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Abstract: The motive of the study is to propose a water-gas two-phase flow model to depict the characteristics
of Coalbed Methane (CBM) transporting in the unsaturated coalbed and predict the production of CBM well.
The proposed model is established based on Buckley-Leverett equation. The calculating equations of daily gas
and water production of CBM well are derived from the proposed model. A program is achieved based on the
equations and an actual CBM well is simulated as an example. The simulated results are verified by the actual
site monitoring values. Moreover, the effects of permeability, porosity, well control radius, coalbed thickness
and coal-rock matrix radius on the daily gas production and cumulative gas production of CBM well are
studied. The comprehensive results address that the equations of daily gas production and cumulative gas
production are good agreement with the monitoring values. Daily gas production increases with increasing
permeability. Greater porosity means higher initial and stable daily gas production. Appropriate increase of the
well control radius can improve the initial and stable daily gas production. However, when the well control
radius reaches a critical value, it has no effect on the daily gas production. The initial gas production increases
greatly with increasing coalbed thickness and matrix radius.

Keywords: Buckley-Leverett equation, coalbed methane, production prediction, sensitivity analysis, water-gas
two-phase flow model

INTRODUCTION

Coalbed methane (CBM) is one of the fatal factors
threatening the safety of coal mining. The coal mining
wells with high content CBM are about 49.8% of the total
coal mining wells in China, which becomes a critical
factor restricting the safe exploitation of coal mining. At
the same time, CBM is considered as important as the
natural gas to ensure the energy sources safety of China
(Wang et al., 2010a, 2011a). Therefore, the exploitation
of CBM has become the prerequisite for coal mining in
China. In the exploitation process of CBM, plenty of
confined water is often drawn out of coalbed to form
spaces for the desorptions and transitions of CBM. The
gas-water two-phase flow problem is existed in the
process. At the same time, coal is a special medium made
up of coal-rock matrix and seam, which are the lodging
place and main migrating pathway of CBM, respectively
(Wang et al., 2010c; Yan et al., 2010a, 2010b; Ren et al.,
2012). Moreover, the coal-rock matrix shows a strong
anisotropy and the permeability of the face seam and butt
seam differs from each other significantly. All above

reasons cause that the production prediction of CBM well
become very complex and challengeable. However,
accurately predicting the production of CBM well is a key
factor to determine whether the hydraulic fracturing or
injection of miscible gas is necessary. Many scholars have
studied this problem, e.g., (McKee and Bumb, 1987;
McKee et al., 1988) assumed the CBM transmitting from
the micro-porosity into macro-porosity of coal-rock
matrix instantly and established the calculation model of
CBM well production. As the neglect of CBM seepage
characteristic in the micro-porosity, the production
obtained by the model tended to be higher than the
monitoring data. Sawyer et al. (1990) and Paul and
Sawyer (1990) classified the flow of CBM and water in
the coalbed as steady and unsteady flow and built up
corresponding mathematic models. They thought the
migration of CBM and water in the micro-porosity obeyed
the nonlinear flow law while the migration in the seam
and fracture obeyed Darcy's law. Although the
mathematic model could precisely describe  the migrating
characteristics of CBM and water,  the  solutions  were
very   complex   and  took  too  much  time.  Meanwhile,
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some scholars (Seidle and Arri, 1990; Arri et al., 1992)
simplified the coal-rock matrix and CBM as oil and
volatile gas, respectively. The black-oil model was
introduced into the prediction of CBM well production
and equations were also derived. Some useful conclusions
were achieved. However, this model was also with some
limitations for ignoring the influences of porosity,
saturation and thickness of coalbed. 

Therefore, the aims of the study are to eastablish a
new model according to the migrating characteristics of
two-phase flow in the unsaturated coalbed, which can
predict the characteristics of CBM transporting in the
unsaturated coalbed and CBM well production.
Corresponding calculating formulas of CBM well
production are derived based on Buckley-Leverett
equation. Galerkin method and implicit difference method
are used to solve the formulas. A calculation program is
developed accordingly. Moreover, a field CBM well is
simulated as an example to validate the accuracy and
precision of the calculating formulas. The influences of
permeability, porosity, well control radius, coalbed
thickness and coal-rock matrix radius on the production of
CBM well are studied.

MATHEMATICAL MODEL

Mathematical model of two-phase flow in unsaturated
coalbed: In the exploitation of CBM, the confined water
in coalbed will be excluded firstly to form certain spaces,
which means the coalbed is in the unsaturated state. Then,
CBM turns into free gas by desorption and stores in the
spaces. Free gas flows by the micro-cracks of coal-rock
matrix and ultimately into the production well together
with water (Fig. 1). Therefore, the migration of CBM in
unsaturated coalbed is a typical water-gas two-phase flow
problem (Liu et al., 2011; Jiang et al., 2011). In the study,
the impacts of coalbed characteristic parameters on the
migration and production of CBM are mainly studied,
while the influence of CBM desorption is not considered.
Therefore, the time of CBM desorption is assumed as 0 in
the whole calculation.

Two assumptions are used in the model, namely, 

C The mass exchange does not occur between CBM
and water 

C CBM is not soluble in water 

CBM and water flow into the fracture system of coal-
rock under the pressu re gradient, which can be
serviced as the source. While the CBM production well is
serviced as the sink. Then, the fluid flow equations
between the source and sink can be obtained by using
two-phase flow Buckley-Leverett equation (Siddiqui et
al., 1996; Xiong et al., 2007), expressed as follows:
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where, L is the Hamilton operator; qyg, qyw are the
deliverability of gas and water respectively in the coal-
rock matrix fracture and pore system, m3/d; qhg, qhw are the
productions of gas and water in CBM well, respectively,
m3/d; Dg, Dw are the densities of CBM and water, kg/m3; N
is the porosity of coal-rock; Sg, Sw are the saturations of
CBM and water in the fracture system.

Under the effects of gravity, the velocities of CBM
and water can be obtained respectively as below:

(3) v
k k

p gHg
o rg

g
g g   




(4) v
k k

p gHw
o rw

w
w w   




where, ko is the absolute permeability of coalbed at the
initial state, m2; g is the acceleration of gravity, m/s2; H is
the buried depth of coalbed, m; :g, :w are the viscosities
of  CBM  and  water  in  the  fracture  system,  krg, krw are

Fig. 1: Schematic diagram of CBM desorption and transmission in the coal-rock matrix
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the relative permeability of CBM and water in fracture
system; pg, pw are the absolute pressure of CBM and water
in fracture system, MPa.

By substituting (3) and (4) into (1) and (2), the flow
differential equations of gas and water in unsaturated
coalbed can be obtained:
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(5) and (6) are the two-phase flow equations of CBM and
water in unsaturated coalbed based on Buckley-Leverett
formulas, which are implicit equations. Numerical method
is recommended in the solution. The classic Galerkin
eight-node finite element method and alternating direction
implicit difference method (Lahivaara and Huttunen,
2011; Allaneau and Jameson, 2011) are adopted in the
study, which can ensure the speed and accuracy of the
solutions. Corresponding boundary and initial condition
equations are necessary to predict the production of a field
CBM well.

Initial conditions and auxiliary equations: At the
beginning of CBM exploitation, the pressure of confined
water, water saturation and CBM saturation are:

P|t = 0 = p0 (7)

Sw|t = 0 = Sw0 (8)
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where, Sg+Sw = 1; p0 is the initial pressure of confined
water in coalbed fracture system, MPa; Sw0 is the initial
saturation of water; Cg0 is the initial concentration of
CBM, kg/m3; M is the ideal gas molar mass, kg/mol; T is
the temperature of coalbed, K; Z is the gas compressible
factor; R is the gas constant, J/(mol.K); Dc is the density
of coal-rock, kg/m3; VL is the Langmuir volume constant,
m3/m3; PL is the Langmuir pressure constant, MPa; pc is
the gas-water capillarity pressure, MPa.

Boundary conditions:
Outer boundary condition: Outer boundaries of
calculation area with constant pressure in the whole
numerical simulation are commonly known as the first

boundary condition. Then, the pressure at the outer
boundary =1 can be obtained by (10):

(10)    P x y z t P x y z t ta, , , , , ,1 0 

Outer boundaries of calculation area with constant
flow rate in the whole numerical simulation are
commonly known as the second boundary condition. The
boundaries are considered as closed boundary with no
fluid through. The pressure at the outer boundary =2 can
be expressed as:
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where, p(x, y, z, t) is the fluid pressure function;  is

p

n 2

the pressure derivative of outward normal at boundary =2;
pf is the initial fluid pressure, MPa; Rc is the well control
radius, m. In the production prediction of an actual CBM
well, the first and second boundary conditions are
recommended at the initial and late stages of the
numerical simulation, respectively. 

Inner boundary condition: When the diameter and
length of CBM well are given, the flow pressure of
wellbore at bottom is a constant, expressed as:

P(0, 0, 0, t) = Pu(Rc, Rl) (t>0) (13)
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where, Pu is the flow pressure of wellbore at bottom, MPa;
Rl is the length of wellbore, m.

According to the initial conditions and boundary
conditions, the iterated initial values of daily gas
production and daily water production in CBM well can
be achieved as follows:
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where, ,  are the iterated initial values of daily gasqhg qhw

and water production in CBM well, m3/d; $ is the
geometric constant; k is the permeability of coalbed, m2;
h is the thickness of coalbed, m; pfw is the flow pressure at
hole bottom, MPa; Bg, Bw are the gas and water volume
factors respectively; Rm is the matrix radius of coal-rock,
m; Rw is wellbore radius, m.

Based on the above equations and specific
parameters, the production of a field CBM well can be
predicted. The effects of different factors on the
production of CBM well can be also given based on the
calculating results. Moreover, the quantitative influence
laws of each factor are obtained accordingly. 

RESULTS AND DISCUSSION

In order to validate the accuracy and precision of the
proposed model, a calculation program is developed by
C++ computer language. A field CBM well in Qinshui
basin of China is simulated as an example. The
parameters used in the calculations are shown in Table 1.
The results and monitoring data are shown in Fig. 2. 

Validation: Figure 2 shows the comparisons of numerical
results and monitoring data, indicating the numerical
results agree well with monitoring data. The average error
is about 7%, which can satisfy the accuracy requirements
of actual engineering problems. At the same time, we can
see the monitoring daily gas production of CBM well
increases firstly and then decreases, while the numerical
results decrease with time in the whole process. It is
mainly because that desorption of CBM from the coal
matrix takes some time for actual condition, while the
time of CBM desorption is considered as zero in the
numerical simulation. Although the error at the beginning
is relative large, the average error is still small, showing
the proposed model with a high precision. 

Analysis of influencing factors: In order to get the
influences of coalbed permeability, porosity, well control
radius, coalbed thickness and coal-rock matrix radius on
daily gas production and cumulative production of CBM
well, different values of the factors are assigned. The
calculating results are shown in Fig. 3 to 8.

Permeability: Figure 3 presents the relation between
daily gas production of CBM well and time under
different permeability conditions. As shown in Fig. 3, the

Table 1: Parameters used in the numerical simulation
Coalbed thickness/m 6.30 Coalbed temperature/ºC 34.30
Coalbed permeability/mD 1.50 Confined water pressure/MPa 3.36
Coal density/(kg/m3) 1420.00 Coalbed porosity 0.04
Well bore diameter/mm 139.70 Well bore length/m 103.00
Matrix radius/m 0.22 Well control radius/m 120.00
Langmuir pressure/MPa 3.04 Langmuir volume/(m3/m3) 43.95

Fig. 2: Relation between daily gas production of CBM well and
time

Fig. 3: Relation between daily gas production of CBM well and
time under different permeability conditions

Fig. 4: Relation between cumulative production of CBM well
and time under different permeability conditions

daily gas production reaches the maximum at the initial
stage and decreases rapidly after 20 days. Ultimately, it
tends to a stable value 150 days later. At the same time,
we can see the time of daily gas production trending a
stable value increases with the permeability of coalbed.
For example, the daily gas productions of CBM wells in
coalbed with the permeability of 1 and 5 mD take 25 and
150 days to reach the stable values, respectively. The
cumulative  production  of  CBM  well  increases  largely
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Fig. 5: Relation between daily gas production of CBM well and
time under different porosity conditions

with the increase of coalbed permeability (Fig. 4). As
shown in Fig. 4, the cumulative production of 200 days
increases  from  9853  to  95133  m3  when  the  coalbed
permeability changes from 1 to 5 mD, respectively. The
comprehensive results address that the increase of coalbed
permeability can greatly improve the daily and cumulative
productions of CBM well. Therefore, hydraulic fracturing
and multiple fracturing technologies are recommended in
the CBM exploitation, especially in the coalbed with low
permeability. 

Porosity: Figure 5 shows the effects of coalbed porosity
on the daily gas production of CBM well. As the increase
of coalbed porosity, the initial daily gas production
increases greatly. Moreover, larger coalbed porosity
means higher stable production. In the meantime, we can
see the daily gas production of CBM well in coalbed with
low porosity decreases speedier than that of CBM well in
coalbed with high porosity. For example, the daily gas
production of CBM well in coalbed with porosity of 0.01
basically tends to zero after exploitation for 60 days,
while that of CBM well in coalbed with porosity of 0.1
reaches the stable production with a value of about 1000
m3/d. It is concluded that the increase of coalbed porosity
can significantly improve daily gas production and
cumulative production of CBM well.

Well control radius: In the numerical simulations, well
control radiuses are valued as 5, 10, 20, 30, 50 and 100 m
respectively to get the influences of well control radius on
the daily gas production of CBM well (Fig. 6). As shown
in Fig. 6, the well control radius has little effect on the
initial daily gas production, while its influence gradually
becomes significant with the increase of exploitation time.
Meanwhile, the production of CBM well with small well
control radius reduces quickly with time. Because when
the well control radius is small, the area controlled by the
CBM well is small and CBM desorption from coalbed is
also small. Therefore, CBM extraction will be finished in

Fig. 6: Relation between daily gas production of CBM well and
time under different well control radius conditions

Fig. 7: Relation between daily gas production of CBM well and
time under different coalbed thickness conditions

Fig. 8: Relation between daily gas production of CBM well and
time under different coal- rock matrix radius conditions

a short time. From Fig. 6, we can also see the production
of CBM well increases with the well control radius until
it exceeds a critical value. Ultimately, the production no
longer changes  with the increase of well control radius,
indicating the well control radiuses could be optimized to
improve the use efficiencies of CBM wells in the actual
design. By comparing the results in Fig. 6, the critical
value of well control radius is about 20 m. Therefore, the
distance between two adjacent CBM wells should not be
less than 40 m by the consideration of well use
efficiencies.
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Coalbed thickness: Figure 7 presents the relation
between the daily gas production of CBM well and time
under different coalbed thickness conditions. As shown in
Fig. 7, the daily gas production increases with coalbed
thickness. The initial daily gas production is affected by
coalbed thickness seriously, but its influence gradually
reduces with the increasing exploitation time. For
example, the initial daily gas productions of CBM well in
coalbed with thicknesses of 5 and 7 m are 2233 and 3445
m3/d, respectively, increasing about 53.3%. Under the
same condition, the productions of two wells are 1115 and
1565 m3/d, respectively after exploitation for 200 days
with an increase of 40%.

Radius of coal-rock matrix: CBM is mainly stockpiled
in the coal-rock matrix which significantly affects the
daily gas production of CBM well. Figure 8 gives the
relation  between the daily gas production of CBM well
and  time  under different  matrix  radius conditions. The
initial daily gas production of CBM well increases with
increasing coal-rock matrix radius. Nevertheless, the daily
gas production of CBM well in the coal-rock matrix with
large radius reduces more rapidly with the increase of the
exploitation time than that in the coal-rock matrix with
small radius. When the exploitation time surpasses 150
days, the matrix radius basically has no effect on the daily
gas production of CBM well. 

CONCLUSION

C Based on Buckley-Leverett equation, the two-phase
flow model in unsaturated coalbed is proposed. The
calculation equations of daily gas and water
production of CBM well are derived from the
proposed model. A program is achieved based on the
equations. The simulated results are verified by the
actual site monitoring values. Moreover, the
influence laws of permeability, porosity, well control
radius, coalbed thickness and matrix radius on the
daily gas production of CBM well are studied.

C Daily gas production of CBM well is well predicted
by the model proposed in the study. The calculation
results are agreement with the monitoring values with
an error of about 7%, which can satisfy the
engineering requirement.

C The comprehensive results address that the
permeability of coalbed is one of the main
influencing factors on the daily gas production of
CBM well. Larger porosity means higher initial and
stable daily gas production. Appropriate increase of
the well control radius can improve the gas
production. However, when the well control radius
reaches a critical value, it has no effect on the daily
gas production. Matrix radius has a great influence

on the initial production, whereas it has small effect
on daily gas production at the late exploitation stage.
The daily gas production increases with increasing
coalbed thickness.
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