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Abstract 
 

Gas transportation in coal bed is a complex physical process. The Adsorption/desorption process is associated with 
migration of gas in coal. Adsorption/desorption of CO2/CH4 in coal bed includes diffusion of gas from coal matrix and its 
flow through natural fractures. Therefore, it is necessary to have a clear concept of the flow behavior of gas in coal bed 
for successful coal bed methane (CBM) production and carbon dioxide sequestration. Flow of gas through natural cracks 
results in deformation of coal bed. Injection of CO2 in enhanced coal bed methane (ECBM) depends on the permeability 
and fluid flow behavior.Deformation in solid coal induced by fluid pressure during CBM and ECBM process is still not 
clearly understood. Numerical models and Multiphysics are dominant in modelling of complex study of flow induced 
deformation. Such modelling is required for detailed understanding of deformation as well as flow parameters. In this 
study 3D model of fractured coal core was developed. The deformation in coal core at multiple injected fluid pressures 
was analysed. Geo-mechanical parameters (Stress, Strain, Deformation, Pore pressure and Darcy’s Velocity etc.) were 
determined at varying injection pressures. The relations between different Geo-mechanical parameters were established 
using a statistical approach. 
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1. Introduction 
 
Coal bed methane (CBM) is unconventional energy source. 
It comprises 95% pure methane with calorific value 8500 
Kcal/g (Zhang et al., 2015; Ojha et al., 2011). It is one of the 
promising technologies to fulfil the rapid increasing demand 
of energy. Methane resides in the coal matrix through 
sorption phenomena. Despite of gas in place of coal 
reservoir in depth knowledge of coal-gas interaction and 
flow induced deformation is important for successful and 
economical production of CBM as well as CO2 
sequestration. Coal shows dual-porous nature with multiple 
sized pores (micro, meso and macro pores) that lower its 
permeability (Vandamme et al., 2010). CBM production and 
CO2 sequestration is very difficult for the reservoir with less 
understanding of gas transport phenomena (Swami and 
Settari, 2012). Importance of fluid transport and its impact 
on mechanical properties of coal bed have been studied 
elsewhere (Xiao et al., 2004; Yang and Zoback, 2011; Wang 
et al., 2012; Bigi et al., 2013; Ye et al., 2014; Ghanizadeh et 
al., 2014; Zhang et al., 2015). Diffusion of methane from the 
matrix and flow through the natural cracks (fractures and 
cleats) leads deformation in coal bed (Zhao and Jin, 1994; 
Wang et al., 2013; Liu et al., 2015). Migration of the gas 
within the matrix is driven by the concentration gradient 
while its flow through natural cracks is driven by the gas 

pressure gradient (Andreas and Yves, 2011). Transportation 
of CO2/CH4 gases through coal at different pressure results 
swelling/shrinking of coal matrix. Deformation in coal 
matrix makes opening and closing of cleats more 
complicated (Chunguang et al., 2014). 
 In this paper 3D model of coal core was developed using 
Comsol Multiphysics 4.3. Poroelastic model was adopted for 
gas-solid coupling and determination of pressure induced 
deformation and change in mechanical properties. The 
model focuses on the elastic deformation in solid coal 
structure at different gas injection pressure. The poroelastic 
simulations were used for coupling of Darcy’s flow with 
structural deformation. Experimentally evaluated input data 
for coal bed in Jharia coal field at a depth of 580 m was 
applied for analysis. The model was evaluated using Biotas 
well as pressure equation. The correlation between different 
Geo-mechanical properties and fluid pressure was 
established using a statistical approach. 
 
 
2. Geometry of Model 
 
The coal core representing the coal bed was developed using 
3D modeling tool. The NX size of coal core of 54 mm 
diameter and 108 mm length with L/D ratio 2 as per 
recommendation (ASTM, D2113-99) was considered for 
study (fig 1). Core was cut along the vertical axis to show 
the cleat structure clearly. The fractures of 1 to 2 mm wide 
and 1 mm deep were created in coal core to represent intact 
coal structure.  
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3. Numerical Modelling and Problem Description 
 
Uniform element formulation is possible for fractured rock 
by coupling fluid pressure and displacement (Li and Ito, 
2012; Lei et al., 2014). Simulations of porous material for 
fractures as well as matrix were carried out using flow 
equation to determine flow parameters and deformation in a 
material (Bai et al., 1999). In this investigation the fluid-
solid coupling and pressure induced deformation was 
examined using numerical modeling and simulation. The 
model developed based on Biotporoelastic equation. It was 
developed in such a way that swelling occurs when the 
injecting pressure exceeds a limit. The input parameters 
applied for numerical simulation were determined 
experimentally as per ASTM and IS standards (Table 1). 
Compressive strength, Poisson’s ratio and elastic modulus 
were determined as per IS: 9221-1979. A total of 3 to 5 
samples from Jharia coal field at a depth of 580 m were 
taken for determination of geo-mechanical properties. 
Cohesion and angle of friction were determined using 
triaxial testing data. Permeability was determined as per 
pressure transient method. Porosity was calculated as per the 
established equation 
 

  

γ d =
Gs ⋅γw

1+ n
1− n

                 (1) 

 
Where, 

 γ d = Dry unit weight,  

 γw = Wet unit weight,  
Gs = Specific gravity,  
n = Porosity 
 
 Specific gravity of powdered coal sample was 
determined using the pycnometer method as per IS: 2720 
(Part-III)-1980. Finite element model was used to determine 
stress-strain, displacement and Darcy’s velocity etc. of coal 
at different injecting fluid pressure. Stress - strain behavior 
of coal matrix was analyzed using  the poroelastic model. 
 
Table 1.Experimentally determined input parameters of 
Jharia coal field 

Elastic Modulus, E (Gpa) 1.70 
Poisson’s Ratio, µ 0.36 

Permeability, K (mD) 0.52 
Porosity (%) 0.58 

Cohesion, C0 (Mpa) 0.90 
Angle of friction, Ф (Degree) 30 

Compressive Strength, σc (MPa) 4.20 
Vertical Stress, σv(MPa) 15.66 

Horizontal Stress, σh (MPa) 8.80 
Depth (m) 580 

 
4. Governing Equations and Boundary Conditions 

 
4.1 Flow of Fluid  
In this investigation fluid flow was described by Darcy’s 
Law in equation of continuity as 
 

 
∇⋅ −

K
µ
⋅∇p

⎛

⎝
⎜

⎞

⎠
⎟        (2) 

 
 Where,  
K = Permeability of coal,  
µ = Dynamic viscosity of the  fluid,  
p = pore pressure 
 

 
Fig. 1. 3D model of coal core sample 
 
 
 The flow boundaries spread from injecting point to the 
edge of the model. The upper and lower surface of the coal 
core is the planar surface and hence makes, symmetry 
boundary. The only passage of fluid is through the cleat so 
other domains were considered no flow domain and 
described as: 
 

 p = pr (For Reservoir)      (3) 
 

  
n ⋅ − K

µ
⋅∇p

⎛

⎝
⎜

⎞

⎠
⎟ = 0  (Symmetry face)       (4) 

 

  
n ⋅ − K

µ
⋅∇p

⎛

⎝
⎜

⎞

⎠
⎟ = 0 (Connectingsegments)    (5) 

 
Where,  
n = normal vector to the boundry,  
pr = Reservoir pressure 
 
4.2 Deformation Equation 
The deformation in coal was described by the system of 
equation as: 

 

  −∇.σ =F        (6) 

 
 Where, σ denotes the stress tensor, and the directional 
components of the gradient in fluid pressure, p, make up a 
vector forces, F. 
 Biot Will’s coefficient was considered 1 for this 
equation. The principal stress tensor was related to principal 
strain tensor as:  
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ε1=

1
E
⋅ σ 1 −ν σ 2 +σ 3( )( ) ; 

 
ε2 =ε3=0⎡⎣ ⎤⎦        (7) 

  
 In matrix form the strain tensor is linearly related to 
stress tensor as: 

 

 ε= D ⋅σ              (8) 

 
 The element of 3D strain tensor depends on the element 
of displacement vectors as: 

 

 
εx =

∂u
∂x

, 
 
ε y =

∂v
∂y

,  
 
ε z =

∂w
∂z

      (9) 

 

  
εxy =

1
2
∂u
∂y

+
∂v
∂x

⎛

⎝
⎜

⎞

⎠
⎟ , 

  
ε yz =

1
2
∂v
∂z
+
∂w
∂y

⎛

⎝
⎜

⎞

⎠
⎟ , 

  
εxz =

1
2
∂u
∂z
+
∂w
∂x

⎛

⎝
⎜

⎞

⎠
⎟  (10) 

 
 The movement of all external boundaries was 
constrained under boundary conditions. The cleat area and 
internal matrix are only free to move. The equation for 
boundary conditions are summarized as: 

 
u = v = w = 0 (For outer surface)   (11) 
 
u = v = 0 (For edges)    (12) 
 
u = v = w ≠ 0 (For cleats and fractures)  (13) 

 
 According to Darcy’s flow equation fluid experience 
variation in velocity as the pressure gradient exist in porous 
media. Thus the Darcy’s velocity equation is as: 
 

 
u= K

µ
⋅ ∇P+ρg ⋅∇D( )     (14) 

  
 Where,  ∇P is pressure gradient, ρ is fluid density, g = 
acceleration due to gravity,  ∇D is the unit vector in the 
direction over which the gravity would take effect. 
 The 3D Coulomb failure criterion was considered for 
this model. The equation is written as: 
 

  

fail= σ 3 + P( )−Q σ 1+ P( )+ N 1+
σ 2 −σ 1( )( )
σ 3 −σ 1

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

 (15) 

 

  
Q=

1+ sinϕ( )
1− sinϕ( )

     (16) 

 

  
N =

2cosϕ( )
1− sinϕ( )

⋅C      (17) 

Where, σ1, σ2, σ3 are three principal stresses, P is the fluid 
pressure, C is coulomb cohesion and Ф is the angle of 
friction. 
 
 
5. Comsol Multiphysics and its Applications 
 

Studies on flow transport phenomena and numerical 
modeling using finite element method have gathered 
momentum in recent years (Suarez-Rivera et al., 2004; 
Vishal et al., 2012; Trivedi et al., 2012; Gupte et al., 2013). 
Validation of fluid flow and its impact on mechanical 
behavior of rock was done by experimental as well as 
numerical modeling (Pradhanet al., 2014; Vishalet al., 
2015). Comsol model was implemented to study the flow 
behavior and displacement of oil through water pressure in 
porous media (Diaz-Viera et al., 2008). The relation between 
the permeability and properties of a realistic porous medium 
was determined using Navier-Stokes equation in comsol 
Multiphysics (Abdussamie, 2010). Fluid flow behavior, 
inter-molecular and gas-rock interactions in shale reservoir 
was investigated using comsol Multiphysics (Prajapati and 
Mills, 2014).Initiation and propagation of fractures in shale 
reservoir was studied at different injection pressure using 
poroelastic model in Comsol Multiphysics (Vishal et al., 
2015). In this study open holemultilateral well modelbased 
on poroelastic formulation was considered for determination 
of flow behavior and deformation in coal. Geo-
mechanicsmodule of Comsol Multiphysics 4.3 was applied 
for the formulation and numerical modeling. The 
experimentally obtained geo-mechanical parameters were 
provided as basic required data for modeling (Table 2). A 
precise flow of gas inside the cleats was assumed as per the 
equation: 
 

  

∇K
µ

⋅ ∇P( ) = 0      (18) 

 
Table 2. Input parameters for Numerical Modeling 

Name Value Unit Description 

p_w 3 Mpa Pressure by fluid 

p_r 15.66 Mpa Pressure in Reservoir 

C0 0.9 Mpa Coulomb cohesion 

phi 30 Degree Friction angle 

C1 14.7 -- Calibration constant 1 

C2 40 -- Calibration constant 2 

pf 5.13 Mpa Pressure in fracture 
 

 Carbon dioxide gas was considered as fluid to pass 
through the fractures and matrix. Fluid properties are shown 
in Table 3. Coal shows dual porosity nature with void and 
pores in its matrix hence porous material was chosen for the 
model with the properties given in Table 4. The meshing of 
the 3D Model is generally very difficult due to small sized 
elements and high level of computing. In this modeling free 
triangular and tetrahedral elements type were considered for 
meshing (Fig 2). The meshing was finer to coarse depending 
on sharp to broad face as shown in Table 5 (Johnson, 1987; 
Zienkiewicz et al., 2005).  
 
Table 3. Properties of fluid passing through model 

Density (kg/m3) 400.17 

Dynamic Viscosity (Pa.s) 2.98E-05 
Fluid Compressibility (1/Pa) 0.422445 

 
Table 4. Properties of material used for model 
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Elastic Modulus, E (Gpa) 1.7 
Poisson’s Ratio, µ 0.36 

Permeability, K (mD) 0.52 

Porosity (%) 0.58 

Density (kg/m3) 1392.7 

Biot Willi's Coefficient 1 
 

 
Fig. 2. Meshed 3D model with cleats and fractures 
 

 
Table 5. Statistics of complete mesh of the model 

s 103729 

Triangular Element 13640 
Edge Element 895 

Vertex Element 19 

Minimum Element Quality 6.10E-03 
Average Element Quality 0.7215 

Element Volume Ratio 1.28E-05 
Mesh Volume 1.23E-04 

 
 Coal deformation and fluid flow behavior was 
determined as per the migration of fluid in the small opening 

(cleat) and pressure gradient. The mathematical expression 
depends on fluid pressure (p_w), reservoir pressure (p_r), 
coulomb cohesion (C0), angle of friction (Ф) and pressure in 
fractures.  
 
 
6. Results and Discussion 
 
Computation was done as per given input parameters 
keeping all other values constant. Physico-mechanical 
properties were analysed at variable injecting fluid pressure 
from 1 to 10 MPa. An increase of 1 MPa per run. CO2 gas 
was considered for determination of flow behavior and 
mechanical properties of coal in 3D modeling (Fig 3a). The 
elevated fluid pressure deformed the model and it swelled 
(Fig 3b). Colour contour helps to identify deformation at a 
particular instance of the model. The sharp deformation in 
all cases is found near the fracture while gentle away from 
fracture (Fig 3(a-b)). The deformation is noticed decreasing 
as going away from the fracture that confirms overall 
stability of the reservoir. The deformation occurred laterally 
as well as axially. The change in geo-mechanical parameters 
at deformed condition for each run was found out and 
correlated with fluid pressure. The lateral deformation was 
estimated from 0.10 to 0.124 mm while axial deformation 
was from 0.095 to 0.11 mm respectively for all runs.  
Deformation was found to increasing with increase in lateral 
distance (Fig 4a). Increment in lateral deformation was more 
up to 10 mm while the rate decreases later on (Fig 4a). But 
in case of an axial deformation rise and fall in curve is 
observed (Fig 4b). These changes are due to fractured 
model, material resistance and weakening of strain energy 
with distance. Correlation of lateral as well as axial 
deformation with fluid pressure was also established using 
the least square statistical method. Linear correlation with 
regression coefficient 0.82 and 0.95 respectively was 
observed (Fig 5(a-b)). 
 Principal strain for lateral as well as axial direction was 
also observed at variable injecting fluid pressure. First 
principal strain in lateral direction was found between 
0.0049 and 0.0059 while second principal strain was from 
0.0022 to 0.0025 respectively, for all run (Fig 6(a-b)). 
Similarly the First principal strain in axial was found 
between 0.0033 and 0.0039 and second principal strain was 
from 0.001 to 0.0013 respectively, for all run (Fig 6(c-d)). 

 

 
Fig. 3. 3D Model (a) undeformed with fractures (b) after deforming 

a	 b	
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Fig. 4. (a) Lateral deformation experienced by the model at 10 MPa fluid pressure(b) Axial deformation experienced by the model at 10 MPa fluid 
pressure 

 
Fig 5. (a) Variation of lateral displacement with fluid pressure(b) Variation of Axial displacement with fluid pressure 

 
 The rise and fall of the curve is due to the presence of fractures and cleats in material and weakening of strain energy with 
distance. The principal strain is also correlated with fluid pressure. Linear correlation with R2 0.96 and 0.93 for lateral and 
0.97 and 0.60 for axial strain respectively is observed (Fig 7(a-d).  

 
Fig. 6. Variation of strain with Lateral as well as axial distance (a) first principal strain with lateral distance (b) second principal strain with lateral 
distance (c) first principal strain with axial distance(d) second principal strain with axial distance. 
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Fig. 7. Variation of (a) first principal strain (lateral) with fluid pressure (b) second principal strain (lateral) with fluid pressure (c) first principal strain 
(axial) with fluid pressure (d) second principal strain (axial) with fluid pressure 
 
 
The movement of gas in fractured coal is not only in straight 
or forward, but also in transverse direction that causes the 
swelling or shrinkage of the coal matrix (Fig 8a). Darcy’s 
velocity was computed at varying flow pressure. It is noticed 
that the streamline for velocity field is dense toward the 
transverse direction (Fig 8a). It applies pressure on wall 
surface leading to the swelling of material confirms the 
injection of gas at increasing pressure cause swelling of the 
coal matrix ((Fig 8(a-b)). Once the matrix swells the 
permeability and transportation of fluid adversely affected. 

Continuous increasing in velocity was found up to 20 mm 
axial and lateral distance, but sudden rise and drop in 
velocity from 20 to 108 mm is due to cleat compression at 
higher fluid pressure (Fig 9(a-b)). Darcy’s velocity in lateral 
direction was found from 5.3 to 32 mm/s (Fig 10a) whereasit 
was in between 14 and 56 mm/s respectively in axial 
direction (Fig 10b) for all run. This confirms the closing of 
cleats in fractured coal with increase in fluid injection 
pressure. 

 
 

 
Fig. 8. (a) Darcy’s velocity field of fluid flow through material (b) Darcy’s velocity field with deformation contour 
 
 When Darcy’s velocity was correlated with fluid 
pressure, R2 was found between 0.82 and 0.74 in lateral as 
well as axial direction respectively (Fig 10 (a and b)), 
obeying Power correlation in curve fitting. 
 Pore pressure is important for the determination of 
permeability as well as gas transportation in cleat structure 

and matrix of coal. Pore pressure was found to increasing 
with increase in lateral distance (Fig 11a). It varies from 
15.5 to 15.95 MPa for all run (Fig 11b). Strong linear 
correlation was found between pore pressure and fluid 
pressure with R2 0.95. 
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     a)      b) 
Fig. 9. Variation of Darcy’s velocity with (a) lateral distance (b) axial distance 
 

 
    a)       b) 
Fig. 10. Variation of fluid pressure with(a) Darcy’s velocity (lateral) (b) Darcy’s velocity (axial) 

 
     a)      b) 
Fig 11. Variation of fluid pressure with (a) Darcy’s velocity (lateral) (b) Darcy’s velocity (axial) 

 
 

7. Conclusion 
 
The paper discusses the gas transport behavior and pressure 
induced deformation in fractured coal core representing 
jharia coal at the depth of 580 m using 3D modeling 
approach. The gas-solid coupling is discussed based on 
poroelastic model. The study indicates  
• Fluid flow behavior in fractured coal can be analysed 

using 3D modeling. 
• Change in mechanical properties (deformation, stress and 

strain etc.) of the coal matrix due to fluid pressure can be 
estimated using numerical methods. 

• Darcy’s velocity of gas (CO2) varies from 5.3 to 32 mm/s 
(lateral) and 14 and 56 mm/s (axial) respectively at 1 to 10 
MPa fluid pressures. It shows power correlation with R2 

0.82 (lateral) and 0.74 (axial) respectively, when 
correlated with fluid pressure. 

• The lateral deformation was found from 0.10 to 0.124 mm 
while axial deformation was from 0.095 to 0.11 mm 
respectively, for fluid pressure from 1 to 10 MPa. Linear 
correlation with R2 0.82 (lateral)and 0.95 (axial) 
respectively was observed as correlated with fluid 
pressure.  

• First principal lateral strain varies from 0.0049 and 0.0059 
while second principal lateral strain varies from 0.0022 to 
0.0025 respectively, for fluid pressurefrom 1 to 10 MPa. 
Linear correlation with R2 0.96 (lateral) and 0.93 (axial) 
respectively, was observed as correlated with fluid 
pressure. 

• First principal axial strain varies from 0.0033 to 0.0039 
while second principal axial strain varies from 0.001 to 
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0.0013 respectively for fluid pressure from 1 to 10 MPa. 
Linear correlation with R2 0.97 (lateral) and 0.60 (axial) 
respectively, was observed as correlated with fluid 
pressure. 

• Pore pressure varies from 15.5 to 15.95 MPa for fluid 
pressure 1 to 10 MPa. It shows linear correlation with R2 
0.95 (lateral) when correlated with fluid pressure. 
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