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a b s t r a c t

Inter-well interference, a superimposed effect of pressure propagation from adjacent wells, can
enhance the dynamics of methane desorption in pores and gas transport in fractures through
energy migration. To better understand the variation pattern of seepage efficiency, the inter-well
interference mechanism of different types of reservoirs and productivity changes after infilling coalbed
methane wells were investigated. The results showed that the average productivity of old wells
increased by 627 m3/d after infilling a horizontal well in the high-permeability reservoirs without
surrounding rock water supply (HP-WW); however, the newly infilled horizontal well produced gas at
4996 m3/d. The infill well in HP-WW reservoir resulted in 11-39permeability increment compared
with initial permeability (the average permeability changes from 1.58 to 2.18 mD). While, much
higher permeability increment was observed (varies from 29-50) in relative low permeability coalbed
formation due to infill well. After the formation of interference, increased confining pressure increases
effective stress, which is smaller than the positive effect formed by the fracture expansion and the
increase in the effective diffusion area. Additionally, well interference promotes coupled superposition
of the pressure drop funnel, which effectively suppresses the influence induced by velocity sensitivity,
water sensitivity, and water lock, resulting in an increased pressure difference between the reservoir
and the wellbore. This enhances the dynamics of methane desorption from the pore surface and gas
migration from the fracture. For gas diffusion, the mean free path of gas molecules decreases with
well interference, implying that the main diffusion resistance changes from collisions between gas
molecules and the pore wall to collisions among gas molecules. Therefore, the findings of this study
can help for better understanding of the response mechanism of inter-well interference to efficient
CBM production.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The efficient development and utilization of coalbed methane
CBM) are crucial in unconventional oil and gas exploration that
elps to improve the safety of coal mines and alleviate the gap
etween energy supply and demand (Wayne, 2003; Majdi et al.,
012). Increasing the desorption volume is important for in-
reasing CBM production in well pattern development, primarily
ue to the formation of inter-well interference (Connell et al.,
016; Davudov and Moghanloo, 2018; Yang et al., 2018a). The

∗ Corresponding author at: School of Energy Resources, China University of
eosciences, Beijing 100083, China.

E-mail address: dmliu@cugb.edu.cn (D. Liu).
ttps://doi.org/10.1016/j.egyr.2022.06.070
352-4847/© 2022 The Authors. Published by Elsevier Ltd. This is an open access a
c-nd/4.0/).
multi-period, diversity, and variability of the coal-forming en-
vironment in China determine the strong heterogeneity of CBM
reservoirs (Guo et al., 2017), leading to complex inter-well in-
terference patterns in CBM exploitation (Fig. 1). Presently, the
primary methods for evaluating CBM inter-well interference in-
clude dynamic production analysis, interference well testing, and
theoretical judgment (Liu et al., 2018a; Xu and Wang, 2017;
Kumar et al., 2016; Wang and Qin, 2019). Among these, the
production dynamic analysis method is typically used to deter-
mine the degree of inter-well interference by comparing and
analyzing the gas–water production of CBM wells that have mi-
nor differences in reservoir conditions, fracturing methods, and
well spacing (Yang et al., 2019). However, inter-well interference

can only be qualitatively analyzed, and therefore, the extent of
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Fig. 1. The general sketch of inter-well interference.
nterference cannot be quantified. In the interference well testing,
ighly sensitive electronic pressure gauges are installed in both
he test and the observation wells. The test well operating system
s subjected to continuous variations (Cramer et al., 1999). Pres-
ure changes in the observation well are then measured, and the
hanges in the test well drainage are simultaneously monitored to
etermine the extent of interference between the wells (Hoffman
nd Caers, 2005; Clarkson, 2009; Meng et al., 2018; Pashin, 2007).
his method is more accurate for determining the degree of inter-
ell interference and is therefore widely used in many CBM
evelopment blocks (Andrew et al., 2006; Wang et al., 2019).
owever, the long shut-in time required for the test does not
acilitate the continuous drainage of the CBM wells. The theoret-
cal judgment method is used to analyze the degree of inter-well
nterference by establishing a pressure drop funnel model based
n reservoir hydrodynamic conditions, daily water production,
nd permeability and then comparing the changes before and
fter superposition (Shi et al., 2018; Rice et al., 2008). This method
s theoretically more systematic in analyzing the interference sit-
ation, and the establishment of the superimposed pressure drop
unnel model has been accepted by many researchers (Reeburgh
t al., 2006; Smith et al., 1982). However, owing to the elastic self-
egulation effect caused by stress sensitivity and matrix shrinkage
n coal reservoirs, developing a realistic pressure drop funnel
odel is challenging.
The adjustment of CBM well pattern is not only a vital part

f the CBM development scheme but also a significant link in
BM exploitation projects (Majdi et al., 2012; Wang et al., 2016;
oore, 2012; Palmer, 2009). Previous studies on well pattern
djustment have primarily focused on well pattern density and
ayout orientation (Mazumder et al., 2012; Smith and Pallasser,
996). A lower well pattern density can lead to ineffective inter-
ell interference, affecting the methane diffusion-seepage rates
Clarkson, 2009; Clarkson and Qanbari, 2016; Dejam et al., 2018).
he smaller the well spacing, the fewer resources to be controlled
y a single well, resulting in earlier depletion of gas sources
n reservoirs with high permeability and better fracture con-
uctivity (Aminian and Ameri, 2009; Zhang et al., 2018; Mora
nd Wattenbarger, 2009). As the extensional characteristics of
ydraulic fractures in coal reservoir reconstruction directly affect
he pressure drop propagation and gas migration path of the CBM
ells (Salmachi and Karacan, 2017), well patterns are generally
rranged along the long axis, either parallel to the hydraulic
racture or perpendicular to the butt cleat direction.

As shown in the literature, previous work for the analysis
f inter-well interference was mainly based on the judgment
f the black-box model or the conjecture from field experience
Wang et al., 2018; Zhao et al., 2016). Interestingly, the study
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of inter-well interference by variations in carbon isotope, hy-
drogen isotope or CBM composition provides new insights into
low-permeability reservoirs (Jia et al., 2021; Liu et al., 2018a;
Shi et al., 2018), which gives good implications for flow field
changes during drainage (Karacan, 2013). According to the fluid
transport characteristics (Yang et al., 2018a), the elastic energy
model of CBM established by considering the free and adsorption
states shows that the critical factors affecting inter-well inter-
ference include reservoir pressure gradient, effective stress and
drainage system (Ju et al., 2021; Ni et al., 2019; Wang and Qin,
2019). However, considering inter-well interference, reasonable
well spacing for different types of reservoirs in inefficient areas
is not quantified. After infilling horizontal and vertical wells in
the exploited CBM well pattern area, the interference promo-
tion mechanism has not been published, especially regarding the
weakened reservoir sensitivity. This study fully considered the
difference between the original and post-fracturing permeability
and constructed mathematical models of pressure propagation
that were more consistent with objective reality. Based on the
drainage characteristics of high or low permeability reservoirs,
inter-well interference was characterized by combining field data
with numerical simulations, followed by quantifying the optimal
well spacing for different types of reservoirs. Aiming at the multi-
period, diversity and variability of coal-forming environments,
the suppression effect of reservoir sensitivity (velocity sensitivity,
water sensitivity, and water lock) after infilling horizontal and
vertical wells in the well pattern was evaluated, which was not
reported in previous studies.

This study first presents the geological background of the
southern Qinshui Basin, and then simulates the degree of inter-
well interference and productivity changes for two typical reser-
voirs. To further analyze the geological fluid effects of CBM pro-
duction, the change law of methane seepage after infilling hor-
izontal and vertical wells in the well pattern was evaluated,
followed by the verification of the analysis of CBM production
through successful field cases. For fluid transport behavior in
pore-fracture channels, the suppression effect of inter-well in-
terference on coal reservoir sensitivity and the mechanism of
promoting gas diffusion are revealed. Therefore, this research
provides new insights into the fluid dynamics of unconventional
reservoirs and the dynamic geological effects of CBM production.

2. Geological setting

2.1. Structures

The southern Qinshui Basin, located in the Jincheng slope zone,
is the most active area for CBM exploration and development
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Fig. 2. Geographical position and tectonic outline map of the Shizhuangnan Block in the southern Qinshui Basin, China. (a) Location of the study area in China; (b)
Tectonic movements of the southern Qinshui basin; (c) CBM development blocks in the southern Qinhsui basin; (d) Structure outline of the Shizhuangnan Block.
SZN, Shizhuangnan CBM Block; SZB, Shizhuangbei CBM Block; QN, Qinnan CBM Block; MB, Mabi CBM Block; ZZ, Zhengzhuang CBM Block; PZ, Panzhuang CBM Block;
FZ, Fanzhuang CBM Block.
in China (Wang et al., 2016; Zhang et al., 2018; Kang et al.,
2020). It has abundant Carboniferous and Permian coal resources,
with a coal reserve of approximately 2.7 × 1011 t. This area has
ndergone multi-stage tectonic movements since the Indosinian
ovement, forming a wide syncline with an almost NNE trend

Wang et al., 2019; Zhang et al., 2018). The geographical position
nd tectonic outline map of the Shizhuangnan Block are shown
n Fig. 2. This block remained stable during the Indosinian move-
ent, despite being squeezed by tectonic stresses in the near
N direction, and no distinct geological structures were formed.
he major tectonic activity during the Yanshanian movement
howed extrusive uplift, resulting in the formation of a broad fold
hat trends along the NE–NNE within the basin, with a series of
econdary folds developing on both flanks of the folds (Cai et al.,
011). During the Himalayan movement, a reversal of tectonic
tresses (stress relaxation occurred along the NNE-SSW with the
aximum extrusion stress), manifested as tensile stresses, led

o a corresponding negative reversal of the pre-formed extrusive
tructures, resulting in smaller-scale anticlines and synclines and
econdary broad and gentle folds superimposed on the Yansha-
ian (Liu et al., 2018a). Additionally, regional linear structures
re well developed; most of the anticlines have short axes of
nly 1–3 km, whereas the long axis extends over 100 km. The
aults within the basin are less developed and are divided into
everal types, including parallel displacement faults, high-angle
ormal/reverse faults, and medium-low angle reverse faults, all of
hich have small fault displacements and short extensions. Influ-
nced by the tectonic movements of the Indosinian, Yanshanian,
nd Himalayan (Guo et al., 2017; Kang et al., 2020; Meng et al.,
018), the physical and chemical properties of the coal seams in
he area are quite different. Although the degree of the thermal
8677
evolution of coal under good hydrodynamic conditions and large
overlying effective thickness is generally high, the CBM reservoirs
exhibit strong heterogeneity, particularly for gas content, cleats,
and permeability (Cai et al., 2011).

2.2. Coal-bearing strata

The coal-bearing strata in the study area belong to the
Carboniferous-Permian System, which includes the Benxi (BXF),
Taiyuan, Shanxi Lower Shihezi, Upper Shihezi, and Shiqianfeng
Formations from bottom to top, respectively (Wang et al., 2016;
Zhang et al., 2018). Among these, the Shanxi and Taiyuan Forma-
tions are the main coal-bearing strata, which have independently
developed to one stable and mineable coal seam, namely coal
seams 3# and 15# (Fig. 3). The coal seams of the Shanxi Formation
are generally thick in the south and thin in the north, whereas
those of the Taiyuan Formation are the opposite (Cai et al.,
2014). Regarding sediment characteristics, the Shanxi Formation
strata developed in the delta deposition above the epicontinental
sea sedimentary background, generally transitioning from the
delta estuary bar and tributary bay to the delta plain facies,
thereby developing a suite of coal-bearing rock systems based
on delta deposition and dominated by mudstone, siltstone, and
fine-grained sandstone (Liu et al., 2018b). The Taiyuan Forma-
tion strata formed a composite sedimentary system of the tidal
flats–lagoons–barrier islands–carbonate platform with intersect-
ing land and sea, comprising mudstones, siltstones, fine-grained
sandstones, limestones, and coal seams.
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Table 1
Sample information and basic parameters of the selected coals.
Samples Ro,max (%) Per (mD) Proximate analysis (%) Coal maceral composition (%)

Mad Aad Vad FCad V I E

S-128 1.86 1.2 0.55 18.26 7.68 73.51 91.7 7.1 1.2
S-024 2.11 1.8 0.46 17.62 8.16 73.76 97.3 2.7 0
S-025 2.03 1.7 0.39 23.15 7.21 69.25 96.2 3.8 0
S-129 1.95 1.1 0.52 20.36 8.87 70.25 90.1 9.6 0.3
S-031 2.28 2.1 0.38 22.15 6.32 71.15 93.6 6.4 0
S-114 1.26 0.5 1.22 9.91 18.92 69.95 81 15.8 3.2
S-115 1.31 0.3 1.36 8.28 20.13 70.23 86.2 12.5 1.3
S-010 1.02 0.1 1.41 10.28 15.37 72.94 74.5 18.8 6.7
S-016 1.35 0.4 1.19 11.37 19.18 68.26 84.3 13.1 2.6
S-131 1.41 0.5 0.99 7.01 21.66 70.34 90.2 9.8 0

Note: Ro,max , maximum vitrinite reflectance; Per, permeability; Mad , moisture (air-dried basis); Aad , ash (dry basis); Vad , volatile
matter (dry, ash-free basis); FCad , Fixed carbon (air-dried basis); V, vitrinite; I, inertinite; E, exinite.
3. Methodology

3.1. Coal sampling and basic analysis

Coal samples from drilling cores obtained from 10 CBM wells
in the Shizhuangnan Block were used in this study. All samples
were carefully wrapped and immediately sent to the labora-
tory for basic analyses, including maximum vitrinite reflectance
estimation, proximate analysis, and coal maceral composition
analysis following the ISO 7404.3-1994, ISO 17246-2010, and ISO
7404.5-1994 standards, respectively. The detailed experimental
equipment and procedures have been reported in our previous
study (Cai et al., 2018). The permeability values obtained via the
pressure pulse attenuation method ranged from 0.1 to 2.1 mD
(Table 1), indicating the possible existence of multi-stage micro-
fractures (Cai et al., 2011; Palmer, 2009). The proximate analysis
provided the following: 0.38%–1.41% moisture (air-dried basis),
7.01%–23.15% ash (dry basis), 6.32%–21.66% volatile matter (dry,
ash-free basis), and 68.26%–73.76% fixed carbon (air-dried basis).
To minimize the evolution of drying artifacts, we employed high-
pressure freezing and subsequent freeze-drying, which was the
same as the drying process described by Keller et al. (2016).

3.2. Classification of reservoir types

The CBM well drainage control process in China primarily
uses three technical methods: slow and steady fine drainage,
five-section three-pressure drainage (the drainage is divided into
five stages: single-phase water flow, gas–water two-phase flow
and low gas production, stable gas production, constant pres-
sure production, and depletion), and double-pressure box six-
section drainage (the drainage is divided into six stages: bal-
anced drainage, pressure-relief drainage, moderate-hold-pressure
drainage, gradual production release, stable gas production, and
attenuation phase). The slow and steady fine drainage and five-
section three-pressure drainage methods have been widely used,
whereas the double-pressure box-type six-section drainage
method has been used in the development of a small number
of horizontal wells. Regardless of the type of drainage system
used, the coal seam is considered a type of reservoir without the
surrounding rock water supply (WW), under the condition that
the daily water output has been low since the start of drainage
(Yang et al., 2018a; Wang et al., 2019), or that the upper and
lower surrounding rocks adjacent to the coal seam are mudstones
greater than 5 m in thickness (Fig. 3, or that the thickness of the
mudstone ranges from 3 to 5 m, with a cumulative water output
less than 2000 m3 in five years (Yang et al., 2018a; Liu et al.,
2018a; Ni et al., 2021). Additionally, because coal seams with per-
meabilities exceeding 1 mD are considered as high-permeability
reservoirs, according to Kang et al. (2020), we divided the coal
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seams into the high-permeability reservoirs without surrounding
rock water supply (HP-WW) and low-permeability reservoirs
without surrounding rock water supply (LP-WW). Because the
boundary of the coal seam that is replenished by water from the
surrounding rock is not clear, we did not investigate this situation
in this study.

A geological model was established based on the analysis of
a large amount of logging and coal core test data. The three-
dimensional structure and attribute models of the coal reservoir
were simulated using both sequential Gaussian simulation and
multiple linear statistics (Liu et al., 2018b). Furthermore, two well
groups were selected from each type of reservoir (well groups S-
128 and S-144 belonged to HP-WW and LP-WW, respectively),
and the degree of well interference was evaluated by importing
the basic parameters of each well.

3.3. Well interference simulation

There are two fluid phases in a coal reservoir: gas and water.
The CBM is primarily stored on the inner surface of the matrix mi-
cropores in an adsorbed state, and there is no water in the matrix
micropores (Harrison et al., 2006). Considering the diffusion term,
the gas-phase and water-phase seepage equations are as follows
(Karacan, 2013; Guo et al., 2017; Wang et al., 2019):

∂(ρgSgφ)
∂t

= ∇

[
KKrgρg

µg
∇(pg − ρggH) +

ρgDf

Cf
∇Cf

]
(1)

∂(ρwSwφ)
∂t

= ∇

[
KKrwρw

µw
∇(pw − ρwgH)

]
(2)

where K is the absolute permeability of the coal rock, Krg and Krw
are the relative permeabilities of gas and water, respectively; Sg
and Sw are the gas and water saturation values, respectively; pg
and pw are the gas and water pressures in the fracture system,
respectively; ρg and ρw are the densities of gas and water, re-
spectively; µg and µw are the viscosities of gas and water in the
fracture system, respectively. Df is the diffusion coefficient; Cf is
the volume concentration; g is the acceleration due to gravity. H
is the depth calculated from the base level; ϕ is the porosity of
coal-rock; and t is the seepage time.

The permeability varies with porosity as (Clarkson and Qan-
bari, 2016):

K
K0

=

(
ϕ

ϕ0

)n

(3)

where K0 and ϕ0 are the initial permeability and porosity, respec-
tively.

The auxiliary equations and boundary conditions are as fol-
lows (Ibrahim and Nasr-El-Din, 2015; Mora and Wattenbarger,
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Fig. 3. Stratigraphic column of coal-bearing sequence and geophysical logging curves of coal seam 3# in the Shizhuangnan Block.
2009):{
Sg + Sw = 1

pc(Sw) = pg − pw
(4){

p|rw = pwf(x, y, z, t)

p|Γ = f (x, y, z, t)
(5)

where Pc (Sw) is capillary pressure; p |rw is the pressure at the
bottom of the hole. pWf (x, y, z, t) is the value of the bottom hole
pressure at time t; p |Γ is the value of the pressure at the gas
reservoir boundary; and f (x, y, z, t) is a given function of the
pressure p at time t.

In the established structural grid, assuming that each grid is
perforated, the total output across n grids can be expressed as
follows (Meng et al., 2018; Ibrahim and Nasr-El-Din, 2015; Wang
et al., 2019):

qw,h =

n∑
1

Tw,iMp,i∆P = 2Tw,iMp,i(pe − pwf)
(i = 1, 2, 3, 4, 5, 6. . .) (6)
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where qw,h is the total output; Tw,i is the conductivity of each
grid. Mp,i is the fluidity ratio of the fluid in the ith grid; pe is the
formation pressure; and pwf is the pressure at the grid where the
root is located.

During CBM well drainage, the water and gas production rates
vary among the four stages, resulting in different water-pressure
transmission conditions in each drainage stage. The mathematical
models of hydraulic pressure propagation in the four drainage
stages were developed based on the fracture extension length,
original permeability, and post-fracture permeability. According
to the revised Kusakin formula, the long-axis influence radius
(Rx1) and short-axis influence radius (Ry1) at the single-phase flow
stage can be expressed as follows (Harrison et al., 2006; Cai et al.,
2014; Ibrahim and Nasr-El-Din, 2015; Wang et al., 2019):

Rx1 = 2S1
√
hkd1 + 2Sx1

√
hklcρwg

µw
+ 2(S0 − S1 − Sx1)

√
hk0ρwg

µw

(7)

Ry1 = 2Sx1

√
hkcρwg (8)
µw
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here S0 is the drawdown of the hydrodynamic surface at the
ingle-phase flow stage of drainage; S1 is the drawdown in the
ffective support range; Sx1 is the drawdown in the long-axis
racture extension direction without effective support. h is the
hickness of the aquifer. kd1 is the permeability coefficient in the
upport range; klc is the permeability of the long-axis fracturing
ection without effective support. kc is the permeability after
racturing; µ is the viscosity coefficient of water.

When the bottom hole pressure reaches the critical desorption
ressure, CBM begins to desorb and is produced at a faster rate.
imultaneously, water and gas in the coal seam jointly occupy
he fracture channels. To allow water from the far end of the
ellbore to flow toward the near-wellbore area, the gas–water
wo-phase flow and low gas production stage, a drainage mode
hat uses holding pressure in the early stage and produces low
as in the late stage, is generally adopted. The long-axis influence
adius (Rx2) and short-axis influence radius (Ry2) can be expressed
s follows (Wang et al., 2019):

x2 = 2Sx2

√
hk0 × 0.0027e6.2144Swρwg

µw

(9)

Ry2 = 2Sdg1
√
hkc × 0.0027 × e6.2144Swρwg + 2(Sx2 − Sdg1)

×

√
hk0 × 0.0027 × e6.2144Swρwg

µw

(10)

here Sx2 is the drawdown in the low gas production stage and
dg1 is the drawdown in the gas–water two-phase flow.
As the bottom hole pressure is further reduced, a certain

esorption radius is formed in the coal reservoir, and the drainage
rocess gradually enters the stage of stable gas production. Thus,
he produced gas further impedes the water flow, resulting in a
urther decrease in the relative permeability of the water phase,
imilar to the characteristics of the gas–water two-phase flow
nd low gas production stage. Therefore, the model of pressure
ropagation in the stable gas production stage is similar to that
n the low gas production stage and is thus not repeated here.

As the bottom hole pressure cannot drop indefinitely, the
ressure change value is minimal when it reaches the limit value,
t which point, the CBM well drainage process is in a constant
ressure production stage. Thus, the water pressure begins to
ropagate longitudinally with the drainage process, while the
ater outside the boundary is fed from within the boundary in
he horizon owing to pressure difference. Therefore, the influence
adii Rx3 and Ry3 in the long-axis and short-axis directions at the
constant pressure production stage can be obtained as follows
(Wang et al., 2019):

Rx3 = 196 × (ax ln trcg + bx)

√
hkrwcρwg

µw

(11)

y3 = 196 × (ay ln trdg + by)

√
hkrwdρwg

µw

(12)

here trcg is the time of constant pressure in the long-axis di-
ection during the constant pressure stage; trdg is the time of
constant pressure in the short-axis direction during the constant-
pressure stage. ax and bx are the fitting coefficients of the pressure
drop in the long-axis direction; ay and by are the fitting coeffi-
cients of the pressure drop in the short-axis direction; krwc and
krwd are the water-phase relative permeabilities in the long-axis
and short-axis directions, respectively.

3.4. Productivity fitting

Based on the well interference model, production histories
of all CBM wells were fitted in conjunction with the formation
8680
Fig. 4. Procedures for model fitting and prediction.

fluid parameters using well logs, while the accuracy of the es-
tablished well interference model was validated using the degree
of fitting (see Fig. 4 for the fitting procedure). Additionally, the
dynamic parameters were fitted to remove any gas production
anomalies caused by coal powder blockage, gas engine failure,
and replacement of the frequency converter.

4. Results and discussion

4.1. Reservoir well interference

The formation of inter-well interference is crucial for the verti-
cal expansion of the pressure drop funnel in a single well and the
superposition coupling of pressure drop propagation in adjacent
wells. Previous studies (Guo et al., 2017; Liu et al., 2018a) have
revealed that CBM wells in China generally form well interference
in the middle or later drainage stages. Fig. 5 shows the pore-
fluid pressure propagation of HP-WW and LP-WW reservoirs. No
inter-well interference was observed when the two well groups
started producing gas (Fig. 5a1 and b1). However, wells S-025, S-
031, S-129, and S-024, belonging to the HP-WW reservoir, formed
inter-well interference along the long-axis (Fig. 5a2), while no
interference was observed in the LP-WW (Fig. 5b2); this is consis-
tent with the results of Liu et al. (2018a) and Yang et al. (2019).
As shown in Fig. 5a1 and a2, the average pore-fluid pressure of
ell group S-128 varied from 2.5 to 0.5 MPa over the course of
as production, indicating that the HP-WW had higher pressure
ropagation efficiency with a faster pressure drop funnel super-
osition rate. However, Fig. 5b1 and b2 reveal that the average

pore-fluid pressure of well group S-114 ranged 2.0–0.7 MPa at the
same drainage time, which suggests a lower methane desorption
efficiency in the LP-WW, indicating high propagation resistance
of that fracture.

As shown in the well test results in Table 2, well S-031 in
the HP-WW received an interference signal from test well S-025,
which indicated that inter-well interference was formed in the
HP-WW. However, no interference signal was received by the
CBM wells in the LP-WW, indicating that no inter-well inter-
ference was formed. These results correspond with the above-
mentioned results, confirming the accuracy of the numerical sim-
ulation results.
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Fig. 5. Variation in pore-fluid pressure propagation in the HP-WW and LP-WW reservoirs. (a1) and (a2) are inter-well interference models for well group S-128 at
he start of gas production and present day, respectively; (b1) and (b2) are inter-well interference models for well group S-114 at the beginning of gas production and
resent day, respectively. There was no inter-well interference when the two well groups started to produce gas, but now wells S-025 and S-031, S-129 and S-024,
elonging to the HP-WW reservoir, form inter-well interference along the long-axis, respectively. In contrast, no interference is formed in the LP-WW reservoir.
Fig. 6. Changes in bottom hole pressure with drainage time. (a) shows a change in the trend of bottom hole pressure after the formation of wells interference in
well group S-128; (b) indicates a general logarithmic decrease in bottom hole pressure with drainage time for well group S-114.
Table 2
Test results from interfered well tests.
Wells CST

(m)
RP
(MPa)

WS
(m)

BHP
(MPa)

WP
(m3/d)

MDFD IS

S-128 6.12 4.19 307 2.11 0.5 NE53◦ Not received
S-024 6.33 3.98 318 0.83 0.6 NE49◦ Not received
S-025 6.27 4.26 – 0.91 0.8 NE59◦ Test well
S-129 5.95 4.51 371 1.06 0.5 NE52◦ Not received
S-031 6.88 4.75 260 0.81 0.9 NE53◦ Received
S-114 5.7 3.68 362 1.79 0.3 NE50◦ Not received
S-115 6.03 4.23 – 1.92 0.7 NE58◦ Test well
S-010 5.98 3.63 486 1.85 0.2 NE48◦ Not received
S-016 6.15 4.39 479 2.13 0.9 NE52◦ Not received
S-131 5.86 4.12 472 1.88 0.6 NE53◦ Not received

Note: CST, coal seam thickness; RP, reservoir pressure; WS, well spacing; BHP,
bottom hole pressure; WP, water production; MDFD, the main direction of
fracture development; IS, interference signal.
8681
In the CBM drainage process, the bottom hole pressure reflects
the reservoir pressure drop propagation rate and CBM desorption
efficiency (Wang et al., 2019). As shown in Fig. 6a, the bottom
hole pressure initially decreased rapidly with drainage time and
then stabilized; however, wells S-024, S-129, S-025, and S-031
exhibited another sharp downward trend in bottom hole pressure
after the formation of inter-well interference, indicating signifi-
cant productivity increases in the interfering wells. Figs. 6b and
7b show that both bottom hole pressure and water production
generally decreased with drainage time before the formation of
inter-well interference. This phenomenon is detrimental to the
desorption of CBM in the reservoir located away from the well-
bore, leading to fracture plugging. For interfering CBM wells, the
pressure drop funnels were vertically and laterally superimposed
on each other, causing changes in the reservoir seepage and stress
fields that resulted in changing trends for both the bottom hole
pressure and water production.
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Fig. 7. Changes in water production with drainage time. (a)- well group S-128; (b)- well group S-114.
Fig. 8. The layout of different types of infilled wells. (a) and (b) indicate the infill of a horizontal well in well group S-128 and a vertical well in well group S-114,
espectively.
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.2. Infill adjustment for well patterns

.2.1. Horizontal wells
Compared with those of vertical wells, both the reservoir

ressure-propagation distance and pressure-relief range are
onger for horizontal wells after infilling; however, better geo-
ogical conditions and complex infilling mining technologies are
equired (Zhang et al., 2018; Liu et al., 2020). Herein, the coal
eam thickness of the well group S-128 varied from 5.95 to
.88 m, the well depth ranged 685–725 m, and the gas content,
ontrolled by the NEE–SWW oriented compressional stress field,
anged 10.23–22.43 m3/t. In addition, most of the adjacent wells
ere spaced more than 250 m apart, resulting in relatively

ow overall gas production. There is no large fault or collapse
olumn near this well group, whose structure is relatively simple,
hose structure is relatively simple and whose coal quality is
ood (primarily cataclastic coal), indicating high potential for gas
roduction from this well group. Thus, the well group S-128
s suitable for infilling a horizontal well to achieve inter-well
nterference (as shown in Fig. 8a). This disrupts the original
quilibrium in the reservoir, thereby increasing the production
f the interfering wells.
Fig. 9 illustrates the actual daily gas production and simulation

itting results of well group S-128 during the drainage process.
he drainage conditions are as follows: wells S-129 and S-031
ave relatively high gas production, both above 1000 m3/d (see
ig. 9d and e), whereas other wells have less than satisfactory
as production, as shown in Fig. 9a, c, and d. The reservoirs
n wells S-128, S-025, and S-0129 experienced severe fracture
hannel blockage by coal powder, resulting in reduced reservoir
8682
gas propagation efficiency. Another interesting phenomenon was
the sudden increase in excessive gas production that occurred
in wells S-024, S-025, S-129, and S-031 during the mid-drainage
phase, increasing from 155 to 1595 m3/d, 130 to 962 m3/d, 270 to
405 m3/d, and 208 to 1953 m3/d (as shown in Fig. 9b, c, d, and
), respectively. This indicated that the four wells formed inter-
ell interference, resulting in the superposition of pressure drop
ropagation and facilitating CBM desorption, thereby increasing
he productivity of the other wells.

As shown in Fig. 9, the productivity of all the old wells in-
reased after a horizontal well in well group S-128 was infilled.
he productivity of wells S-128, S-024, S-025, S-129, and S-031
ncreased by 640, 887, 822, 376, and 409 m3/d, respectively, while
he newly infilled horizontal well produced gas at 4996 m3/d. This
henomenon may be ascribed to two reasons. First, all adjacent
ells in group S-128 interfered with each other after the horizon-
al well was infilled, resulting in faster CBM desorption efficiency.
econd, the propagation dynamics in the reservoir fracture chan-
els increased, causing the unblocking of the previously partially
locked fractures, which corresponds with the observations of Liu
t al. (2018a).

.2.2. Vertical wells
Owing to the low geological requirements and the simplicity

f the exploitation technique, vertical wells have become a com-
on infilling method for low-CBM producing areas (Wang and
in, 2019; Dejam et al., 2018). The well group S-114, with a coal
eam thickness ranging 5.70–6.15 m, well depth between 725
nd 775 m, and gas content between 9.83 and 20.32 m3/t, was
ocated at the anticline core with relatively low permeability. This
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Fig. 9. The actual daily gas production and simulation fitting results of well group S-128 during the drainage process. (a), (b), (c), (d), (e), and (f) indicate wells S-128,
-024, S-025, S-129, S-031, and S-128-H1, respectively, where S-128-H1 is a newly infilled horizontal well. The circles represent the actual daily gas production of
he CBM wells, while the solid lines represent the simulation-fitting results.
w

ell group started with consistently low gas production until the
econdary fracturing wells (S-114, S-115, and S-016) increased
as production. Therefore, to stimulate the overall productivity,
vertical well can be infilled in the middle of well group S-
14 (see Fig. 8b). This would not only facilitate the formation
f interference throughout the well group but also improve the
egional CBM recovery rate. For the drainage condition, all wells
roduced gas at less than 520 m3/d after casing hold pressure (as
hown in Fig. 10), with wells S-114, S-115, and S-016 producing
as at a maximum rate of 963, 939, and 1157 m3/d, respectively,
ollowing secondary fracturing of the reservoir (Fig. 10a, b, and
) and well S-131 producing gas at a maximum rate of 875 m3/d
8683
(Fig. 10e). However, the high gas production in all wells was only
sustained for a short period.

As shown in Fig. 10, after infilling the vertical well in well
group S-114, the gas production of wells S-114, S-010, S-016,
and S-131 increased by 425, 268, 271, and 372 m3/d, respectively
(Fig. 10a, c, d, and e), and well S-115 could maintain production
of ∼930 m3/d for a long time (Fig. 10b). The newly infilled
ell S-114-V1 also produced gas at an average of 1008 m3/d

(Fig. 10f). These results can be attributed to the fact that the
newly added well interfered with the old wells, promoting pres-
sure drop propagation in the long- and short-axis directions
(Mora and Wattenbarger, 2009), which in turn led to the original
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Fig. 10. The actual daily gas production and simulation fitting results of well group S-114 during the drainage process. (a), (b), (c), (d), (e), and (f) indicate wells
-114, S-115, S-010, S-016, S-131, and S-114-V1, respectively, where S-114-V1 is a newly infilled vertical well. The circles represent the actual daily gas production
f the CBM wells, while the solid lines represent the simulation-fitting results.
djacent wells interfering with each other and increasing the CBM
rainage area.

.2.3. Permeability variations
The changes in permeability before and after well pattern

nfilling are shown in Fig. 11. For the HP-WW (Fig. 11a), the
nfill well resulted in 11%–39% permeability increment compared
ith initial permeability (the average permeability changed from
.58 to 2.18 mD); however, the permeability of the entire well
roup increased by an average of 0.24 mD after infilling a vertical
ell in the LP-WW (Fig. 11b). This indicates that inter-well in-
erference can increase reservoir permeability and confirms that
nterference can suppress the three effects of velocity sensitivity,
8684
water sensitivity, and water lock. As shown in Fig. 11, a reservoir
with high permeability exhibits high gas production potential,
and the formation of inter-well interference is more conducive
to capacity release. Additionally, the infilled horizontal wells al-
low for a greater overlap of pressure drop funnels in adjacent
wells, which better facilitates connections between hydraulic and
natural fractures.

In conclusion, permeability changes dynamically during CBM
drainage. After infilling horizontal or vertical wells, a series of
geological effects occur in the reservoir pore fractures and fluids
as the water and gas saturation continue to change, making per-
meability changes even more complex (Liu et al., 2018a; Cai et al.,
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Fig. 11. The changes in permeability before and after well pattern infilling. (a) infilling a horizontal well for well group S-128; (b) infilling a vertical well for well
group S-114.
Fig. 12. Actual gas production in the Zhengzhuang Block after infilling CBM wells in the HP-WW and LP-WW reservoirs to form wells interference. The coal reservoir
n well group ZZ-01 belongs to HP-WW, and the gas production after infilling a horizontal well is shown in (a); the coal reservoir in well group ZZ-06 belongs to
P-WW, and the gas production after infilling a vertical well is shown in (b).
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014). Notably, not all well pattern infilling increases permeabil-
ty. When the density of the well pattern is below the critical
evel, this infill method facilitates the increase in reservoir per-
eability. Conversely, this can cause ‘‘gas stringing’’, significantly

educing reservoir permeability.

.2.4. Field case
The geological settings of the Zhengzhuang and Shizhuangnan

locks, which are both located in the southern Qinshui Basin, are
ery similar (Wang et al., 2016). Both blocks are within a tectonic
ramework of wide syncline trending almost NNE, with similar
oal metamorphism and depositional environments; the primary
as source is coal seam 3#, which primarily develops tensional
nd shear fractures and generally has medium connectivity. The
ifferences in coal composition in the vertical and lateral direc-
ions directly cause heterogeneous microfracture development,
hich in turn affects the spatial variations in reservoir permeabil-

ty (Cai et al., 2014; Karacan, 2013). Therefore, selecting infilled
ell groups similar to the HP-WW and LP-WW at Zhengzhuang
rovides a good reference for the Shizhuang productivity situ-
tion. As shown in Fig. 12, after infilling a horizontal well in
ell group ZZ-01, the gas production of wells ZZ-01, ZZ-02, ZZ-
3, ZZ-04, and ZZ-05 increased by ∼546, ∼495, ∼871, ∼858,
nd ∼321 m3/d, respectively, the newly infilled horizontal well
roduced gas at a rate of ∼5826 m3/d (Fig. 12a). For well group
Z-06, the gas production of wells ZZ-06, ZZ-07, ZZ-08, ZZ-09, and
Z-10 increased by ∼409, ∼362, ∼369, ∼361, and ∼67 m3/d,
espectively, with the newly infilled vertical well ZZ-V1 pro-
ucing gas at a rate of ∼1511 m3/d (Fig. 12b). This successful
8685
ase indirectly verifies the accuracy of the Shizhuang Block infill-
ng simulation results while providing theoretical references for
roductivity enhancement in different reservoir types.

.3. Analysis of interference mechanism

Inter-well interference is essentially the superposition of pres-
ure drop propagation among adjacent wells, which generates
nergy migration through the pressure drop. This results in an
ncreased pressure difference between the reservoir fluid and the
ellbore, thereby enhancing the dynamics of methane desorp-
ion from the pore surface and gas migration from the fracture
Rice et al., 2008; Karacan, 2013). Fig. 12 shows the reservoir
ressure drop superposition and microfluidic geological effects
oth before and after the well interference. The magnitude of
he pressure drop propagation before interference was small,
hich was dominated by water transfer in the macro fracture
ystem, consistent with the study by Wang et al. (2019). After
nterference, the pressure drop propagation strengthened in the
ongitudinal direction, and the funnel-shaped coupling acceler-
ted. The reservoir pressure drop transitioned from water transfer
o gas transfer and gradually evolved until gas transfer was dom-
nant (see Fig. 13a). Briefly, inter-well interference can promote
BM desorption while improving the transfer efficiency of gas
nd liquid phase materials in the pore fracture.
During the drainage process, fluid migration within fractures

s bound to carry some solid particles (e.g., coal powder and
roppant) (Meng et al., 2018), which can block the throat owing
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Fig. 13. Reservoir pressure drop superposition and microfluidic geological effects before and after wells interference. (a) shows the superposition of pressure drop
propagation; (b) shows the velocity sensitivity effect during the drainage process, which is shown in (c) after being attenuated by inter-well interference; (d) shows
the water sensitivity and water lock effects occurring during gas migration, both of which are shown in (e) and (f) after being attenuated by inter-well interference,
respectively.
Fig. 14. Diffusion behavior of gas in the coal matrix before and after wells interference. (a) in the original state; (b) and (c) show the diffusion behavior of the gas
before and after the wells interference, respectively. Although the effective stress increases after the formation of interference, the matrix shrinkage accelerates, and
the pore pressure increases simultaneously, that is, the positive effect of elastic self-regulation is relatively greater than the negative effect.
to the changes in fluid flow velocity, thereby causing the particles
to migrate to the large fractures (Connell et al., 2016; Yang et al.,
2018b). This generates the velocity sensitivity effect (Fig. 13b),
as well as the water sensitivity effect, which is caused by the
expansion of clay minerals, and the water lock effect, which is
due to the increased saturation of immiscible fluids in the porous
medium (Fig. 13d). The water sensitivity and water lock effects
lead to a decrease in reservoir permeability and desorption rate.
When CBM wells interfere with each other, reservoir fracture
expansion occurs, and fluid drainage dynamics increase. This fa-
cilitates the unblocking of the throat and the drainage of external
immiscible fluids (Fig. 13c, e, and f), resulting in a reduction of the
gas propagation resistance, which in turn suppresses the velocity
sensitivity, water sensitivity, and water lock effects.

As shown in Fig. 14, well interference can promote the diffu-
sion behavior of the gas in the matrix. Before interference for-
mation, gas primarily flowed to macro-fractures, supplemented
by micro-fractures (Fig. 14a and b); however, the reservoir indi-

rectly controlled the gas flow via the elastic self-regulation effect

8686
created by the confining stress and matrix shrinkage (Mazumder
et al., 2012; Liu et al., 2021). Although increased confining pres-
sure led to increased effective stress and decreased pore size
after interference formation, increased pore pressure facilitated
increases in both the fracture scale and effective diffusion area
(Fig. 14c). In comparison, the positive effect of pore pressure was
greater than the negative effect caused by the confining stress.
The mean free path of gas molecules decreased with increasing
pore pressure (Liu et al., 2018a), implying that the primary diffu-
sion resistance will switch from collisions between gas molecules
and the pore wall (Knudsen diffusion) to collisions among gas
molecules (Fick diffusion).

The advantage of this study is to construct mathematical mod-
els of pressure propagation that are more consistent with ob-
jective reality by fully considering the difference between the
original permeability and post-fracturing permeability. The op-
timal well spacing for different types of reservoirs is quantified
based on the drainage characteristics of high or low permeability

reservoirs, followed by verification of the analysis through CBM
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ell cases in the field. Because reservoir sensitivity is affected
y infilling horizontal and vertical wells in the well pattern, we
eveal the suppression effect of inter-well interference on veloc-
ty sensitivity, water sensitivity, and water lock, which has not
een reported in previous studies. Additionally, the mechanism of
nter-well interference on the change of gas in coal from Knudsen
iffusion to Fick diffusion is characterized to enrich the diffusion
ynamics of CBM. Unfortunately, this study does not precisely
uantify the effect of inter-well interference on the suppression
f velocity sensitivity, water sensitivity, and water lock, especially
or complex reservoirs with surrounding rock water supply.

The water supply in the surrounding rock affects the pres-
ure drop propagation in the coal reservoir, resulting in diverse
nter-well interference, which is not investigated in this work.
ffected by external fluids, the variation of methane seepage and
iffusion is more complicated in the reservoirs with surrounding
ock water supply after the formation of inter-well interference.
onsidering the energy loss balance, the necessity of infilling
orizontal and vertical wells in this type of reservoir needs fur-
her discussion. Moreover, how the sensitivity of reservoirs with
urrounding rock water supply changes after the formation of
nter-well interference also requires detailed analysis. Also, these
tudies are the goal of our next work.

. Summary and conclusions

In this study, two types of reservoirs, the HP-WW and LP-WW,
ere classified based on formation permeability. The changes in
roductivity and permeability after infilling horizontal or vertical
ells in different types of reservoirs were analyzed. Additionally,
he infill adjustment methods and results were validated based
n successful field cases. Considering the micro-geological effects,
he inter-well interference mechanisms of the different reservoirs
ere analyzed in conjunction with production data and models.
he following conclusions were drawn:
(1) Some CBM wells in the HP-WW formed inter-well inter-

erence, demonstrating faster pressure drop propagation efficien-
ies; however, none of the CBM wells in the LP-WW formed
nterference, indicating a lower methane desorption efficiency.

(2) As the water and gas saturation continues to change, a
eries of geological effects occur in reservoir pore fractures and
luids after infilling horizontal or vertical wells. For the HP-WW,
he infill well resulted in 11%–39% permeability increment com-
ared with initial permeability (the average permeability changed
rom 1.58 to 2.18 mD), while the permeability of the entire well
roup increased by an average of 0.24 mD after infilling a vertical
ell in the LP-WW.
(3) After the formation of inter-well interference in CBM wells,

eservoir fracture expansion occurred, accompanied by an in-
rease in fluid drainage dynamics. This facilitated the unblock-
ng of the throat and drainage of external immiscible fluids,
esulting in reduced gas propagation resistance. This, in turn,
uppressed the velocity sensitivity, water sensitivity, and water
ock effects. For gas diffusion dynamics, the mean free path of gas
olecules decreased with increasing pore pressure, implying that

he main diffusion resistance switched from collisions between
as molecules and pore wall to collisions among gas molecules,
hat is, Knudsen diffusion to Fick diffusion.

(4) In the study area, coal reservoirs are classified into two
ypes with and without surrounding rock water supply. The wa-
er supply in the surrounding rock affects the pressure drop
ropagation in the coal reservoir, resulting in diverse inter-well
nterference. Due to the influence of foreign fluid, the changes
n methane seepage, diffusion and sensitivity are complicated in
eservoirs with surrounding rock water supply after the forma-
ion of inter-well interference. Also, these works are the goal of
ur future research.
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Nomenclature

K Absolute permeability of the coal rock [mD]
Krg Relative permeabilities of gas [mD]
Krw Relative permeabilities of water [mD]
Sg Gas saturation values
Sw Water saturation values
ρg The density of gas [kg/m3]
ρw The density of water [kg/m3]
µg The viscosity of gas [mPa s]
µw The Viscosity of water [mPa s]
Df Diffusion coefficient [m2/s]
Cf Volume concentration
g Acceleration due to gravity [m/s2]
H Depth calculated from the base level [m]
ϕ Porosity of coal-rock
t Seepage time [s]
K0 Initial permeability [mD]
ϕ0 Initial porosity
Pc (Sw) Capillary pressure [MPa]
p |rw The pressure at the bottom of the hole [MPa]
pWf Bottom hole pressure at time t [MPa]
p |Γ The pressure at the gas reservoir boundary [MPa]
f Given function of the pressure p at time t
qw,h Total output
Tw,i The conductivity of each grid
Mp,i The fluidity ratio of the fluid in the ith grid
pe Formation pressure [MPa]
pwf The pressure at the grid where the root is located

[MPa]
Rx1 The long-axis influence radius at the single-phase

flow stage [m]
Ry1 The short-axis influence radius at the single-phase

flow stage [m]
Rx2 The long-axis influence radius at the gas–water

two-phase flow stage [m]
Ry2 The short-axis influence radius at the gas–water

two-phase flow stage [m]
Rx3 The long-axis influence radius at the constant

pressure production stage [m]
Ry3 The short-axis influence radius at the constant

pressure production stage [m]
S0 The drawdown of the hydrodynamic surface at the

single-phase flow stage [m]
S1 The drawdown in the effective support range [m]
Sx1 The drawdown in the long-axis fracture extension

direction [m]
h The thickness of the aquifer [m]
kd1 The permeability coefficient in the support range

[m/d]
klc The permeability of the long-axis fracturing section

[mD]
kc Post-fracturing permeability [mD]
Sx2 The drawdown in the low gas production stage [m]
Sdg1 The drawdown in the gas–water two-phase flow

[m]
trcg The time of constant pressure in the long-axis

direction [d]
trdg The time of constant pressure in the short-axis

direction [d]
ax The fitting slope of the pressure drop along the

long-axis
bx The fitting constant of the pressure drop along the

long axis
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ay The fitting slope of the pressure drop along the
short-axis

by The fitting constant of the pressure drop along the
short-axis

krwc The water-phase relative permeability in the
long-axis direction [mD]

krwd The water-phase relative permeability in the
short-axis direction [mD]

x Long-axis direction
y Short-axis direction
z Vertical direction
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