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Abstract
A novel multilateral well for coalbed methane extraction was proposed in the study. There is a main wellbore at the lon-
gitudinal center of coal seam and four lateral wells at the horizontal center in the multilateral-well system. Compared 
with traditional drainage holes, multilateral-well system has a better performance on coalbed methane development. A 
hydraulic-mechanical coupling model of multilateral well was established, the pressure and permeability ratio distribution 
of the gas extraction process were analyzed comprehensively. The sensitivity analysis of lateral number, length distribution 
and intersection angle of multilateral-well system were studied. The results indicate that there is a minimum gas pressure 
distribution around the multilateral well and the overall permeability of coal seams increases with production time and the 
permeability around the multilateral well is larger than the area away from the multilateral well which induced by the gas 
desorb and matrix shrink. The quantity of lateral wells has a positive effect on cumulative production. When the total length 
of lateral wells is equal, the uniformity and symmetry of lateral length distribution are two key factors on the gas extraction 
performance. The minimum intersection angle has a positive effect on cumulative production. This study provides a better 
alternative for traditional drainage hole to obtain greater coalbed methane performance.

Keywords  Numerical simulation · Multilateral well · Hydraulic-Mechanical coupling · Sensitivity analysis · Gas extraction 
performance

Introduction

The development and utilization of clean resources has long 
been a question of great interest worldwide (Uddin et al. 
2015; Prabu and Mallick 2015; Luo et al. 2011; Chen et al. 
2019a; Ma et al. 2020a, 2020b). As an important component 
of clean resources, coalbed methane (CBM) has become an 
important part of energy supply (Fan et al. 2019; Wang et al. 
2018; Fan and Liu 2018; Feng et al. 2018; Yu and Wang 
2020; Talapatra 2020). China’s CBM resources within a bur-
ied depth of 2000 m can reach 36.8 × 1012 m3 and China has 
over 40 years’ experience in CBM development (Mu et al. 
2015; Luo et al. 2019; Xu et al. 2019). China has drilled 
about 20,000 CBM wells by 2015, but only a quarter of them 
were capable of mining gas commercially (Yan et al. 2019; 
Li et al. 2015). Achieving high efficiency and high yield of 
CBM wells has always been a key issue for scholars at home 
and abroad (Li et al. 2019; Wei et al. 2019a; Sun et al. 2019; 
Qin et al. 2018; Mohammed et al. 2020; Xiong et al. 2020; 
Talapatra and Karim 2020).
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The well is the key issue for the highly efficient devel-
opment of CBM reservoirs (Wei et al. 2019b; Yang et al. 
2017; Chen et al. 2019b; Moore et al. 2015). Zhang (Zhang 
et al. 2018) conducted gas drainage experiments to opti-
mize the borehole length; the results shows that longer bore-
holes resulted in higher gas production and the relationship 
between gas production and bore hole length is a logarithmic 
function. Liu (Liu et al. 2013) optimized the drainage param-
eters of CBM wells in southern Qinshui Basin of China and 
the results indicated that the maximum wellhead pressure 
should be maintained around 1.5 MPa before stable pro-
duction, and between 0.10 MPa and 0.30 MPa after stable 
production. Liu (Liu et al. 2018) also analyzed the inter-well 
interference during multi-well drainage in CBM production 
areas and found that the inter-well interference during multi-
well drainage increases and then begins to stabilize, estab-
lished geochemical response model and evaluation program 
of inter-well interference. Shi (Shi et al. 2019) established 
the pressure propagation model for vertically fractured CBM 
wells and vertical CBM wells without fracturing under the 
condition of considering variable mass flow within hydrau-
lic fracture and hydraulic fracture conductivity decrease; 
the results showed that the cumulative gas production of 
CBM wells (CGPC) decreases sharply when permeability 
is less than 0.5 mD. Yang (Yang et al. 2018) developed a 
semi-analytical model to predict gas and water production 
in CBM reservoirs with multiscale fracture networks and 
the model was applied to quantify the effects of fracture 
network complexity, connectivity and stress sensitivity on 
extraction performance. An (An et al. 2015) compared the 
CBM mining performance of horizontal producer parallel 
to butt cleats and the alternative well configuration where 
the orientation of horizontal producers is parallel to face 
cleats; the results indicated that the former well configura-
tion the producers can intersect the maximum number of 

high-permeability pathways. Vishal (Vishal et al. 2013) 
designed one CO2 injector well and two methane producer 
wells for CBM development and found that the methane 
production is significantly enhanced due to injection of CO2.

Previous studies mainly focused on the vertical wells, 
horizontal wells and drainage holes in CBM reservoir, there 
is a deficiency investigation on the application of multilat-
eral wells in CBM reservoir. Therefore, this study proposed a 
novel multilateral well for coalbed methane development. In 
the multilateral-well system, there is a main wellbore at the 
longitudinal center of coal seam and four lateral wells at the 
horizontal center as shown in Fig. 1. A hydraulic-mechanical 
coupling model was established for the novel multilateral-
well system. Based on the model, the pressure distribution 
and permeability distribution of the gas extraction process 
with multilateral well were analyzed comprehensively. The 
gas extraction performance with multilateral well and drain-
age holes were compared; the sensitivity analysis of lateral 
number, length distribution and intersection angle of multi-
lateral well system were studied.

Model description

Model assumptions

This study set out to investigate the gas extraction per-
formance in coal seam with multilateral well. In order to 
analyze the process of coalbed methane extraction clearly, 
some unimportant factors have been eliminated. The follow-
ing major assumptions are made to establish the numerical 
model (Liu et al. 2017a, 2017b, 2017c): (1) the coal seam 
is regarded as an idealized porous media with properties of 
homogeneous and isotropic; (2) the gas migration is single-
phase flow and the process can be described by Darcy’s Law; 
(3) the gas desorption process conforms to the Langmuir 
equation; (4) The temperature of coal seam is assumed to 
be constant and neglects the effect of temperature on gas 

Fig. 1   Schematic of multilateral well in coal seams
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desorption; (5) No flow boundary condition is set around 
the coal seam, the coal is saturated with gas and ignores the 
effect of water on gas migration; (6) the gas volume force 
is not considered.

Governing equation

Seepage governing equation

The mass conservation equation of gas migration in coal seams 
can be expressed as follows

where �g(kg∕m3) is the gas density, ug(m∕s) is the gas seep-
age velocity, C(kg∕m3) is the gas content in coal seams and 
t(s) denotes the time. The gas seepage velocity ug can be 
described by Darcy’s Law

where pg(Pa) is the gas pressure, k(m2) is the effective per-
meability of the coal seams and �(Pa ⋅ s) is the gas dynamic 
viscosity. The gas content C in coal seams is written as 
follows

where Ca(kg∕m
3) and Cf (kg∕m

3) represent adsorption gas 
content and free gas content, � and �c(kg∕m3) represent the 
porosity and density of coal seams, a and b represent Lang-
muir adsorption constant and pressure constant, respectively. 
The parameter �g can be calculated by the modified ideal gas 
state equation as follows

where M(kg∕mol) is the gas molar mass, R(8.314J∕(K ⋅mol)) 
is the ideal gas constant, T(K) is the ambient temperature and 
Z is the gas compression factor. Substituting Eqs. (2), (3) 
and (6) into Eq. (1), the gas seepage governing equation in 
coal seams is obtained:

(1)∇(�gug) +
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�t
= 0,

(2)ug = −
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It can be observed from Eq. (7) that porosity and per-
meability of coal seams are the key parameters in the gas 
extraction process, and the porosity is defined as (Li et al. 
2016; Cui and Bustin 2005; Xia et al. 2015)

where �0 is the initial porosity, � is the Biot coefficient and 
� = 1 − (K∕Ks) , K(GPa) is the bulk modulus of coal and 
K = E∕3(1 − 2�) , Ks(GPa) is the bulk modulus of coal skel-
eton and Ks = Es∕3(1 − 2�) , �v is the volume strain of coal, 
S is the pore strain of coal and S = �v + pg∕K − �a , S0 is the 
initial pore strain of coal and S0 = �v0 + pg0∕K − �a0 . The 
subscript ‘0′ represents the initial value of the corresponding 
variable. The relationship between permeability and porosity 
of coal seams can be described by the cubic law as follows

where k0(m2) represents the initial permeability of coal 
seams. Substituting Eq. (8) into Eq. (9), the detailed perme-
ability equation is obtained

Mechanical governing field

Based on the assumption, the total strain of coal is the result 
of stress, gas pressure and gas desorption, the relationship 
between stress and strain of coal can be expressed by (Wu 
et al. 2010)

where G(GPa) represents the shear modulus of coal and 
G = E∕2(1 + �) , E(GPa) and Es(GPa) denotes the elastic 
modulus of coal and coal skeleton, v denotes the Poisson’s 
ratio, �ij denotes the Kronecker factor and �a denotes strain 
induced by skeleton gas adsorption. Furthermore, the geo-
metric equation of coal deformation satisfies the Cauchy 
equation as follows

where ui,j is the partial derivative in the j direction of the 
displacement in the i direction, uj,i is the partial derivative in 
the i direction of the displacement in the j direction. Accord-
ing to the elastic mechanics equation, the static equilibrium 
relationship of coal is expressed as

(8)� = � − (� − �0)exp(S0 − S),

(9)
k
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= (

�

�0

)3,

(10)k = k0[
�
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3
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(12)�ij =
ui,j + uj,i

2
,

(13)�ij,j + Fi = 0,
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where Fi(MPa) is the volume force. Combining Eqs. (11), 
(12) and (13), the mechanical field governing equation of 
coal–gas coupling is obtained

The cross-coupling and the HM governing equations of 
gas extraction is illustrated in Fig. 2.

A multilateral‑well case

Computational model

Based on the mathematical coupling model of coal defor-
mation and gas flow proposed in this paper, an idealized 
of gas extraction model with multilateral wells is estab-
lished, as shown in Fig. 3. The computational domain is 

(14)Gui,jj +
G

1 − 2�
uj,ji − �pg,i − K�s,i + Fi = 0

a 400 m × 400 m × 5 m hexahedral located at a depth of 
800–805 m. There is a main wellbore with a radius of 0.15 m 
at the longitudinal center of coal seam and 4 lateral wells 
with a radius of 0.10 m at the horizontal center of coal seam. 
The length of lateral wells is 100 m, and the angle between 
two adjacent lateral well is 90°.

Initial and boundary conditions

The initial gas pressure of coal seams and the extraction 
pressure of boreholes are set as 0.7 MPa and 0.076 MPa, 
respectively. The upper boundary pressure of coal seams is 
equal to the overburden pressure of 20 MPa, and the bottom 
boundary is fixed. The surrounding boundary is bounded 
by the normal displacement and all external boundaries are 
insulted. The other major parameters are listed in Table. 1.

Fig. 2   Cross-coupling and the 
HM governing equations of gas 
extraction

Fig. 3   Schematic of the compu-
tational model
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Description of well arrangements

Figure 4 illustrates sectional views of 12 different well 
arrangements. In Fig. 4, the while circular planes represent 
the main wellbore, the blue lines represent lateral wells, the 
red lines represent the drainage hole and the gray region 
represent coal seams.

For Case 2, Base Case and Case 5, the number of lateral 
wells is 2, 4, 6 and the total length of lateral wells is 200 m, 
400 m and 600 m, respectively. For Case 1, Case 3 and 
Case5, the number of drainage holes is 1, 2, 3 and the total 
length of drainage holes is 200 m, 400 m, 600 m, respec-
tively. These six Cases are designed to compare the effect of 
gas extraction performance of coal seams with multilateral 
well and drainage holes.

For Case 6, the length of lateral wells is 95 m, 105 m, 
95 m and 105 m from ① to ④, respectively. For Case 7, the 
length of lateral wells is 90 m, 110 m, 90 m and 110 m from 
① to ④, respectively. For Case 8, the length of lateral wells is 
95 m, 95 m, 105 m and 105 m from ① to ④, respectively. For 
Case 9, the length of lateral wells is 90 m, 90 m, 110 m and 

Table 1   Model basic parameters

Description Value

Initial gas pressure of coal seam, MPa 0.7
Extraction pressure of boreholes, MPa 0.076
Initial permeability of coal seam, m2 2.0 × 10–15

Elastic modulus of coal, GPa 2.713
Elastic modulus of coal skeleton, GPa 8.469
Poisson’s ratio of coal, / 0.32
Initial porosity of coal, / 0.04
Dynamic viscosity of gas, Pa·s 1.03 × 10–5

Density of coal seams, kg/m3 1380
Density at standard conditions of gas, kg/m3 0.717
Langmuir adsorption constant, m3/kg 0.03832
Langmuir pressure constant, 1/Pa 5.11 × 10–7

Adsorption strain coefficient, kg/m3 0.06
Temperature of coal seams, K 298.5

Fig. 4   Sectional views of 13 different well arrangements

Journal of Petroleum Exploration and Production Technology (2021) 11:1303–1321 
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110 m from ① to ④, respectively. The total length of lateral 
wells is equal of 400 m for Base Case and Case 6–9, these 5 
Cases are designed to investigate the effect of lateral length 
distribution on gas extraction performance.

For Base Case, the angle between two adjacent lateral 
wells is 90°. In order to study the effect of angle between 
lateral well on gas extraction performance, Case 10–Case 13 
are designed. From Case 10 to Case 13, the minimum angle 
between two adjacent lateral wells is 80°, 70°, 60° and 50°, 
respectively.

Results and discussion

Analysis of pressure and permeability rate variation

In order to study the gas extraction process in coal seams, 
variation of pressure distribution and permeability rate dis-
tribution was analyzed. The pressure contours and perme-
ability ratio under different times of 10 d, 50 d, 100 d, 200 d, 
600 d, 1200 d, 2000 d and 3000 d were investigated as shown 
in Figs. 5 and 6, respectively. As Fig. 5 demonstrates that 
the pore pressure decreases and its variation rate decreases 

Fig. 5   Pressure contours distribution at different times

Fig. 6   Permeability ratio distribution at different times
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gradually with production time. There is a minimum gas 
pressure distribution around the multilateral well, and the 
pressure around the multilateral well decreases faster than 
the area away from the multilateral well. It can be observed 
from Fig. 6 that the overall permeability of coal seams 
increases with production time. The permeability around 
the multilateral well is larger than the area away from the 
multilateral well. This is because the gas pressure around 
the multilateral-well drops rapidly which leads to the gas 
first desorbs from the matrix around the multilateral well, 
causing the matrix in the corresponding area begin to shrink 
and the permeability gradually increases.

The pressure distribution and permeability ratio distri-
bution along Line OA at various times are demonstrated in 
Figs. 7, 8, respectively. Line OA is marked in the second 

picture in Fig. 3, and it is along the diagonal direction along 
the xy plane at mid-y position. It can be observed that the 
permeability ratio decreases with distance from reservoir 
center and its variation distance decreases with the extrac-
tion time. When the distance increases from 10 to 270 m, 
the permeability rate decreases from 0.9253 to 0.9226 at 
the 10 d, decreases from 0.9334 to 0.9228 at the 600 d and 
decreases from 0.9344 to 0.9249 at the 3000 d. At the same 
distance, the permeability ratio increases with the extraction 
time. When the extraction time ranges from 10 to 3000 d, 
the permeability ratio increases from 0.9228 to 0.9309 in 
the 50 m position, increases from 0.9227 to 0.9277 in the 
100 m position and increases from 0.9226 to 0.9252 in the 
200 m position. 

Comparisons of multilateral‑well case and drainage 
hole case

In this part, the coalbed methane development performance 
of multilateral-well Case and drainage holes Case were 
compared. There are three multilateral-well Cases and three 
drainage hole Cases for comparison. The specific results are 
as follows.

Comparisons of base case and case 1

In this section, effects of the four lateral wells (Base Case) 
and double drainage holes (Case 1) on coalbed methane 
development performance are studied. The pressure and 
permeability rate contours of gas extraction for Base Case 
and Case 1 at 50 d, 500 d, 1500 d and 3000 d are illustrated 
in Figs. 9, 10, respectively. It can be observed that the low-
pressure and high-permeability region expands with time. 
The low-pressure and high-permeability spreads from the 
reservoir center to the surroundings for Base Case and from 
the bottom of the reservoir for Case 1. The location of the 
spread center depends on the location of the production well. 
For Base Case, the pressure difference between high pres-
sure and low pressure is less than that of Case 1 at 3000 d. 
The permeability ratio difference also has the same effect. 
It can be concluded that the gas extraction area of the multi-
lateral well is wider and more uniform than that of drainage 
hole Case.

To figure out the gas extraction performance of multilat-
eral well and drainage hole, the production rate and cumula-
tive production of Base Case and Case 1 are compared, as 
shown in Fig. 11. Under the condition that only single-phase 
flow is considered, the production rate shows a downward 
trend, the initial production rate drops rapidly and the speed 
in the middle and late stages of production tends to be stable. 
For instance, the production rate of Base Case varies from 
991.32 m3/d (100 d), 388.52 m3/d (1000 d), 293.35 m3/d 
(2000 d) to 241.99 m3/d (3000 d). The production rate of the 

Fig. 7   Pressure distribution variation curve versus distance along line 
OA at various times

Fig. 8   Permeability ratio variation curve versus distance along line 
OA at various times
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Base Case is always higher than that of Case 1. Similarly, 
the cumulative production of the Base Case is always higher 
than that of Case 1 and the ultimate cumulative production 
of Base Case is almost 1.27 times higher than that of Case 1.

Comparisons of case 2 and case 3

In this section, effects of the double lateral wells (Case 2) 
and single drainage hole (Case 3) on coalbed methane devel-
opment performance are studied. The pressure and perme-
ability ratio contours of gas extraction for Case 2 and Case 
3 at 50 d, 500 d, 1500 d and 3000 d are illustrated in Fig. 12, 
13, respectively. It can be seen that the similar pressure and 

permeability ratio distribution effect as that of Base Case 
and Case 2. The low-pressure and high-permeability spreads 
from the reservoir center to the surroundings for Case 2 and 
from the bottom of the reservoir for Case 3.

Figure 14 shows the production rate and cumulative pro-
duction of Case 2 and Case 3. The production rate of Case 
2 varies from 579.59 m3/d (100 d) to 205.51 m3/d (3000 
d), and Case 3 varies from 463.55 m3/d (100 d) to 145.91 
m3/d (3000 d). The production rate of the Case 2 is always 
higher than that of Case 3. The cumulative production of 
Case 2 varies from 0.6261 × 105 m3 (100 d) to 8.6416 × 105 
m3 (3000 d), and Case 3 varies from 0.5022 × 105 m3 (100 
d) to 6.4341 × 105 m3 (3000 d). The ultimate cumulative 

Fig. 9   Pressure contours of gas extraction at 50 d, 500 d, 1500 d and 3000 d (first row: Base Case, second row: Case 1)

Fig. 10   Permeability ratio (k/k0) contours of gas extraction at 50 d, 500 d, 1500 d and 3000 d (first row: Base Case, second row: Case 1)
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production of Case 2 is almost 1.34 times higher than that 
of Case 3 at 3000 d.

Comparisons of case 4 and case 5

In this section, effects of the six lateral wells (Case 4) and 
three drainage holes (Case 5) on coalbed methane develop-
ment performance are studied. The pressure and permeabil-
ity ratio contours of gas extraction for Case 4 and Case 5 at 
50 d, 500 d, 1500 d and 3000 d are illustrated in Figs. 12, 
13, respectively. It can be seen that the similar pressure and 

permeability distribution effect as that of Base Case and 
Case 2 (Figs. 15, 16). The low-pressure and high-permea-
bility spreads from the reservoir center to the surroundings 
for Case 4 and from the bottom of the reservoir for Case 5. 

Figure 17 shows the production rate and cumulative pro-
duction of Case 4 and Case 5. The production rate of Case 
4 varies from 1200.6 m3/d (100 d) to 235.92 m3/d (3000 
d), and Case 5 varies from 1277.1 m3/d (100 d) to 174.2 
m3/d (3000 d). In the first 900 d, the production rate of Case 
5 is higher than that of Case 4, while the production rate 
of Case 4 is higher than that of Case 5 after 900 d. The 

Fig. 11   Production rate and 
cumulative production curve 
versus time for Base Case and 
Case 1

Fig. 12   Pressure contours of gas extraction at 50 d, 500 d, 1500 d and 3000 d (first row: Case 2, second row: Case 3)

Journal of Petroleum Exploration and Production Technology (2021) 11:1303–1321 
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cumulative production of Case 4 varies from 1.4064 × 105 
m3 (100 d) to 12.4845 × 105 m3 (3000 d) and Case 5 var-
ies from 1.3834 × 105 m3 (100 d) to 1.2179 × 106 m3 (3000 
d). The ultimate cumulative production of Case 4 is almost 
1.025 times higher than that of Case 5 at 3000 d.

The cumulative production statistics for Base Case and 
Case1–Case 5 are illustrated in Fig. 18. A comparison of 
the results reveals the coalbed methane development perfor-
mance of multilateral-well Case is better than that of drain-
age holes Case. The ultimate cumulative production of four 
lateral wells is almost 1.27 times than that of drainage holes. 

When the quantity of lateral wells increases from 2 to 6, the 
cumulative production at 3000 d increases by a factor of 1.5. 
There are two possible reasons. One is because the multi-
lateral well located in the center of the reservoir are more 
stretched and have a larger area of influence. The second is 
that the radius of the multilateral well is larger than of the 
drainage hole and more gas flows into the multi-branched 
well.

For multilateral well, the cumulative production 
increases with the quantity of lateral wells. When the 
lateral well number is 2, 4, 6, the cumulative production 

Fig. 13   Permeability ratio contours of gas extraction at 50 d, 500 d, 1500 d and 3000 d (first row: Case 2, second row: Case 3)

Fig. 14   Production ratio and 
cumulative production curve 
versus time for Case 2 and 
Case 3

Journal of Petroleum Exploration and Production Technology (2021) 11:1303–1321 
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is 8.6416 × 105 m3, 11.7785 × 105 m3, 1.2445 × 106 m3 at 
3000 d, respectively. The cumulative production increases 
obvious when the lateral well number vary from 2 to 4. 
It can be speculated that the coalbed methane develop-
ment performance can be improved to a certain extent by 
increasing the quantity of lateral well.

Comparisons of multilateral well with different 
branch length

In this section, the length distribution of lateral wells on 
coalbed methane development performance are studied. 
Figures 19, 20 show the pressure contours and permeability 
ratio contours of gas extraction at 50 d, 500 d, 1500 d and 

3000 d for Case 6 and Case 7, respectively. The lateral wells 
of Case 6 and Case 7 are all axisymmetric, and the pressure 
and permeability at various times also show an axisymmet-
ric distribution. Figures 21,  22 show the pressure contours 
and permeability ratio contours of gas extraction at 50 d, 500 
d, 1500 d and 3000 d for Case 8 and Case 9, respectively. 
The lateral wells of Case 8 and Case 9 are all diagonally 
symmetric and their pressure and permeability at various 
times also symmetrically distributed diagonally. It suggests 
that the length distribution of lateral wells has an effect on 
regional gas extraction efficiency.

In order to figure out the gas extraction performance of 
multilateral well with different lateral length distribution, 
the production rate and cumulative production of Base 

Fig. 15   Pressure contours of gas extraction at 50 d, 500 d, 1500 d and 3000 d(first row: Case 4, second row: Case 5)

Fig. 16   Permeability ratio contours of gas extraction at 50 d, 500 d, 1500 d and 3000 d (first row: Case 4, second row: Case 5)

Journal of Petroleum Exploration and Production Technology (2021) 11:1303–1321 
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Case and Case 6–9 are compared, as shown in Fig. 23. It 
can be observed that when all the length of lateral wells is 
100 m, the gas production rate and cumulative production 
are always higher than other Cases. When the lengths of 
the lateral wells are not equal, the ultimate gas production 
from high to low is Case 6, Case 8, Case 7 and Case 9, 
respectively.

For Case 6 and Case 8, there are two lateral wells of 
length 95 m and 105 m with a maximum length difference 
of 10 m. For Case 7 and Case 9, there are two lateral wells 
of length 90 m and 110 m with a maximum length difference 
of 20 m. The gas extraction performance of Case 6 and Case 
8 are better than that of Case 7 and Case 9, it can be seen 

that the uniform of length distribution has a positive effect 
on coalbed methane development. The difference between 
the Case6 and Case 8 is that the lateral length distribution is 
different. The lateral wells of Case 6 are center-symmetrical, 
long lateral well and short lateral well are alternately dis-
tributed, it can produce CBM in the gas reservoir more uni-
formly. Therefore, the gas extraction performance of Case 6 
is higher than that of Case 8. The gas extraction performance 
of Case 7 and Case 9 can also explain by the symmetry of 
length distribution.

Overall, when the total length of lateral wells is equal, the 
uniformity and symmetry of lateral length distribution are 
two key factors on the gas extraction performance. Under the 
simulation condition in this paper, the uniformity of lateral 
length distribution has a greater impact on the gas extraction 
performance than that of symmetry.

Comparisons of multilateral well with different 
intersection angle

In this section, the intersection angle of lateral wells on 
coalbed methane development performance are studied. 
Figures 24, 25 show the pressure contours of gas extraction 
at 50 d, 500 d, 1500 d and 3000 d for Case 10–11 and Case 
12–13, respectively. Figures 26, 27 show the permeability 
ratio contours of gas extraction at 50 d, 500 d, 1500 d and 
3000 d for Case 10–11 and Case 12–13, respectively. It can 
be observed that the pressure and permeability distribution 
difference induced by different intersection angle of lateral 
wells.   

Fig. 17   Production rate and 
cumulative production curve 
versus time for Case 4 and 
Case 5

Fig. 18   Cumulative production statistics for Base Case and Case 1–
Case 5
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Figure 26 shows the production rate and cumulative 
production of Base Case and Case 10–13. When the inter-
section angle varies from 90°to 50°, the ultimate cumu-
lative production decrease from 1.1779 × 106 m3 (90°), 
1.1464 × 106 m3(80°), 1.1360 × 106 m3 (70°), 1.1259 × 105 
m3 (60°) to 1.1086 × 106 m3 (50°) at 3000 d. It can be 
observed that the minimum intersection angle has a posi-
tive effect on cumulative production as shown in Fig. 28. 
This is because when the intersection angle varies from 
90°to 50°, the quadrilateral area with the lateral well as 

the diagonal decreases gradually. The smaller the quadri-
lateral area, the smaller the influence range of the multi-
lateral well and the worse the gas extraction effect. When 
the intersection angle of the multilateral well is set as 90°, 
the wells are more stretched and the quadrilateral area is 
larger than other Cases. Overall, the optimal intersection 
angle is 90° for the multilateral well under the simulation 
condition in this paper.

Fig. 19   Pressure contours of gas extraction at 50 d, 500 d, 1500 d and 3000 d (first row: Case 6, second row: Case 7)

Fig. 20   Permeability ratio contours of gas extraction at 50 d, 500 d, 1500 d and 3000 d (first row: Case 6, second row: Case 7)

Journal of Petroleum Exploration and Production Technology (2021) 11:1303–1321 



1316	

1 3

Conclusion

In this paper, a novel multilateral well for coalbed meth-
ane extraction was proposed. In the multilateral-well sys-
tem, there is a main wellbore at the longitudinal center of 
coal seam and four lateral wells at the horizontal center. 
The coalbed methane development performance of mul-
tilateral-well Case is better than that of traditional drain-
age holes. A hydraulic-mechanical coupling model was 
established for the novel multilateral-well system. Based 

on the model, the pressure distribution and permeability 
distribution of the gas extraction process with multilat-
eral well were analyzed comprehensively. Subsequently, 
the gas extraction performance with multilateral well and 
drainage holes were compared. The number, length distri-
bution and intersection angle of multilateral-well system 
on the gas extraction performance were investigated. The 
key findings of the study were as follows.

Fig. 21   Pressure contours of gas extraction at 50 d, 500 d, 1500 d and 3000 d (first row: Case 8, second row: Case 9)

Fig. 22   Permeability ratio contours of gas extraction at 50 d, 500 d, 1500 d and 3000 d (first row: Case 8, second row: Case 9)

Journal of Petroleum Exploration and Production Technology (2021) 11:1303–1321 



1317	

1 3

(1)	 There is a minimum gas pressure distribution around 
the multilateral well and the pressure around the mul-
tilateral well decreases faster than the area away from 
the multilateral well. The overall permeability of coal 
seams increases with production time and the perme-
ability around the multilateral well is larger than the 
area away from the multilateral well. This is because 

the gas pressure around the multilateral-well drops rap-
idly which leads to the gas first desorbs from the matrix 
around the multilateral well, causing the matrix in the 
corresponding area begin to shrink and the permeabil-
ity gradually increases.

(2)	 The coalbed methane development performance of 
multilateral-well Case is better than that of drainage 

Fig. 23   Production rate and 
cumulative production curve 
versus time for Base Case, Case 
6, Case 7, Case 8 and Case 9

Fig. 24   Pressure contours of gas extraction at 50 d, 500 d, 1500 d and 3000 d (first row: Base Case, second row: Case 10, third row: Case 11)
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holes Case. The ultimate cumulative production of four 
lateral wells is almost 1.27 times than that of drainage 
holes. This is because the multilateral well located in 
the center of the reservoir are more stretched and have 
a larger area of influence. Besides, the radius of the 
multilateral well is larger than of the drainage hole and 
more gas flows into the multi-branched well.

(3)	 The coalbed methane development performance can be 
improved to a certain extent by increasing the quan-
tity of lateral well. When the quantity of lateral wells 
increases from 2 to 6, the cumulative production at 
3000 d increases by a factor of 1.5.

(4)	 When the total length of lateral wells is equal, the uni-
formity and symmetry of lateral length distribution 
are two key factors on the gas extraction performance. 

Fig. 25   Pressure contours of gas extraction at 50 d, 500 d, 1500 d and 3000 d (first row: Base Case, second row: Case 12, third row: Case 13)

Fig. 26   Permeability ratio contours of gas extraction at 50 d, 500 d, 1500 d and 3000 d (first row: Case 10, second row: Case 11)
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Under the simulation condition in this paper, the uni-
formity of lateral length distribution has a greater 
impact on the gas extraction performance than that of 
symmetry.

(5)	 The minimum intersection angle has a positive effect 
on cumulative production. When the intersection angle 
varies from 90°to 50°, the cumulative production varies 
from 1.1779 × 106 m3 to 1.1086 × 106 m3. Under the 
simulation condition in this paper, the optimal intersec-
tion angle is 90° for the multilateral well.
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