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A significant unconventional energy resource ismethane gas stored in shallow coal beds, knownas coal seamgas.
The flow and transport of fluid in coal beds occur in a well-developed system of natural fractures, called cleats. In
this study, we developed an efficient workflow for the fabrication of microfluidic chips based on X-ray micro-
Computed Tomography (micro-CT) images of coal. A dry and wet micro-CT imaging technique is utilized to
image coal cleats thatwould be otherwise non-resolvable. The obtained image of the cleat network is then etched
into siliconwafers and used to fabricate poly dimethyl siloxane (PDMS)microfluidic devices. Fluid transport and
displacement efficiency are visualized and quantified in real timeby injectingwaterwith aflow rate of 1 μl min−1

into the fabricated cleat structure initially saturatedwith air. A microfluidic approach is used to measure the rel-
ative permeability of a realistic coal cleat system bymonitoring the liquid recovery at recorded saturations after
the breakthrough. Relative permeability curves show the cross and end point values for the water and gas flow,
and predict a maximum relative permeability of 0.15 for the water phase. Understanding the relationship be-
tween coal cleat structure and the resulting relative permeability is crucial for the optimization of methane gas
extraction and to reduce the environmental concerns of excess surface water production. Also, pore network
modelling based on theMaximal Ball (MB) concept is applied to predict relative permeability curves numerically.
Our experimental results are in good agreement with pore network modelling outcomes and provide consistent
and smoothmacro-scale relationships alongwith direct observation of the pore-scale physics. Therefore not only
can the microfluidic approach be used as a validation tool for multiphase flow numerical models but it can also
provide direct visualization of transport properties unique to coals. Overall, our developed systemprovides a bet-
ter understanding of fluid flow behaviour in coal and presents novel relative permeability data for coal seam gas
reservoirs under identical conditions and cleat sizes.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Coal has been a viable source of energy for many centuries. Gas pro-
duction from coal however is a recent and welcoming change
(Hamawand et al., 2013). Decline in conventional resources, along
with the environmental benefits of utilizing natural gas rather than
coal has inclined the global interest to this alternative source of energy
(Dabbous et al., 1974; Williams et al., 2012). Commercial extraction of
methane from coal seam gas (CSG) reservoirs began in the United
States in the 1970s. Exploration of CSG in Australia started in 1976,
and the first commercial production occurred in 1996 in Queensland
(Geoscience Australia, 2009). Since then, the CSG industry in Australia
has developed rapidly, production was 2.8 billion m3 for 2007 and
2008, and has risen to 6.2 billion m3 in 2013 (Hamawand et al., 2013).
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Currently, CSG is an important and well-considered unconventional
resource of energy in the United States, Australia, Canada, China, India
and United Kingdom, with an estimation of around 256 Tm3 of re-
sources in these top-producing countries (Geoscience Australia, 2009;
de Haas et al., 2013; Hamawand et al., 2013; Squarek and Dawson,
2006; Xu et al., 2014).

Methane gas is mostly stored in the coal matrix by adsorption, or as
free gas in the larger pores or micro-fractures. As reservoir pore pres-
sure reduces, the methane desorbs from the coal matrix surface and
propagates towards the naturally developed micro-fractures, called
‘cleats’. The cleats are originally saturated with water and thus as the
gas is released a multiphase displacement process occurs (Harpalani
and Schraufnagel, 1990). The rate of recovery from a coal seam reservoir
is highly dependent on the porosity of the network, water saturation,
and relative permeability of the system (Purl et al., 1991). Besides, a
major environmental concern for CSG developments is surface water
production, which is largely controlled by water phase relative perme-
ability. The relative permeability of water in coal however is far from
understood and available literature data varies significantly. Literature
values for water phase coal relative permeability are displayed in
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Fig. 1. Experimental data showing the water relative permeability for coals of various
countries obtained from laboratory measurements and field production (Chen et al.,
2014).
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Fig. 1, which illustrates thewide range of relative permeability relation-
ships that are possible. Typical techniques for collecting such data in-
clude laboratory core-flooding experiments and/or history matching
to production data (Pan and Connell, 2012). Likewise a limited number
of numerical and experimental studies have been reported for measur-
ing and analysing absolute and relative permeability in coal
(Ataie-Ashtiani et al., 2002; Blunt, 2000; Chen et al., 2013; Gash, 1991;
Harpalani and Chen, 1995; Nguyen et al., 2013; Pan et al., 2010; Pant
et al., 2012; Purl et al., 1991; Robertson and Christiansen, 2006; Wang
et al., 2009; Zou et al., 2015).

Accurate measurement of relative permeability is of utmost im-
portance for prediction of production rates (Blunt et al., 2013). It is
well known that the relative permeability of a reservoir rock is high-
ly dependent on the rocks underlying pore-scale structure, i.e. topol-
ogy and geometry of the pore space. In a recent review (Zhang et al.,
2014) it was highlighted that the relative permeability function for
coal is far from understood. New methodologies for the measure-
ment and evaluation of relative permeability results are required
due to the unique structure of coal with cleat apertures ranging
from 3 to 40 μm, small porosities in the range of 0.1% to 16%, and
very low permeability of 0.1 to 100 md (Harpalani and Chen, 1997;
Lamei Ramandi et al., 2015; Laubach et al., 1998; Meaney and
Paterson, 1996; Radlinski et al., 2004). Additionally, there are the in-
herent difficulties in dealing with a brittle and deformable reservoir
rock. In general, the relative permeability (Kri) of phase i is defined as
Kri = Ki / K, where Ki is the effective permeability of phase i, and K is
the absolute permeability. The corresponding effective permeability
of phase i for a given saturation is calculated using the 2-phase ex-
tension of Darcy's Law (Dake, 1983)

Ki ¼
qiμ iL
AΔP

ð1Þ

where μ is the viscosity of phase i, L is system length, A is cross sec-
tional area normal to flow direction, Δp is the pressure difference,
and qi indicates the flow rate of phase i. This is a purely phenomeno-
logical approach in which the underlying physics are lumped into a
saturation dependent relative permeability function, which provides
no means to relate the underlying pore structure to the effective per-
meability. To select reservoirs with low water and high gas produc-
tion rates, it is critical to understand the structural parameters in
the coal cleat system that provide the wide range of relative perme-
ability realizations (Fig. 1).

With conventional laboratory measurements however we are not
able to quantitatively study the movement of fluids through the coal
cleat system and correlate bulk measurements of relative permeabil-
ity to the pore-scale topology and geometry of the cleat system.

Microfluidic studies are emerging in many biomedical and energy
applications and can help to significantly reduce the cost of experiments
while facilitating better process control and faster analysis in a dynamic
fashion. In recent years, various types ofmicrofluidic systems have been
developed to study fluid flowbehaviour inside a porousmedia for ener-
gy applications and/or oil recovery (Avraam and Payatakes, 1999;
Joseph et al., 2013; Karadimitriou et al., 2012; Xu et al., 2014). For in-
stance, Joseph et al. (2013) measured permeability in a microfluidic po-
rous medium and studied the relationship between permeability and
effective porosity. They designed a network, based on information ob-
tained from sandstone rocks, and employed a computational network
generationmethod called Delaunay triangulation. Xu et al. (2014)mea-
sured permeability in a periodic and random designed network. They
found that the measured permeability in homogeneous pore networks
is in reasonable agreement with the values estimated from the
Carman-Kozeny equation. In another study, Avraam and Payatakes
(1999) studied relative permeability for steady state flow in a network
designed with a matrix of squares. None of these studies however
attempted to make microfluidic chips with actual pore structures simi-
lar to features of real reservoir rock.More recent studies are devoted to-
wards fabrication of microfluidic chips using geo-materials. For
example, a new approach for fabrication of micro-channels inside geo-
materials using laser etching and reactive ion etching (RIE) was devel-
oped and the rank and lithotype effect on coal wettability was explored
(Mahoney et al., 2015a, 2015b). Porter et al. (2015) reported a direct vi-
sualization of flowbehaviour inside natural fracture patterns. In another
study, oil recovery in water flooding processes in periodic and random
networks are compared, and the effect of pore size distribution andma-
trix geometry on displacement efficiencywas explored (Xu et al., 2014).
Gunda et al. (2011) fabricated a microfluidic chip with a network of
reconstructed reservoir porous medium derived from scanning elec-
tron microscopy (SEM) images of actual samples. Delaunay triangu-
lation was used, and the usual log distribution of pore sizes was
adopted to extract a simplified network of pores and throats. They
measured oil recovery in the micro-scale setup, which mimics the
standard water flooding process. Thermal oil recovery has also
been studied using microfluidic experiments (de Haas et al., 2013),
and the effect of alkaline additive in oil recovery in two different
grain size matrices was measured. Researchers also studied Bitumen
oil production using CO2 injection. They suggested microfluidic ex-
periments to be easier, cheaper and safer to operate in comparison
to conventional approaches (Fadaei et al., 2011; Lele et al., 2014).
Song et al. (2014) used a real rock sample to fabricate a calcite
microfluidic chip. They simulated an acid injection process, which
is a secondary and tertiary oil recovery method, and visualized inter-
actions between the matrix and acidified fluid.

Visualizing fluid flow in a 3D cleat system in real time is difficult,
mainly due to the fast displacement and the complexity of the pore
structure. A 2D microfluidic chip based on the cleat system
representing the actual size and geometry of a real cleat structure,
can easily display the multiphase flow behaviour and interactions
within those complex structures. As can be seen in literature, 2D
microfluidic studies in porous medium are being used and developed
for several applications. However, multiphase flow in coal seams and
its relative permeability have never been considered in these studies.
Here we develop a novel workflow based on micro-computed to-
mography (micro-CT) imaging, Scanning Electron Microscopy
(SEM) technology, and advanced image segmentation algorithms,
to model exact coal cleat networks for the fabrication of a
microfluidic device. We visualize flow in the coal cleat pattern, ana-
lyse contact angle andwettability effects, and simulate the gas recov-
ery process. We measure relative permeability of a realistic coal
structure network using microfluidic methodology, and validate
our methodology by comparison of the results to literature values
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and pore network simulations of the original 3D coal cleat network.
The results can be used as benchmarks for validating numerical cal-
culations and providing insights into fluid-fluid displacement in
coal cleat systems.

2. Materials and methods

2.1. Coal sample imaging

X-ray micro-CT imaging is performed on a medium volatile bitumi-
nous coal, vitrinite reflectance of 1.15%, extracted from Moura mine,
currently called Dowson mine, which lies in the Baralaba Coal Measure
Formation, located 185 km southwest of Gladstone, Queensland,
Australia (Lamei Ramandi et al., 2015). This formation was deposited
during the late Permian times under fluvio-deltaic conditions (Dicks
et al., 2004; Korsch et al., 1998). The coal geology of this field has been
discussed in detail by Hawthorne (1975) and Mallett et al. (1995). A
summary of the sample specifications is provided by Lamei Ramandi
et al. (2015). A high-resolution, large-field, helical scanning instrument
at Australian National University (ANU) is used to obtain images with
the resolution of 16.5 μm. 3 mm aluminium X-ray beam filter is used
to attenuate soft X-rays at the source. Also, a 28 mm × 35 mm radio-
graphic field of vision, 23 hour acquisition time, and 120 kV X-ray ener-
gy are implemented to obtain the images. The micro-CT imaging details
are described elsewhere (Golab et al., 2013). After imaging the dry coal
sample (a full size core plugwith 25mmdiameter and 35mmlength), it
is saturated with 1.5 M Sodium Iodide (NaI) mixed with 1 M Potassium
Chloride (KCl) brine to increase the X-ray attenuation of the coal frac-
tures. The saturated (wet) core is imaged subsequently and registered
to the dry image using the method developed by Latham et al. (2008).
Subtracting the dry and wet images provides a difference image,
which enables us to visualize features smaller than the scanner
resolution.

After micro-CT imaging the sample is cut, parallel to butt cleats, and
polished. SEM imaging is performed (Hitachi S3400, University of New
South Wales, Australia) to obtain a high-resolution image of 100 nm
resolution to visualize and measure apertures of the coal cleat system.
Image segmentation is the process of converting a grey-scale multi-
phase image into two or more unique and well-defined phases
(Mostaghimi et al., 2015). To segment the grey-scale image, we use
data from SEM imaging and relate the micro-CT values to the measured
aperture of the cleats in the SEM image. In Fig. 2we provide a grey-scale
and segmented image of our coal sample. Details of segmentation are
described in Lamei Ramandi et al. (2015) and the references therein.

The grey-scale image is segmented into four phases: (1) resolved
fractures includes fractures and pores that exist at or above the micro-
Fig. 2. (A) Grey-scale image obtained from micro-CT imaging, and (B) segmented image (blu
macerals, orange = minerals).
CT resolution limit, (2) sub-resolution porous regions that exist below
the micro-CT resolution limit, (3) mineral regions, and (4) solid matrix.
After segmentation, the resolved cleat system is observed and a
microfluidic chip is generated based on the measured features of the
cleat geometry.

2.2. Microfluidic Chip fabrication

The cleat network dimensions are calibrated in ImageJ (1.48v, Na-
tional Institutes of Health, USA) for 16.5 μm per pixel image resolution,
and transferred to AutoCAD (Version 2014, Autodesk Inc.) software.
Cleat network areas and solid regions are distinguished in the CAD
file, and transferred into a chrome mask for microfabrication purpose.
Silicon molds are fabricated using standard lithography techniques de-
scribed previously (Warkiani et al., 2011). Single side polished 4 inch
silicon wafers are patterned and etched using deep reactive ion etching
(DRIE) to define the channel features on thewafer. Thepatterned silicon
wafer is silanized with trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane
to render the surface hydrophobic and facilitate release of the subse-
quent polydimethylsiloxane (PDMS) layer. PDMS prepolymer is pre-
pared by mixing the PDMS at a standard 1:10 ratio and degassing in a
desiccator. To produce the microfluidic chip, PDMS prepolymer is
poured onto the silicon mold and cured at 80 °C for 1–2 h inside an
oven. The PDMS is then cut from the mold, and fluidic access holes
(one-inlet and one-outlet) are punched. Microscopic glass slides along
with the PDMS chips are then rinsed thoroughly with isopropanol for
10 min and blown dry using N2. The PDMS chips are bonded to the
PDMS coated glass slides (Karadimitriou et al., 2013) to complete the
channels by treating them for 2 min in an oxygen plasma machine
(Harrick Plasma Cleaner, NY, USA). Following plasma treatment, the
surfaces are immediately brought into contact with each other and
allowed to cure for 3 h to complete the bonding before testing.

A thick layer of PDMS is used for the chip to reduce the possibility of
air diffusion from the top cover. The final microchip has a stable wetta-
bilitywith the desired contact angle value similar to contact anglesmea-
sured for coal (Saghafi et al., 2014). Theporosity of the fracture system is
calculated by dividing the porous volume to the total network volume,
and a value of 10% porosity is measured, which is in the range of com-
mon coal seam samples (Lamei Ramandi et al., 2015). The general
workflow for fabricating the microfluidic chip is shown in Fig. 3.

2.3. Experimental setup

High precision pressure pumps (AF1 Dual, Elveflow, Elvesys, Paris,
France) and a high accuracy flow sensor (MFS1, Elveflow, Elvesys,
Paris, France) are used to monitor and control the flow characteristics.
e = resolved pores and fractures, green = sub-resolution pores and fractures, black =

Image of Fig. 2


Fig. 3. Schematic workflow showing process of fabricating a microfluidic chip based on a real coal fracture structure obtained frommicro-CT imaging.
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Deionized water is mixed with 1.0 wt.% red food colour (AmeriColor,
Placentia, CA, USA) for high contrast visualization, and passed through
a 0.45 μm filter to eliminate residual particles. The sample is then pres-
surized in a reservoir (50 ml falcon tube with connection kit, Elvesys,
Paris, France) and injected into the microfluidic chip at constant flow
rates. Videos and images are taken using a CCD digital camera (OLYM-
PUS, DP80) coupled with an inverted microscope (OLYMPUS, IX73)
with frame resolution of 1360 × 1024 pixels. Fig. 4 demonstrates the
setup used for the presented experimental data.

The contact angle of Air/Water/PDMS ismeasured using optical con-
tact angle meter (CAM 200, KSV Instruments Ltd, Helsinki, Finland) by
imaging and measuring the angle of a dyed water drop on the PDMS
surface. By performing image processing when the liquid is in motion,
we find the dynamic contact angle for the system.

2.4. Relative permeability measurement

To measure the effective permeability, deionized water is injected
into the fluidic channels at a constant flow rate of 1 μl min−1. Using a
feedback circuit between flow sensor and pump, the generated pressure
is automatically adjusted to meet the desired injection flow rate. Varia-
tions of applied pressure are displayed and recorded on a computer as
displayed in Fig. 4.

We capture images from the network saturation at multiple time se-
quences after the breakthrough of water at the outlet of the chip, and in
each time step, water saturation (Sw) is measured using ImageJ and
AutoCAD software. The effective permeability of water for the corre-
sponding saturation is calculated using Eq. (1) where we use Kw for
the effective permeability of water, μ = 0.9 cp indicates the viscosity
of dyed water, ΔL = 2.21 mm is the length between inlet and outlet of
the porous network, A = 0.117 mm2 is the cross sectional area normal
to flow direction, Δp is the pressure difference across the network,
and qw indicates the water flow rate at the outlet. We determine qw by
using the conservation of mass equation for an incompressible and
unidirectional flow (Kirby, 2010) and by knowing the inlet flow rate,
and the variation of water saturation over time. Pressure drop in
the connecting tubes is calculated using Hagen-Poiseuille equation
(Kirby, 2010) and subtracted from the measured pressure values to
obtain the net capillary pressure values. Outlet is always connected to
the atmosphere, and the experiment is conducted at ambient condi-
tions. Dividing the effective permeability (Kw) to the absolute perme-
ability (K) we calculate the relative permeability of the injecting water
phase.

2.5. Network modelling

Network modelling is a well-established numerical method for pre-
diction of absolute and relative permeability (Blunt, 2001; Blunt et al.,
2002, 2013). The extracted network is used to simulate multiphase
flow through a lattice of connected pores nodes and throats. The

Image of Fig. 3


Fig. 4. Experiment setup for injection of fluid into the microfluidic chip. Water is pressurized in a reservoir and passed through flow sensor to obtain an injection rate of 1 μl min−1.
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network generation used here is based on the Maximal Ball (MB) con-
cept that was introduced by Silin and Patzek (2006) and later modified
by Dong and Blunt (2009). The MB finds the largest inscribed spheres
touching the solid phase centred in each void voxel. After removing
the inclusions, chains of remained MBs describe the pore space such
that each ball is connected to the largest one as its ancestor. Having a
common sphere in two ormoreMB chains leads to merging the smaller
touching spheres inheriting the largest ones and thus creating connected
pathways. The final outcome is a network of spheres connected by tubes
representing pore nodes and throats, respectively. Fig. 5 shows the ex-
tracted network for a cubic subset of 1200 × 830 × 1120 voxels from
Fig. 5. Pore networkmodel of theMoura coal samplewith dimension of 1200× 830× 1120 vox
throats.
the micro-CT image with a resolution of 16.5 μm. The MB defines 8432
balls connected by 24,582 throats giving average coordination number
of 2.9.

Assuming mass conservation at each pore node (Oren et al., 1998),
we obtain for fluid i

∑
J
qi;IJ ¼ 0 ð2Þ

where J indicates the pore nodes that are connected to pore node I and q
is the flow to or from pore node I. Assuming the multiphase flow as
els and resolution of 16.5 μm; spheres show the pore nodes and tubes show the connecting

Image of Fig. 4
Image of Fig. 5
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laminar, Newtonian, incompressible and immiscible makes the flow
rate q related to pressure gradient ∇p as presented by Poiseuille law
(Bakke and Øren, 1997)

q ¼ �g∇p ð3Þ

where g represents the fluid conductivity and is a function of the ele-
ments cross sectional area, fluid viscosity and the dimensionless shape
factor (Mason and Morrow, 1991). Conductance can be calculated via
a variety of equations representing different pore node and throat
shapes for different wettability conditions while fluids occupy either
the centre or corners of the elements. The conductance of non-wetting
phase that flows at the centre of pore nodes and throats is expressed by

gi ¼ α
A2
i Gi

μ
ð4Þ

where Ai is the cross section area of the ith element occupied by non-
wetting phase, Gi is the dimensionless shape factor of the same element,
μ is the viscosity of the fluid and α is a constant for different pore nodes
or throats shape. The conductance for the wetting phase occupying the
corners is calculated by

gi ¼
A2
i

CiWiμ
ð5Þ

where Ci is the dimensionless flow resistance factor for reduced water
conductivity close to the pore wall at strongly water-wet system with
a contact angle of 0 (Oren et al., 1998) and Wi is given by

Wi ¼ cosβi

sinβi
� π

2
1� βi

90

� �
ð6Þ

where βi is the corner half angle. At the end, effective conductance for
each phase is the harmonic mean of the conductance calculated for
two pore nodes and the throat connecting them

LIJ
gi;IJ

¼ Lt
gi;t

þ 1
2

LI
gi;I

þ L J

gi; J

 !
ð7Þ

where the subscript t indicates the connecting throat while I and J point
to the connected pore nodes, Lt, LI and LJ represent the throat length and
hydraulic radii of pore nodes, respectively and LIJ is the distance of pore
node centres. Pressure distribution at each node is computed by solving
the linear system of equations corresponding to the network generated
by Eq. (2). Applying arbitrary boundary pressures to solve the system of
equations will result in multiphase permeability determination at a
Fig. 6. A) Contact angles for Methane/Water/Coal systemmeasured by Ref Saghafi et al. (2014)
measurement for Air/Water/PDMS system. It represents the same contact angle for Methane/W
specific saturation. It should be mentioned that capillary pressure Pc is
the factor that determines which element is invaded by the invading
phase.

3. Results and discussion

3.1. Wettability

Thewettability of the fabricated chip is found to be similar to contact
angle values for methane/water/coal systems, previously measured by
Saghafi et al. (2014) and indicated in Fig. 6. The result demonstrates a
static contact angle of 73° (from the non-wetting fluid), and a dynamic
contact angle of around 60°, which suggests an intermediatewettability
for the system (Fig. 6). This is a unique characteristic of PDMS in its nat-
ural state and demonstrates the benefit of using PDMS for the coal
representing chips since many other microfluidics studies required
treatments of the PDMS to obtain wettability conditions similar to the
reservoir rock of interest. Hence the experiment with untreated PDMS
is considered to be a weakly gas-wet setup mimicking a natural coal
seam gas reservoir. Also, the interfacial tension of methane and water
is about 73mNm−1 (Schmidt et al., 2007), which is similar to the inter-
facial tension of air and water that is around 72.8 mN m−1 (Vargaftik
et al., 1983).

3.2. Cleat junction experiment

To calibrate and visualize the effect of wettability on the filling se-
quence, two sets of experiments at gas-wet and liquid-wet states are
performed using a PDMS microfluidic chip with a simple cleat junction
pattern. For the drainage experiment with a contact angle of 73°, DI
water is injected into the chip that was initially filled with air at a con-
stant flow rate of 1 μl min−1. As can be observed in Fig. 7, drainage oc-
curs in the order expected by the Young-Laplace capillary pressure
equation (Lenormand et al., 1983), i.e. the largest channel of 200 μmbe-
comes filled with non-wetting phase first. Lattice Boltzmann method
(LBM) calculations, and experiments performed by Chapman et al.
(2013) confirm these results. Knowing this filling sequence is important
as it represents flow transport behaviour in coal seamgas reservoirs due
to the similar wettability conditions. Hence, displacement in coal seams
can be interpreted and pore networkmodels can be developed with re-
spect to this fluid flow behaviour.

For decane injection with the contact angle of 120°, which repre-
sents an imbibition process, the fluid travels along the narrowest adja-
cent channel first. Hence, the channel with the throat size of 50 μm is
filled before other branches of the junction. In this liquid-wet experi-
ment the contact angle is greater than 90°, which results in a negative
based on a captive gas bubble technique. B) Dynamic (left) and static (right) contact angle
ater/Coal with the value of 73°. The system is intermediately gas-wet.

Image of Fig. 6


Fig. 7. Optical images showing filling sequences in a simple junction in both drainage (upper pictures), and imbibition (lower pictures) experiments.
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capillary entry pressure as suggested by the Young-Laplace equation.
This will cause the injected wetting phase to select the downstream
branch with the highest capillary entry pressure first. Hence, the next
adjacent narrowest channel which is a branch with 100 μm throat size
will become filled. Here we can observe that the effect of wettability
in the small pore sizes and micro-fractures of coal structure can play a
role in recovery processes. By passing liquid through the micro-
fracture, gas stored in smaller pores may remain unrecovered during
the drainage process. Hence, increasing wettability and leading the sys-
tem towards liquid-wet conditions could be suggested in enhanced re-
covery methods for CSG.
3.3. Gas recovery in cleat network

The filling sequence of water injection in the fabricated coal porous
structure is presented in Fig. 8. Water (non-wetting fluid, coloured
orange) is displacing gas (wetting fluid) at a rate of 1 μl min−1. The
pictures demonstrate that water follows the transport behaviour of a
gas-wet system, and passes through the larger throats with the lowest
capillary entry pressure. Traditional core flooding experiments cannot
visualize a real time fluid flow and displacement in porous media.
Trapped gas in both dead-end and open channels is observed in the im-
ages. Breakthrough occurs at 171 s, where the total fraction of gas
displaced is 59.6%. The gas recovery curve over time (see Fig. 8) is mea-
sured via image processing of the capturedfilling steps using ImageJ and
AutoCAD, and with the assumption of a 2-dimensional fluid system.
During the flooding sequence, a total amount of 84% of the original
trapped gas is recovered. The trend in gas saturation is in agreement
with what was observed by Gunda et al. (2011) and Xu et al. (2014)
in oil wet and gas wet experiments, and also with reported numerical
prediction of gas recovery in coal seams (Zhang et al., 2015). The dis-
crepancy in our results with their findings is perhaps due to different
porous structures and boundary conditions, and also due to the small
size of our system compared to them. There is a continuous upward
trend for the displacement efficiency with varying rates while the
displacing fluid encounters different throat sizes and/or gas saturations.
Major recovery occurs shortly before breakthrough, when 24.2% of the
gas is displaced. A slight increment in gas displacement also occurs
after the breakthrough time. The system reaches steady state conditions
in 340 s from the start of injection, and no additional gas displacement is
observed afterwards.

3.4. Cleat network permeability

Absolute permeability of the microfluidic chip is measured both ex-
perimentally and numerically and the results are found to be 20md and
36 md, respectively. To measure absolute permeability via microfluidic
experiments, the entire cleat system needs to be filled with a single
phase fluid. However the existence of dead-end pores in the cleat struc-
turemakes it difficult to obtain a network fully occupiedwithwater. The
discrepancy of absolute permeability values in microfluidic experiment
and numerical simulation is assumed to be due to the effect of these un-
connected pores on the fluid flow. To obtainmore realistic results in our
measurements, we use the absolute permeability of 36 md, obtained
from the numerical simulations. The numerical simulation of flow in a
porous medium consists of calculations of pressure and velocity fields
in a discretized form (Mostaghimi et al., 2014; Mostaghimi and
Mahani, 2010). A 2-dimensional flow simulation, with a 3.52 μm
image resolution of the structure is used; Fig. 9 demonstrates the
pressure and velocity profiles obtained from numerical simulations
of flow and applying a no-slip boundary on the solid surfaces. The
numerical method assumes each pixel as a finite volume grid block
and solves the Stokes and continuity equations (Mostaghimi et al.,
2012, 2013).

Basically there are two unique parallel fractures where the majority
of flow occurs in the fracture with larger throat entry size, and develops
to saturate half of the model first with non-wetting phase (see image 5
in Fig. 8). Then, the fluid stream penetrates to the other fracture.

The relative permeability function for the fabricated chip is mea-
sured and calculated, as described in Section 2.4 and compares well to
other Australian coals (Fig. 10). It is common to plot the relative perme-
ability curve as a function of water saturation (Dake, 1983), and gas sat-
uration is simply related to the water saturation as Sg = 1 − Sw. The
graph shows that relative permeability increases with increasing
water phase saturation. The gas flow rate is calculated based on the dif-
ference between inlet and outlet liquid rates; then it is used in Eq. (1) to
estimate the gas relative permeability for a given saturation.

Relative permeability of water starts from residual water saturation
of 0.60, and increases along with water production after breakthrough.

Image of Fig. 7


Fig. 8. Injection of the dyedwater into a replicated coal porousmedium, which is saturatedwith air (upper images). Sequential images demonstrate the filling behaviour from the start of
injection until the system reaches steady state. Gas recovery curve over time in a gas-wet coal is illustrated (lower graph). Numbers on the graph correspond to the filling step.
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Water relative permeability end point, which is the maximum value of
relative permeability during displacement, is obtained as 0.15, when
the system reaches steady state. The residual saturation of gas is obtain-
ed as 0.16which is 3.7 times less than the residual saturation ofwater in
this gas-wet system. After 340 s from the injection, no more displace-
ment occurred. The water and gas relative permeability cross point oc-
curs at Sw =0.61 and Kw =0.09. The cross point indicates where equal
flow rates are achieved for both phases. Water production is always a
main issue in coal seammethane extraction, which raises both environ-
mental and financial concerns.Meanwhile, the rate of gas recovery from
a reservoir needs tomeetmarket demands tomake the investment eco-
nomically reasonable. By understanding and obtaining relative perme-
ability, we can estimate water and gas production rates. This study is
the first step in visualizing relative permeability behaviour in a real
coal porous structure. The results and data can aid the development of
simulations and recovery methods to optimize gas production while
minimizing water production.

The relative permeability values obtained from literature (Chen
et al., 2014) for Australian coals are also provided in Fig. 10 and
demonstrate that the present workflow can provide smooth relative
permeability functions that are within the range of other Australian
coals. While this is not validation of the measured relative perme-
ability function it however provides confidence that microfluidic
chips can be employed as a platform fromwhich the relationship be-
tween coal cleat structure and the resulting phase permeability can
be studied.

Furthermore, we substantiate our results by calculating the relative
permeability of the larger 3D coal core from which the microfluidic
chip was modelled after. For the pore network simulation, the contact
angle is set to 73° (as observed in the microfluidic experiments). The
pore network modelling results correspond well to the measured ex-
perimental results and further validate our method and workflow for
studying flow in coal cleats. The numerical results indicate higher per-
meability and lower gas residual saturations, which could be due to
higher connectivity of the cleat structure in 3D in comparison with the
2D microfluidic results.

The results of thewater relative permeability profile indicate a sharp
increase right after breakthrough, which is due to the network

Image of Fig. 8


Fig. 9. Pressure profile (left picture) and velocity profile (right picture) of fluid flow in the fabricated coal porous structure, obtained from two-dimensional flow simulation to measure
absolute permeability.
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geometry with low connectivity and few inlet/outlet throats, which
avoids extensive displacement in the pore spaces especially at break-
through time. In this work we used PDMS with a constant contact
angle representing the coal surface wettability. According to literature
(Saghafi et al., 2014) however the contact angle is not fixed for coal res-
ervoirs and varies with pore network pressure and coal type. Also, the
coal cleat network used in our experiment is fully saturated with gas
and the existence of partial water saturation within the coal cleat net-
work is ignored. The cleat network permeability evolution of coal de-
pends on the effect of solid matrix deformation and mechanical stress
(Liu et al., 2013). Adsorption and desorption can cause coal matrix
swelling and shrinkage respectively, thus affecting permeability values
(Brochard et al., 2012; Mazumder and Wolf, 2008). The permeability
of coal also associates with differential pressure of external stress, uni-
axial strain condition, and pore pressure (Liu et al., 2013). These effects
will be the focus of our future studies where a geo-material chip will be
used to explore the effect of sorption and high pressure deformations on
relative permeability values.
Fig. 10. Comparison of experimental and numerical relative permeability curves of gas-wet m
permeability (grey) curve versus water saturation, as measured from micro-fluidic experim
subsection of Moura coal.
4. Conclusions

We develop a novel microfluidic approach to study transport mech-
anisms in coal from coal seam gas developments. Advanced imaging
techniques were used to resolve the coal cleat system at the micro-
scale, and state-of-the-art fabrication methods were used to replicate
coal cleat patterns inside microfluidic chips. Relative permeability
curves, as the most important parameter for optimizing gas recovery
and reducing water production, were measured. Microfluidic experi-
ments provide the advantage of real-time transport observations, and
production data measurements for a variety of cleat networks in a fast
and cost efficient manner. A water relative permeability end point of
0.15 was measured with residual gas saturation of 0.16. Higher perme-
ability and lower residual saturationmeasured by pore networkmodel-
ling are due to more connectivity of pores and cleats in the extracted
network as it is conducted on three dimensional micro-CT images
where the experimental model refers to cleat pattern in one thin
section of the coal sample. The presented relative permeability data
edium for the Moura coal sample. Water relative permeability (black) and gas relative
ents, and red lines correspond to results from pore network simulations on a larger 3D

Image of Fig. 9
Image of Fig. 10
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can be employed for developing direct numerical simulations of multi-
phase transport in coal beds. In addition, the framework can be applied
for understanding the relationship between coal cleat structure and the
resulting relative permeability and interpreting larger scale experi-
ments. Due to the small cleats aperture sizes, poor connectivity and
low permeability of coals, a wider range of imaged cleat networks can
be applied to establish a correlation between cleat topology and relative
permeability curve, which will be the focus of our future work.
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