
the original reservoir pressure of the No. 1 reservoir, indicating that the No. 1 reservoir was
still affected by fluid disturbance, resulting in a reverse flow of fluid. The dynamic pressure
balance between the coal reservoir and the wellbore drives the fluid from the coal reservoir
with a high initial reservoir pressure to be injected in reverse into the coal reservoir with a
low initial reservoir pressure, creating a fluid disturbance effect that results in reverse flow
within the coal reservoir with a low initial pressure. As the production time extends, the
fluid disturbance effect weakens its impact on the fluid within the coal reservoir with low
initial pressure, and the reverse flow restores to a centripetal flow.

Figure 15 shows the evolution of fluid flow characteristics at the moment of
t = 0.08 min under both production modes. The calculation principle of fluid flow charac-
teristic parameters can be found in the published papers [43]. The figure shows that under
the co-production mode, the evolution patterns of fluid flow characteristic parameters of
the No. 1 and 2 coal reservoirs are similar, with negative relative flow velocities, deflec-
tion angles of about 180°, and absolute deviations of fluid flowing from the optimal flow
trajectory trend line. The relative flow velocity of the No. 2 coal reservoir, measured at a
distance of 140 mm from the center of the horizontal well’s production section, returns to
a positive value. This is accompanied by a sharp decrease in the deflection angle, which
falls significantly below 90°, indicating a restoration of the fluid flow direction towards
the optimal flow trajectory trend line. The relative flow velocities of the No. 3 and 4
coal reservoirs have positive values, with relatively small deflection angles. Under the
single production mode, the relative flow velocities of fluids in the near-well zones of the
No. 1-4 coal reservoirs all have positive values, with deflection angles below 90°. This
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observation indicates that fluids flow along the optimal flow trajectory trend line under the

single production mode.
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Figure 15. Fluid flow characteristics at the moment of t = 0.08 min under both production modes.
(a) Relative flow velocity, co-production mode, (b) relative flow velocity, single production mode,
(c) deflection angle, co-production mode, and (d) deflection angle, single production mode.

In summary, during the initial stage of CBM co-production, fluids from different coal
reservoirs converge into well holes, resulting in interference. This interference, referred to
as “well-hole fluid disturbance” in this study, has the potential to inversely impact the flow
states of fluids within different coal reservoirs, ultimately altering their flow characteristics.
Under the influence of a relatively strong fluid disturbance effect, high-pressure fluids flow
into low-pressure coal reservoirs through centrifugal flow. Consequently, this alters the
pressure distributions within the low-pressure coal reservoirs, leading to the formation
of high-potential zones proximate to the well zones. Additionally, the influences of fluid
disturbance on near-well zones are more significant than those in areas far from the wells.
The relative reverse flow velocity of fluids exhibits a decreasing trend as the distance from
the well hole increases.

3.3. Influences of Well-Hole Fluid Confluences on Gas Production Characteristics

Figure 16 shows the characteristic evolution curves of instantaneous gas production
under the initial CBM co-production and single-production stages. It can be seen that under
the single production mode, the evolution patterns of instantaneous gas production curves
of four coal reservoirs are consistent. At the moment of production, their instantaneous
gas production quickly reaches its peak values and then rapidly decreases, presenting
a characteristic unimodal class exponential decline pattern. The No. 4, 3, 2, and 1 coal
reservoirs, in descending order of instantaneous gas production amount, have a peak
instantaneous gas production amount of 176.77 L/min, 43.96 L/min, 29.59 L/min, and
10.67 L/min, respectively.

Under the co-production mode, the instantaneous gas production of the No. 1 coal
reservoir reaches its maximum negative value at the moment of production, amounting
to —3.85 L/min. Then, it rises to 0.0 L/min at the moment of t = 3.6 min. The duration of
negative gas production lasts for 3.6 min. The gas production of the No. 2 coal reservoir
reaches its peak value at t = 0.53 min, which is 3.5 L/min. Before that moment, a suppression
phase of gas production exists, then the production drops. The No. 3 and 4 coal reservoirs
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exhibit a pattern of instantaneous gas production reaching its peak value first and then
decreasing quickly. This is comparable to that observed in the single production mode.
The peak values of instantaneous gas production of the No. 3 and 4 coal reservoirs are
10.71 L/min and 21.92 L/min, respectively.
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Figure 16. Dynamic characteristic evolution curves of instantaneous gas production during the early
stage of CBM production under both production modes. (a) No. 1 coal reservoir, (b) No. 2 coal
reservoir, (¢) No. 3 coal reservoir, and (d) No. 4 coal reservoir.
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Figure 17 shows the evolution curves of the productivity contribution rate during
the early stage of CBM production under co-production and single-production modes. It
can be seen that under the co-production mode, the productivity contribution rates of the
No. 1 and 2 coal reservoirs exhibit an upward trend during the early stage. Conversely,
the productivity contribution rates of the No. 3 and 4 coal reservoirs exhibit a downward
trend. Under the single production mode, the productivity contribution rates of the No. 14
coal reservoirs at the moment of production are 3.1%, 9.3%, 11.5%, and 76.1%, respectively.
Under the co-production mode, the productivity contribution rates of the No. 14 coal
reservoirs at the moment of production are —13.0%, 3.2%, 36.0%, and 73.8%, respectively.
Meanwhile, the productivity contribution of the No. 1 coal reservoir starts to rise from its
initial rate of —13.0%. Then, it returns to a rate of 0.0% at the moment of t = 8.3 min.
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Figure 17. Dynamic characteristic evolution curves of productivity contribution rate during the early
stage of CBM production under both production modes. (a) Co-production mode, and (b) single
production mode.

In summary, the co-production mode accentuates productivity differences among
coal reservoirs, amplifying the release of high-pressure coal reservoirs while suppressing
low-pressure coal reservoirs. The disturbance during the early stage of co-production
will force some fluids from high-pressure coal reservoirs to reverse flow into low-pressure
coal reservoirs, thus inhibiting the gas production in those low-pressure coal reservoirs.
Consequently, peak gas production may lag or even experience reverse flow. The pressure
corresponding to individual coal reservoirs is different, so their instantaneous gas produc-
tion caused by disturbance is also different. High-pressure coal reservoirs that encounter
minimal disturbances gradually revert to single-production mode characteristics. However,
their gas production capacity is suppressed for low-pressure coal reservoirs that undergo
significant disturbances. Based on these findings, this study optimizes production strategies
for superimposed pressure systems and proposes a progressive co-production schedule.
The core of this schedule lies in the dynamic introduction of gas-bearing layers: initially,
CBM from high-pressure coal reservoirs is extracted, and when the reservoir pressure
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decreases to a level comparable to that of low-pressure coal reservoirs, CBM from the low-
pressure reservoirs is co-produced. The primary objective of the progressive co-production
schedule is to achieve uniform reservoir pressure (i.e., similar fluid energy) across the
superimposed pressure systems, thereby reducing fluid disturbance effects during CBM
co-production and ultimately enhancing recovery efficiency.

4. Conclusions

The fluid disturbance effect is a prevalent challenge in coalbed methane (CBM) co-
production in superimposed pressure systems in China. This study improved a large-
scale experimental technique to evaluate the gas supply characteristics and visualize the
fluid flow behavior based on CBM co-production experiments of superimposed pressure
systems with four independent pressure systems. The formation mechanism of the fluid
disturbance effect under well-hole fluid confluences was explored during the early stage
of CBM production. Also, the coordination of CBM co-production has been evaluated
through the utilization of the self-built pressure compatibility coefficient and production
compatibility coefficient. The primary conclusions are drawn as follows:

a.  Current laboratory research primarily focuses on seepage experiments involving
series-parallel core samples, while large-scale physical simulation studies on CBM
development in superimposed pressure systems are scarce. This study replicates
the indoor simulation of superimposed pressure systems, which involve multiple
pressure systems coexisting within a reservoir, providing a new approach for the safe
and efficient extraction of superimposed pressure systems.

b.  Based on the characteristics of superimposed pressure systems, the reconstructed coal
simulates the coal reservoir and provides the occurrence place of CBM. The imper-
meable gas barrier of clay is used as the low-permeability thick rock strata to cut off
the fluid connection between coal reservoirs. This work provides a new research ap-
proach for revealing fluid disturbance mechanisms and guiding CBM development.

c. The convergence and mixing of fluids from coal reservoirs exhibiting distinct pres-
sure characteristics within the main well hole generate a fluid disturbance effect. The
evolution process of well-hole pressure is categorized into two stages: the conflu-
ence disturbance stage and the confluence pressure drop stage. Due to well-hole
fluid confluences, the well-hole pressure of branch well-holes in the corresponding
low-pressure coal reservoirs increases in terms of reservoir pressure. This increase
in pressure leads to fluid exchanges between the coal reservoirs and well-holes,
manifesting in terms of production.

d.  Based on the differences between the fluid disturbance effects of CBM co-production
modes, a compatibility method of dynamic characterization has been put forward.
The pressure compatibility and production compatibility coefficients exhibit rapid
growth during the early stages, followed by a gradual decline during the middle
and later stages. The worst compatibility is witnessed during the early stage of co-
production, but the compatibility will improve the extension of co-production time.

e. Optimizing production strategies for superimposed pressure systems involves im-
plementing a progressive co-production schedule. The core of this schedule lies
in the dynamic introduction of gas-bearing layers: initially extracting CBM from
high-pressure coal reservoirs and, once the reservoir pressure decreases to a level
comparable to that of low-pressure reservoirs, co-producing CBM from the low-
pressure reservoirs. The primary objective of this approach is to achieve uniform
reservoir pressure (i.e., similar fluid energy) across the superimposed pressure sys-
tems, thereby minimizing fluid disturbance effects during CBM co-production and
ultimately enhancing recovery efficiency.
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f. This research is currently focused on the flow characteristics of superimposed pres-
sure systems within the reservoir. Future studies should prioritize investigating the
coupling effects of low porosity and permeability, gas-water two-phase seepage, the
coexistence of multi-phase natural gas, and multi-type reservoirs on the dynamic
evolution of the fluid behavior response characteristics induced by fluid interfer-
ence. Additionally, it is essential to clarify the mechanisms and impacts of reservoir
damage caused by the invasion of different fluid phases during CBM co-production
and to reveal the coupled flow characteristics of interlayer crossflow and wellbore
pipe flow.
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