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Abstract— Carbon capture and storage (CCS) projects 

require an accurate evaluation of the sealing potential of 

faults and highly fractured zones to minimize the potential 

for CO2 leakage. A study on the control exerted by fracture 

and fault networks on fluid flow, and in particular on CO2 

leakage, should be based upon a representation of discrete 

fracture networks (DFN) that is as close as possible to that 

observed in the field. Due to post-lithogenetic fracturing or 

weathering, coal matrix can contain complex dual porosity 

structure, which makes it difficult to identify the fluid flow 

behavior through it. Although CO2-enhanced coal bed 

methane (ECBM) recovery has been comprehensively 

investigated, the impact of coal matrix-fracture interactions 

on the evolution of coal permeability under in-situ 

conditions is still unclear. In this studies laminar flow 

models was developed to explicitly quantify the flow 

behavior of CO2 gas through dual solid media (coal matrix 

and fracture). A numerical simulation model was developed 

to simulate flow profiles and fluid flow in COMSOL 

Multiphysics. The COMSOL Multiphysics model closely 

predicts the gas flow through the porous coal matrix sample 

for the range of confining and gas injection pressures 

studied in low gas flow rates (laminar flow). COMSOL 

Multiphysics model uses Darcy’s law and Frick’s law for 

flow simulations. The graphical relations between velocities, 

pressure, shear stress etc. with Height and Width 

displacement was studied in this investigation.  
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I. INTRODUCTION 

A. General Introduction 

With the anthropogenic activities, the concentration of the 

CO2 in the atmosphere along with other greenhouse gases, 

such as CH4, NO2, NO, etc. is increasing. As shown in 

literature [12], the most abundant greenhouse gas, CO2 has 

risen from preindustrial levels of 280 parts per million 

(ppm) to present levels of over 365 ppm [13] with an 

accumulation rate of about 1.5 ppm per year [14,15]. Main 

emissions of CO2 come from fuel combustion, used for 

generating electricity and some industrial processes such as 

oil refinement, the production of cement, iron and steel, with 

each plant emitting several million tonnes of CO2 annually. 

The enormous amounts of methane injected into the 

environment result in a series of global problems as 

warming of the climate and deforestation, caused by acid 

rain etc. For example, global average surface temperature of 

the earth has increased by approximate 0.6 ± 30 
0
C over the 

last century. Intergovernmental Panel on Climate Change 

(IPCC) has predicted an average rise of global temperature 

is 1.4–5.8 between 1990 and 2100. Although the cause and 

effect relation between the atmospheric concentration of 

CO2 and global warming is still uncertain, the increasing in 

emissions of CO2 and other greenhouse gas has caused 

public concern worldwide. Long-term storage of CO2 in 

coal-bed may help to slow down the accumulation of CO2 in 

the atmosphere and avoid further pollution of the natural 

environment. The injection of CO2 into gassy coal-beds will 

allow the production of a residual coal-bed methane (CMB) 

thereby decreasing the sequestration costs. The crucial point 

of these operations depends on the safety of CO2 storage in 

coal-bed basin which means that there is no risk of CO2 

leakage or seepage back to the atmosphere. The basic 

requirement is the understanding of gas–coal interactions 

and how they affect the properties of CO2 transport in coal 

seam as well as structural deformation. Prediction of the 

long-term effects of sequestration in coal-beds should take 

into account a number of processes, such as gas adsorption 

on coal surfaces, replacement of coal-bed methane with 

carbon dioxide, the factors which might induce gas release, 

including water contained in the coal-bed, and the structural 

deformation, which may effect on the storage capacity of the 

reservoir. Reliable estimates of the gas-retention capacity of 

coal-bed are needed for economic assessments of the 

viability of candidate seams. A lot of research has been 

conducted on the study of fluid flow through porous media 

[1–5]. However, there is still a lack of understanding 

regarding the fundamentals of fluid flow through porous 

coal matrix, even it is highly important in petroleum and 

mining applications. Normally porous coal matrix has 

‘‘dual” porosities. It has Macro pore and micro pore with 

face cleat and butt cleat. The interaction of these porosities 

can be complex and can render simple models inaccurate. 

Experimental and numerical modelling studies can help to 

provide a better understanding of the flow phenomena in 

porous coal. Up to date, many field scale models have been 

developed for flow in porous rock masses using different 

computer softwares, such as TOUGH 2 [6], COMSOL [7], 

FEMLAB [8], COMET 3 [9], MSFLOW [10] and 

METSIM2 [11]. Although coal is a porous medium, 

permeability is usually quite low and the pore structure  is  

considerably  more  complex  than  the  usually  found  in  

conventional  clastic reservoirs. Therefore, the increasing 

importance of coal seams as gas reservoirs, attention is 

being focused on fracture patterns in coal matrix. The 

principal natural fractures permeability is  the  pathways  for  

the  flow  of  gas  through  the  cleat  systems.  Cleats are the 

systematic fractures in coal that are equivalent to joints in 

other sedimentary rocks. 

B. Background of problem 

Although CO2-enhanced coal bed methane (ECBM) 

recovery has been comprehensively investigated, the impact 

of coal matrix-fracture interactions on the evolution of coal 

permeability under in-situ conditions is still unclear. The 

flow behavior of gases in coal matrix is one of the important 

areas to be studied for effective recovery of methane gas and 

CO2 sequestration.  The COMSOL Multiphysics software 

was used in this study for modelling of laminar flow through 

coal sample in a 2-D radial coordinate system. 
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Fig. 1: Flow of gas through the coal microstructure. (Ref. 

[3]) 

C. Objectives 

The objective of the investigation was to study the flow 

behavior of CO2 gas through coal matrix. It was proposed to 

be achieved permeability behavior of coal matrix. The 

following objectives were addressed during investigation. 

 Study of the flow behavior of gas through coal 

matrix. 

 Development of simulation model. 

 Determination of Velocity and Pressure through 

micro pores of coal matrix. 

D. Methodology 

 
Fig. 2: Flow chart of Methodology 

1) Sampling Collection and Procedure  

The scanning electron microscope (SEM) images of thinly 

sliced coal sections was taken and converted these images to 

DXF files and finally imported into COMSOL Multiphysics. 

The imported DXF file was then taken into consideration as 

coal matrix and all input parameters and boundary 

conditions was applied on the same images to see the 

laminar flow behaviour through the matrix. Boundary 

integration quantitatively evaluates fluxes. Inserting the bulk 

properties into an equation such as Darcy’s law gives an 

average flow rate for the total volume. While bulk 

approximations typically produce excellent estimates 

sufficient for considering flow over large areas. 

 

 

Fig. 3: Original  SEM image used for Model (ref.-[16]) 

2) Characterization and Flow Behavior Study in Coal 

Matrix of sample 

Cleat system is often the reservoir characteristic that has the 

greatest influence over the economic success or failure of 

coal gas exploration and development program.  Cleats are 

natural fractures in coal that serve as permeability avenues 

for Darcy flow of gas and water to a well‐bore 

depressurization. Two cleat sets in orthogonal pattern are 

designated Face and Butt cleat. Face cleats are commonly 

planar, smooth‐sided fractures that usually comprise the 

most prominent fracture set. Coaled permeability may be 

3‐10 times greater in the face cleat direction than in the 

other directions. There are two phases of methane flow from 

coal matrix to well‐bore. Firstly, the adsorbed methane must 

diffuse through the micro pores of the coal matrix until it 

reaches a natural fracture (cleat) and secondly methane 

flows through the cleat network to the well‐bore in response 

to a pressure gradient (Darcy Flow). So unconventional 

model of porous media flow uses the Navies-Stokes and 

Darcy’s equations in the interstices of a porous media. This 

type of non-conventional pore-scale modeling with 

COMSOL Multiphysics sheds new light on the movement 

of large particulates, colloids, moving through variable-pore 

geometries in the subsurface. 

3) General Assumptions 

 Fractures  are  sufficiently  wide  and  there  are  no  

coal  particles  inside  the  created  fractures. If they 

are very small then flow would become capillary 

flow.  

 Flow of methane inside the cleats is considered as 

laminar and hence Darcy law is applicable.  

 There is no change of temperature in coal seam 

during the degasification process.  

 The width and cleat spacing remains constant 

during the gas flow period.  

 Cleats are straight and there is no tortuosity in 

them. 

 Coal  matrix  is  in  continuous  equilibrium  with  

the  fracture  system  i.e.  There is no accumulation 

of methane at the fracture surface.  

 There is no matrix shrinkage in the network during 

desorption of methane.  

 Permeability is assumed to be constant. 

4) Mathematical Equations 

A two dimensional system is considered for this problem. 

Micro‐pores are represented as small rectangle. These are 
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the potential sites for CO2 diffusion. CH4 molecules 

desorbed from these sites diffuse through the coal matrix till 

they find a cleat. After entering in a cleat system, this flow 

follows the Darcy’s law and the obtained governing 

relations are as below. 

 (1) 

  (2) 

(3) 

II. DEVELOPMENT OF MODEL 

A.  Dimension of Model 

The model is rectangular in shape with dimension 200 μm x 

140 μm. Gas generally moves from bottom to top across the 

geometry. Flow is laminar in the pores and does not enter 

the grains. The inlet and outlet fluid pressures are known. 

Assume flow is symmetric about the left and right 

boundaries. The primary zone of interest is the rectangular 

region with a lower left corner at (0, 0) μm and lower right 

coordinates at (140, −240) μm. Assuming fluids in the pore 

spaces are at constant density and also that temperature is 

constant, the incompressible Navies-Stokes equations 

describe the flow. Owing to the problem’s small scale, the 

model does not include a body force that accounts for 

gravity. 

 
Fig. 4: Geometry of Specimen generated by COMSOL 

B. Boundary Conditions 

The initial condition is given by as the pressure distribution 

of the CO2 gas in the cleat system at t=0. The pressure 

distribution is uniform throughout the coal seam and is equal 

to initial reservoir pressure. CO2 gas concentration on the 

external surface of the matrix elements is evaluated at the 

gas pressure in the cleats. The micro‐pore and macro‐pore 

systems are coupled by the boundary conditions (Table 1) 

specified along the cleat walls that the two systems share. 

Matrix and fracture transport equations are coupled at the 

external surface of the matrix elements where the 

micro‐pore gas concentration is evaluated at the gas fracture 

pressure. 

Boundary 

Type 

Boundary Condition Value 

Inlet Pressure, no viscous 

stress 

p = 

0.715[Pa] 

Outlet Pressure, no viscous 

stress 

p = 0 

Grain walls Wall - 

Symmetry sides Symmetry - 

Table 1: Boundary condition of model 

C. Input Parameter and Inlet Side 

Name Expression Description 

r0 1000 [kg/m
3
] Density of gas 

e0 0.001[kg/(m*s)] Viscosity of gas 

p0 0.715[Pa] Inlet Pressure of gas 

Table 2: Inlet Parameter of model 

In table 2 parameters are used to prepare the 

simulation model of coal matrix. For the flow of any fluid 

and gas these properties are basic properties which are 

inserted initially. 

 
Fig. 5: Inlet of the model 

In figure 6 we select one boundary (bottom) of coal 

matrix as inlet. Inlet pressure is applied through this 

boundary and gas will be flow through the inlet in whole 

coal matrix 

D. Outlet  

 

Fig. 6: Outlet of the model 

In figure 7 we select one boundary (top) of coal 

matrix as inlet. After complete flow of gas in whole coal 

matrix output pressure is obtained from outlet 
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E. Symmetry 

 
Fig. 7: Symmetry of the model 

In figure 8 we select remaining two boundaries 

(blue colour) of coal matrix as symmetry. These boundaries 

act as impermeable wall through which gas do not has 

leakage in surrounding environment or no flow take place 

III. OUTPUT OBTAINED 

Comsol give output in form velocity and pressure 

distribution. Figure 9 and 10 shows velocity and pressure 

distribution model of coal matrix in the form of different 

colors 

A. Velocity (surface velocity profile) 

 
Fig. 8: Velocity Contour of the model 

Figure 7 shows the COMSOL Multiphysics 

solution predicted with a laminar-flow analysis for the fluid 

velocity field in the pore spaces of a micro-scale porous 

medium. The velocity magnitude is higher in the narrowest 

pores than at the inlet, tending to decrease in stretches where 

the cross-sectional area for the flow increases. 

B. Pressure (surface pressure profile) 

Figure 10 shows height expression and pressure contour. 

Pressure contour shows variation of gas pressure in coal 

matrix. Different colour line shows different values of 

pressure in whole coal matrix. These all lines form pressure 

profile of whole coal matrix. 

 

Fig. 9: Pressure Contour within the study section 

IV. ANALYSIS OF RESULT 

A. Graphs Obtained from Output data 

1)  Variation of Velocity with Width 

 
Fig. 10:  Variation of velocity field with width 

The domain plot in Graph shows the variation of 

velocity with width. Initially (0-20 µm).velocity decreases 

because flow region is wider .in between 20-100 µm 

velocity is constant due to presence of micropores and cleats 

are there. After 100 µm velocity increases due to presence 

of void. 

2) Variation of Velocity field with Height 

The domain plot in Graph shows the Variation of Velocity 

field with Height. It shows that velocity is at inlet 0 µm 

velocity is about 13*10
-5

 m/sec. on moving along height 

velocity increased up to 20 µm due to the presence of void 

region. In period of 20-180 µm velocity is varies due to the 

presence of micro pores and cleats. At outlet velocity is 

18*10
-5 

m/sec. 
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Fig. 11: Line Graph: Variation of Velocity field with Height 

3)  Variation of Shear Rate with width 

 
Fig. 12: Variation of Shear Rate with Height 

Figure-11 shows variation of Shear rate along with 

width. At (0-20 μm) shear rate is increase due to gas 

pressure. From 20-180 μm it varies alternatively due to 

presence of micro-pores and cleats. Where shear rate is high 

more pressure is acting on it After 180 μm it decreases 

sharply because void area is there. 

4) Variation of Cell Reynolds number with Height 

This graph shows variation of Cell Reynolds no. along 

height. Near the inlet boundary value of Reynolds Number 

is high which shows higher velocity of gas. In mid it is 

nearly varies.it shows that velocity varies due to presence of 

micro pore and cleats. At outlet we will get outflow gas but 

more velocity than inlet. 

 

Fig. 13:  Line Graph:  Variation of Cell Reynolds number 

with Height 

5) Variation of Pressure with Height 

 

Fig. 14: Line Graph:  Variation of Pressure with Height 

This graph shows variation of Pressure along on 

Height. It shows that inlet pressure .715 pa and outlet 

pressure of gas is about 0. 05 pa. Main trend line shows that 

it is consistently decreases because of micro pores and 

cleats. 
6) Variation of Pressure with Velocity 

The graph shows variation in of pressure with velocity at 

different place. We find that at lower velocity variation in 

pressure is less in coal matrix, but at higher velocity it is 

more. Because at lower velocity gas flows at slow rate in the 

micro-pores due to laminar flow, so it exerts constant 

pressure.at higher velocity flow of gas become  zig-zag or 

random exerts more pressure on the walls of boundaries and 

cleats. 
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Fig. 15: Variation of Pressure with velocity 

B. Analysis of Result 

1) Varying Pressure 

Pressure is play very important role for flow of CO2 in coal 

matrix sample. If we vary the vary inlet pressure the outlet 

pressure will increased. In our simulation model inlet 

pressure is given as .715 Pa and we get outlet pressure 

obtained as .05 Pa. but when pressure is at higher value 

simulation model do not show any values. 

2) Varying Velocity 

We study about effect of velocity on flow of coal matrix, so 

we find that when inlet velocity is lower outlet pressure is 

lower, at higher velocities outlet pressure is more. The 

Figure-16 shows clearly these results. 

3) Varying Time 

Breakthrough profile for concentration and diffusive flux 

was drawn across the cross section line passing through the 

center of the two micro‐pores at different times. It is clear 

that, the concentration of the CO2 in coal matrix (central 

part) keeps on increasing with time. It can be concluded that 

the CO2 concentration is higher in central part of the coal 

matrix unit. However, if one more fracture can be induced in 

the central part of the matrix then the recovery of CO2 could 

be increased. CO2 gas received at cleats travels up to the 

upper boundary and hence concentration of CO2 decreases 

sharply as we go towards cleats and remains constant in the 

cleat. 

4) Varying permeability  

Widening of the  cleat  represents  high  permeability  and  

high  permeability  allows  large  velocities.  Large flowing 

velocities results in higher rate of CH4 extraction. Analysis 

of the model found that each of the input variables can have 

a significant impact on the outcome of the permeability 

forecast as a function of changing pore pressure. However, 

the permeability model can be used as a tool to determine 

some of the parameters by curve-fitting laboratory-

generated permeability data.  These model-determined 

values could then be used for field simulations with a 

greater degree of confidence.  

5) Varying concentration at cleats boundaries 

CH4 concentration at the coal matrix boundaries increases 

with pressure. Velocity increase with pressure rise. This 

again suggests the enhanced recovery of CH4. Concentration 

at the coal matrix boundaries can be increased by increasing 

the temperature of the coal matrix unit. 

V. CONCLUSIONS  

It was clear from the model that the extraction rate from a 

coal block can be increased by widening up the existing 

cleats. More widened cleats reflect enhanced permeability.  

if pressure  of  the  CO2  gas  can  be  increased  inside  the  

coal  unit  (in  turn  at  the  cleat boundary) it will enhance 

the extraction rate (increased velocity) as seen in the 

breakthrough profile. Net change of coal permeability 

accompanying binary gas dispersion is controlled 

competitively by the influence of effective stresses and 

differential swelling of coal.  There is a clear increase in the 

permeability of naturally fractured black coal with 

increasing temperature for CO2 injection at higher injection 

pressures for any confinement, and the permeability 

increment increases with increasing injection pressure. 

However, temperature has no much effect on permeability 

for low injection pressures. In addition, at low temperatures 

CO2 permeability decreases with increasing injecting 

pressures due to CO2 adsorption-induced swelling. In 

contrast, at higher temperatures Permeability increases with 

increasing injecting pressures. This is due to the due to the 

fact that coal permeability for CO2 increases with increasing 

temperature at higher injection pressures and this increment 

increases with increasing injection pressure.  Since, no 

values can be found in literature for such a model, it became 

quite complicated to arrive at the real time situation with 

this model and hence model is in developing stage. Also, the 

program routinely crashes/takes longer time to solve for 

small size geometries and varied ranges of data. Allocated 

memory in the systems won’t allow for fine mesh sizes. 
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