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The kinetics of binary gas counter-diffusion and Darcy flow in a large coal sample
were modeled, and the results compared with data from experimental laboratory investi-
gations. The study aimed for a better understanding of the CO2-sequestration enhanced
coalbed methane (ECBM) recovery process. The transport model used was based on the
bidisperse diffusion mechanism and Maxwell-Stefan (MS) diffusion theory. This provides
an alternative approach to simulate multicomponent gas diffusion and flow in bulk coals.
A series of high-stress core flush tests were performed on a large coal sample sourced
from a Bowen Basin coal mine in Queensland, Australia to investigate the kinetics of
one gas displacing another. These experimental results were used to derive gas diffusiv-
ities, and to examine the predictive capability of the diffusion model. The simulations
show good agreements with the displacement experiments, revealing that MS diffusion
theory is superior for describing diffusion of mixed gases in coals compared with the
constant Fick diffusivity model. The optimized effective micropore and macropore diffu-
sivities are comparable with experimental measurements achieved by other researchers.
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Introduction

The displacement kinetics of gas mixtures in coals is of
great importance for the simulation of ECBM production.
However, when dealing with displacement kinetics, problems
arise due to incomplete understanding of multicomponent gas
diffusion and Darcy flow processes in coals. This difficulty is
partly attributed to the complexity of multicomponent gas
counterdiffusion and flow occurring during the ECBM pro-
cess and the effect of the structural heterogeneity of coal.1,2

The pore structure of coal is highly heterogeneous and
varies with coal type and rank.2 Currently two classes of
pore structure models have been proposed for evaluation of
effective diffusion coefficients in coals with multiscale pore
space: the Bethe network model based on percolation con-
cepts,3,4 and the two-phase random pore model.5 Bhatia5

compared four different random pore structure models with
the experimental data of Nandi and Walker; 6 his analysis
suggested that the pore structure model proposed by Rucken-
stein7 is the most appropriate for coals.

Gas diffusion in coals is significantly influenced by coal
rank and lithotype, microstructure and secondary mineraliza-
tion.8–10 Theoretical and experimental studies propose that
gas transport in coal seams can be classified into two types:
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a two-step transport process, involving viscous flow and dif-
fusion; or a multistep transport process, depending on coal
type and rank.9 The multistep process consists of gas diffu-
sion in micropores (\2 nm); gas diffusion through partly
blocked microfractures, which may consist of mesopores
(2 nm ; 50 nm) and macropores ([50 nm); viscous gas
flow through open, unmineralized microfractures (0.05 ;
20 lm wide); and then viscous gas flow through the main
fractures/cleats (0.1 ; 2 mm wide). Our premise is that
CBM/ECBM production is largely controlled by this overall
multistep transport process.

Fracture permeability is recognized as one of the most im-
portant parameters for Darcy flow and CBM production. It is
primarily controlled by the prevailing net horizontal maxi-
mum stress, defined as the difference between the external
stress and internal pore pressure.11 Both experimental and
theoretical research indicates that permeability of coal frac-
tures decreases exponentially with increasing net isotropic
stress.12,13 The effect of matrix shrinkage on cleat porosity
and permeability has been studied, and has led to several
predictive permeability models,14–18 partially reviewed by
Shi and Durucan.11 In this work, the permeability model pro-
posed by Shi and Durucan18 was used in the simulations, for
convenience, to account for the stress-dependent porosity and
permeability.

For a better understanding of gas diffusion and Darcy flow
in coals, we have developed a new model to describe gas dif-
fusion in bulk coals. The model embeds a bimodal pore
structure in the coal matrix, based on the approach proposed
by Ruckenstein et al.7 In this model, the micropore diffusiv-
ity is considered to be dependent on concentration, and the
diffusion behavior of mixed gases can be described by using
the MS diffusion formulation. This article presents evidence
matching the model outputs related to the diffusion and vis-
cous flow of binary gas displacement against laboratory core
flood measurements of a large coal sample under various
operating conditions. Three displacement tests were chosen
for the verification, where He or CO2 were injected into the
coal sample to displace preadsorbed CO2 or CH4. The sensi-
tivities of gas diffusion and flow behavior to several uncer-
tain model parameters were analyzed, resulting in improved
model inputs for simulation of the displacement kinetics of
binary gases in the coal sample.

Theory

The following assumptions are applied to model the gas
diffusion and Darcy flow in the coal matrix:

1. The coal matrix is treated as a cylindrical cell sur-
rounded by main fractures (cleats). It contains monosize
spherical particles and the interstitial space represents open
microfractures (Figure 1a);

2. These particles are themselves formed from smaller
monosize spherical microparticles. The interstitial space
between the microparticles represents the meso-/macroporos-
ity (Figure 1b). The microparticles contain homogeneous
microporosity;

3. Gas flow through open microfractures is assumed to be
viscous flow obeying Darcy’s law (a water phase is not
included in the model);

4. Gas diffusion in the coal matrix is assumed to occur
through the bimodal pore structure,7 which incorporates sur-
face diffusions in micropores along with bulk and Knudsen
diffusion in meso-/macropores;

5. The equilibrium between the gas phase and adsorbed
phase is instantaneous.

Three levels of mass balance equations can be developed
for the three classes of pore size, i.e., open microfractures,
meso-/macropores and micropores.

The gas flow in the microfractures can be simplified as 1-
dimensional (1-D) Darcy flow, giving
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Multicomponent gas diffusion in meso-/macropores within
a particle of radius Rm can be described by
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with initial and boundary conditions

t ¼ 0 : Cmi ¼ Cmi0 (3)

R ¼ 0 :
@Cmi

@R
¼ 0; R ¼ Rm: Cmi ¼ Cci (4)

where em is macroporosity; Cmi is gas concentration in the
particle of the component of i; Jm-l,i is mass exchange rate
between micropores and meso-/macropores per unit volume
of particles of component i, estimated as

Figure 1. Conceptual model for multi-porosity system:
(a) a cylindrical coal matrix, and (b) a particle
showing bimodal pore structure.
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and Nm,i is pore diffusion flux in the particle, defined as
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where [Lm] is the macropore diffusivity matrix, defined as
the inverse of the MS matrix, itself defined as19
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where sm is macropore tortuosity; DmiM is Knudsen diffusiv-
ity of component i; yi is molar fraction of component i; and
Dmij is binary molecular diffusivity between species i and j.

Gas diffusion in micropores within a microparticle of ra-
dius rl can be described by
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with initial and boundary conditions
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r ¼ rl : Cli ¼ Iliðp; yiÞði ¼ 1; 2; . . . ; ncÞ (10)

where Ili(p, yi) is the adsorption equilibrium which can be
estimated using IAS-RG/Langmuir approach;20 el is the
microporosity; Cli is gas concentration in the microparticle
of the component i; Nl,i is the surface diffusion flux in the
microparticle, which can be approximated using the model
proposed by Krishna in 1990,21 giving
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where [G] is a matrix of thermodynamic factors. The matrix of
inverted effective MS micropore diffusivities has the elements
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where sl is micropore tortuosity; yi is fractional surface cover-
age; DiV and Dij are MS micropore diffusivity of component i
and MS counter-diffusivity between components i and j,
respectively.

The values of fracture porosity and permeability may vary
during the tests due to coal matrix shrinkage and swelling.
To evaluate the variations of stress-dependent permeability
and porosity for a multicomponent system under a condition
of stressed sorption, a variety of models are available. The
Shi-Durucan (SD) model11,18 was used here for convenience,
describing the change in effective horizontal stress, as

r� r0 ¼ m
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where r is effective horizontal stress; m is Poisson ratio; E is
Young’s modulus; asi is matrix shrinkage/swelling coefficient
of component i; p is the pore pressure. r0, and p0 are initial
effective horizontal stress and pore pressure, obtained from
measurements in the rock surrounding the seam, either by over
coring,22 or by hydrofracture.23 Using the extended Langmuir
isotherm, the adsorbed volume for gas component j may be
approximated by
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where VLi is the Langmuir volume of component i; yi is the
mole fraction of component i in gas phase; PLi is the Langmuir
pressure of component i. The fracture porosity varies exponen-
tially with change in the effective horizontal stress13

ec ¼ ec0e
�cf ðr�r0Þ (15)

where ec0 is initial fracture porosity; cf is cleat-volume com-
pressibility. The fracture permeability can be derived from fol-
lowing relationship12

k
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where k and k0 are fracture permeability and initial fracture
permeability, respectively.

The model discussed in this article describes a coupled sys-
tem dealing with three different processes: gas sorption equi-
librium; gas diffusion and viscous flow; and matrix shrinkage
and swelling. Among these processes, gas diffusion and vis-
cous flow is critical, and described via Eqs. 1, 2 and 7. A loose
coupling algorithm24 is adopted in this work for numerical so-
lution of the highly coupled equations. The gas sorption equi-
librium and matrix shrinkage/swelling can be solved independ-
ently at designated time intervals under the given pressure and
concentration. The Eqs. 1, 2 and 7 are numerically coupled
through the mass exchange rates Jm-c,i and Jm-l,i obtained at
previous steps by Eqs. 1a and 4a, respectively. The multicom-
ponent sorption equilibrium was determined using ideal
adsorbed solution-real gas (IAS-RG) approach with Langmuir
isotherm;20 and coal matrix shrinkage, and swelling are esti-
mated by Eqs. 13 to 16. The detailed numerical solution proce-
dure can be found in our previous study.25

Experiments

In order to investigate the displacement kinetics of binary gas
in a coal sample, experiments were conducted in a specially
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designed true triaxial permeameter,26 which allows the use of
large coal samples and can individually control the stresses act-
ing on the sample in three mutually-orthogonal directions. The
experiments were core flush tests where CO2, or He gas was
injected into the coal sample to displace preadsorbed CH4 or
CO2. During the tests gas inlet pressure and flow rate were kept
constant, and the composition of downstream gases were contin-
uously analyzed using a Varian 3900 microgas chromatograph.

The sample tested was cut from a large block originating
from an open cut coal mine in the central area of the Bowen ba-
sin, Australia. The sample was cut into an 80 3 80 3 80 mm
cube, and then stored in polyethylene film until used. Moisture
in the sample was about 5%, helium-derived density was 1,285
kg/m3, and the vitrinite random reflectance (Vro) ranged from
0.97 to 1.06, making it a high volatile bituminous coal. The av-
erage face cleat spacing as observed from the top and bottom
of the sample was 7 mm; the butt cleat spacing was 8 mm on
the lefthand side, and 10 mm on the righthand side.

Total porosity of the coal sample was 0.112, which was
measured experimentally using a combination of He pycnom-
etry and Hg porosimetry. Three types of porosities are defined
in the model to describe the multiscale porosity system: frac-
ture porosity (ec), macroporosity (em) and microporosity (el).
The relative values of these porosities were taken from experi-
mental data on same type of coal. According to previous
research26–28 the total porosity of coal can approximately be
divided into microfractures & cleats comprising 11%, meso-
and-macropores comprising 36%, and micropores comprising
53%. Although literature data may not exactly match our coal,
a sensitivity analysis was carried out to understand how
changing porosity allocations affect the outcome. Since the
focus of this study is on simulating the displacement kinetics
of gases for ECBM recovery, rather than a special investiga-

tion of pore structure in a specific coal, the allocated values of
subporosities are considered reasonable as input data.

The complete core flood experiments comprised 40 stages,
and were performed at room-temperature (298 K). Only three
stages are of interest for this study: stressed adsorption of
CH4, then desorption, followed by a stage of CO2 displace-
ment of remaining CH4 at low-pressure (400 kPa) (Stage 17).
A further test included CO2 stressed adsorption then desorp-
tion, followed by a stage of He displacement of CO2 at low-
pressure (Stage 29). The third test included stressed adsorption
of CH4, followed by a displacement by CO2 at high 2,000 kPa
pressure (Stage 34). Detailed experimental conditions for each
of these three stages are shown in Table 1. During each stage,
the internal mean pore pressure was kept constant, while the
external stress was allowed to increase or decrease from initial
conditions to maintain a constant sample volume, as a result
of changing effective stress. Variations of permeability with
effective stress obtained by experimental measurements are
shown in Table 1.

Determination of Kinetic Parameters

Kinetic parameters for meso-/macropores

To use the MS diffusion Eqs. 5 and 6 in modeling gas dif-
fusion through the bulk phase, the binary molecular diffusiv-
ities between different species were estimated using the
Fuller-Schettler-Giddings correlation,29 and Knudsen diffu-
sivities of each species were approximated by the analytical
formula presented by Jackson.30 The macropore diffusivity
of each species is calculated using the Bosanquet approxima-
tion.30 According to the Bosanquet approximation, the mac-
ropore diffusivity of a given species can be estimated from
its Knudsen diffusivity and the binary molecular diffusivity

Table 1. Conditions and Results of Core Flush Tests

Conditions/results Stage 17 Stage 29 Stage 34

Test CO2 displaces CH4 He displaces CO2 CO2 displaces CH4

Adsorbed pressure (3106 Pa) 0.501 0.50 2.10
Mean pore pressure (3106 Pa) 0.40 0.40 2.00
Displacing time (seconds) 60480.00 62388.00 151092.00
Total displaced gas (NL) 7.49 12.98 17.49
Gas in connection tube (NL) 4.633 4.694 15.825
Free gas in coal sample (NL) 0.181 0.184 0.521
Desorbed gas (STP, NL) 2.591 7.845 1.108
Initial adsorbed gas (STP, NL) 2.67 8.31 7.00
Variation of effective stress (3106 Pa) 3.9 ? 4.3 4.1 ? 3.2 2.4 ? 3.3
Variation of permeability (mD) 3.1 ? 2.0 1.7 ? 3.6 2.5 ? 1.1

Table 2. Parameter Values Determined by Experiments and Previous Researches

Parameters Values Note

Moisture (%) 5.00 These values were determined by experiments.
Helium Density (kg/m3) 1285.00
Total porosity (%) 11.22
Vitrinite random reflectance (Vro) 0.97;1.06
Face cleat spacing (m) 0.007
Butt cleat spacing (m) 0.008;0.01
Cleat porosity ([50 3 1029 m, %) 1.2 These values were estimated according

to previous research results for same coal type and
rank (high volatile bituminous coal).

Mesoporosity (2;50 3 1029 m, %) 4.0
Microporosity (\2 3 1029 m, %) 6.0
Young’s modulus ( 3 106 Pa) 0.3 3 106

Poisson’s ratio 0.38
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of the associated binary gas. The values of the kinetic para-
meters calculated under the conditions of the three stages are
shown in Table 2. Several important observations can be
drawn from Table 2, summarized as follows:

1. At low to moderate pressures, binary molecular diffu-
sivities vary inversely with pressure, and are independent of
pore size;

2. Knudsen diffusivities are independent of pressure and
directly proportional to the pore size;

3. Binary diffusivity of gases Dmij is normally assumed in-
dependent of composition, and they are symmetric, i.e.,
DmCH4-CO2 5 DmCO2-CH4;

4. Meso-/macropore diffusivities decrease with increasing
pressure, and the diffusivity of CH4 is larger than that of CO2.

Kinetic parameters for micropores

The MS micropore diffusivity can be expressed to be de-
pendent on total surface coverage,19 giving

DiV ¼ 1

z
k2miðhtÞ (17)

where z is the number of nearest neighbor sites, k is jump
distance, and mi is jump frequency of component i. When the
surface coverage is very low, the jump frequency may
remain constant, and the MS micropore diffusivity is inde-
pendent of surface coverage, thus

DiVð0Þ ¼ 1

z
k2mið0Þ (18)

where mi(0) is the jump frequency at zero surface coverage.
As surface concentration increases, the jump frequency
decreases with surface coverage due to interaction between
adsorbed species.

The heterogeneous macropore surface diffusion model
(HMSD) proposed by Do et al.31 has been used to optimize
the surface diffusivity at zero loading DiV(0).

20,31,32 In this
work, it is assumed that micropores homogeneously distrib-
ute within microparticles, and equilibrium between the gas

and adsorbed phases is instantaneous. Therefore, the optimi-
zation of MS micropore diffusivity DiV is simplified to fit the
experiment with single-component MS diffusion equation

Di ¼ DiV

1� hi
(19)

where Di is the apparent surface diffusivity of component i.
Eq. 19 is based on a thermodynamic factor assuming Lang-
muir adsorption.

The test for He displacing CO2 was modeled to calibrate
the MS micropore diffusivity of CO2. Figure 2 shows the
simulation results with an assumption of constant MS micro-
pore diffusivity. It can be seen from the figure that the calcu-
lated values of CO2 mole fraction in the produced gas is
larger than the experimental data for most of the test. This
may indicate that the predicted micropore diffusivity of CO2

is larger than the true value. To verify this, we used the fol-
lowing equation to obtain concentration-dependent MS
micropore diffusivity

DiVðhtÞ ¼ DiVð0Þ
XN0

j¼1

bjh
j�1
t

 !
(20)

where yt is the sum of the fractional surface occupancy of
the gas components; bj (j 5 1, 2,. . ., N0) are coefficients; and
DiV(0) is MS micropore diffusivity of component i at zero
surface coverage, which can be determined by fitting the cal-
culated results to the experimental data.

The comparisons of results between the conditions of con-
stant MS micropore diffusivity and concentration-dependent
micropore diffusivity (Figure 2) show that, although the cal-
culated values under both conditions are equal before about
2,000s of test, a better match with measured gas composition
in the produced gas can be obtained after about 3,600s of
test, with concentration-dependent micropore diffusivity. The
calculated fractional uptakes of CO2 shown in Figure 3 sug-
gest that the micropore diffusivities calculated using Eq. 20
are less than those obtained with constant diffusivity, which
results in a slower diffusion of CO2. As a result, the matched
DiV(0) of CO2 at 0.4 3 106 Pa is approximately 8 3 10210

m2/s. The MS micropore diffusivity of other component
is made dimensionless by dividing this by the micropore

Figure 3. Fractional adsorption of CO2 calculated by
the model.

Figure 2. CO2 mole fraction calculated by the model
compared with experimental data.
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diffusivity of CO2 at zero surface coverage, giving

D�
iVðhtÞ ¼ D�

iVð0Þ
XN0

i¼1

bih
i�1
t

 !
¼ DiVð0Þ

DCO2Vð0Þ
XN0

i¼1

bih
i�1
t

 !

(21)

In this work, the calibration of MS micropore diffusivity
of CH4 is equivalent to calibrating the dimensionless MS
micropore diffusivities at zero surface coverage D�

CH4V
(0).

Therefore, the unknown parameters in the simulation are
dimensionless micropore diffusivities at zero surface cover-
age D�

iV(0) and bi(i 5 1, 2,. . ., N0).
The MS micropore counter-diffusivity can be ignored

under the condition of ‘‘single file diffusion’’ following
Krishna and Wessingh.19 However, when counter-diffusion
of gases in micropores is important, the MS micropore coun-
ter-diffusivity can be estimated using the empirical formula-
tion suggested by Vignes.19,33

DijðhtÞ ¼
�
DiV

�hi=ðhiþhjÞ�DjV

�hj=ðhiþhjÞ
(22)

Sensitivity analysis

The model developed in this study determines the effective
macropore and micropore diffusivities by fitting model calcula-
tions to experimental data, and, thus, obtains diffusion rates of bi-
nary gases. The model results are sensitive to several ‘‘uncertain’’
parameters, such as initial fracture porosity, tortuosities of mac-
ropore and micropore, kinetic parameters for micropores. These
parameters are evaluated by matching experimental data.

Initial fracture porosity

Generally, the initial fracture porosity of a coal sample can
be obtained by experimental measurement. However, the actual
value for the coal sample in this study is unavailable. There-
fore, we include this as an unknown parameter in the model.

According to previous studies, the initial fracture porosity
may account for 11% of total porosity. In this article, it is
assumed that adjusting the initial fracture porosity changes
the value of initial meso-/macroporosity only, because the
value of microporosity is relatively certain. The model results
indicated changing the initial fracture porosity has minor
effects on gas diffusion rates, but major effects on Darcy
flow as shown in Figure. 4. As seen from Figure4a, the cal-
culated results with initial fracture porosity of 0.0113
achieved a good match with experimental data for Stage 17.
Similar results have been obtained for Stages 29 and 34
(refer to Figures 4b and c), which indicated that the matched
initial fracture porosities for both of these two stages were
0.01 approximately. These values of initial fracture porosity
were thought to be reasonable, and used as primary parame-
ters in simulation for the three stages, respectively.

Tortuosity

Tortuosity describes the ease of diffusion and fluid flow
through a porous medium. It can be thought of as the ratio
of the average pore length Le, to the length of the porous me-
dium L, along the major flow or diffusion axis. Hence, tortu-
osity is always greater than 1. Two types of tortuosity are
defined as in Eqs. 6 and 12, i.e., macropore tortuosity and
micropore tortuosity, to simulate the effective diffusivities in
macro- and micropores within coal. It is very difficult to
accurately measure the tortuosities. In this work, the tortuosi-
ties were estimated by fitting the calculated data of the
model to the experimental data.

Figure 5 shows the effects of tortuosities on fractional
uptake of CH4 and CO2 calculated by the model for Stage 17
of the core flush test. It can be seen from this figure that, when
the macropore tortuosity keeps constant, a larger micropore
tortuosity would significantly reduce the effective micropore
diffusivities of CH4 and CO2, and slow CH4 diffusion out of
and CO2 diffusion into micropores. Similar results are seen for
Stages 29 and 34. The effects of tortuosities on gas-flow dy-
namics for the three stages are shown in Figures 6a to 6c,
respectively. It can be seen in Figure 6 that macropore tortuos-
ity has a minor effect on gas diffusion and flow dynamics,
while the micropore tortuosity has major effect on gas diffu-
sion and flow rates of CH4 and CO2. A larger micropore tortu-
osity would result in a faster reduction of CH4 molar fraction

Figure 4. Effects of initial fracture porosity on CH4 or
CO2 mole fraction in produced gas.

Figure 5. Effects of macropore and micropore tortuosi-
ties on fractional uptake for Stage 17.
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in the initial gas production. This implies that gas diffusion in
this coal sample is mainly controlled by the micropore diffu-
sion process. The sensitivity analysis suggests that the macro-
pore tortuosity increases when the system pressure increases.
The calibrated macropore and micropore tortuosities for this
particular coal are, respectively, 1.5 and 3.0 at 0.4 3 106 Pa,
and 2.0 and 3.0 at 23 106 Pa.

Ratio of micropore diffusion to macropore diffusion

The ratio of micropore diffusion to macropore diffusion,
c34 is used to determine effective CO2 micropore diffusivity.
Figures 7 and 8 show the effects of c on fractional uptake of
CO2, and gas composition in the produced gas.

Higher values of c give a relatively fast micropore diffu-
sion of CO2 or CH4, and, thus, the reduction of CO2 or CH4

molar fraction in the produced gas is delayed. Figures 8a to
8c illustrate the simulation results of CO2 or CH4 molar frac-
tion for the three stages of the core flush tests, suggesting the
matched parameter value of c is quite different in these three
cases. At low-displacement pressures (Stages 17 and 29), the

optimized value of c is 0.049; at a higher displacement pres-
sure, c is 0.014 (Stage 34).

Ratio of DCH4V(0) to DCO2V(0)

The CH4 micropore diffusivity can be determined by esti-
mating the ratio of micropore diffusivity of CH4 to that of CO2,
i.e., D�

CH4V
(0). As seen from Figures 9 and 10, if micropore dif-

fusivity of CH4 is far less than that of CO2, the diffusion rate of
CH4 would be very slow compared with that of CO2. A larger
value of the ratio will increase the MS diffusivity of CH4 and
MS counter-diffusivity of CH4-CO2, and the Fickian micropore
diffusivities of CH4 and CO2. As a result the CH4 molar frac-
tion in gas production decreases slowly. Similar results were
obtained under the conditions of Stage 34.

Results and Discussion

Model development and parameter reliability

This study investigates the dynamic multicomponent trans-
port process in coal using an overall model consisting of

Figure 7. Effects of parameter c on fractional uptake.

Figure 8. Effects of parameter c on gas composition in
produced gas.

Figure 9. Effects of DCH4V
* (0) on fractional uptake of CH4

and CO2 for Stage 17.

Figure 6. Effects of macropore and micropore tortuosi-
ties on gas composition in produced gas.
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three separate process models in a linear fashion. These pro-
cess models are used to describe Darcy flow, MS counter-dif-
fusion and coal matrix swelling and shrinkage, respectively.
Although there would be several model parameters needed to
be estimated for the overall model, our approach allows each
process model to use only a few variables at a time in order
to achieve reliable results. As well, some parameters, such as
matrix shrinkage/swelling coefficients (asi in Eq. 13), and
adsorption constants, are directly derived from experiments.
The values for the physical properties of coal (initial fracture
porosity and tortuosity) can usually be obtained experimen-
tally. This study, however, only focuses on the numerical
simulation of the overall transport process in coal by using
reasonable values of these properties rather than obtaining
the best-fit values from the experimental data; this could be
further investigated. The utilized initial fracture porosity and
tortuosity were derived from the literature for similar rank
coal, and then checked with the gas displacement experi-
ments by sensitivity analyses. The other parameters,
DCO2

V(0), c and D�
CH4V

(0), are used in the MS diffusion
model, and are estimated via regression analysis on gas dis-

placement experiments. Following the determinations of
these parameters separately, the overall resulting model was
then used to predict a theoretical CO2 displacement of CH4,
thus, no matching was done at this stage.

MS diffusion model

The MS diffusion model using fitted model parameters
demonstrates the capacity of the model to match the binary
gas diffusion process in coal, providing improved predictions
of produced gas composition. Figure 11 shows the calculated
produced gas composition using the model compared with
experimental data for Stages 17, 29 and 34. The modeled
results for Stage 34 do not fit the experimental data, as well
as for Stages 17 and 29. Unstable operation in early period
of Stage 34 was observed based in our lab records, occurring
during high-pressure displacement. Therefore, the gas com-
positions in the produced gas used were obtained by normal-
izing the initial experimental data. The model results are
then basically consistent with adjusted experimental data.

Fracture porosity, permeability and effective stress play
important roles in gas diffusion and Darcy flow in coals, and,
hence, in the model, the sensitivity to these porosities was
checked against the experimental measurements, using the
SD permeability model. The calculated results are shown in
Figures 12 and 13, which illustrate the dynamic changes of
fracture porosity, permeability and effective stress with the

Figure 11. Calculated gas composition in produced
gas comparing with experimental data.

Figure 12. Calculated fracture porosity, permeability
and effective stress for Stage 17.

Figure 13. Calculated fracture porosity, permeability
and effective stress for Stage 34.

Figure 10. Effects of DCH4V
* (0) on gas composition in

produced gas for Stage 17.
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time for Stages 17 and 34 of the core flush tests. During
these stages, CO2 was injected into the coal sample, and dis-
placed the adsorbed CH4 from the coal surface. Since the
adsorption capacity of CO2 is much larger than that of CH4,
the coal matrix swelled due to CO2 replacement of CH4;
given a constant test volume, the average net stress increased
sharply at the early stages, leading to rapid decreases in frac-
ture/cleat permeability and porosity, some 33% and 14%,
respectively, for low-pressure Stage 17. The calculated
results for high-pressure Stage 34 are a reduction of 55% in
permeability and 18% in porosity. The reason for higher
losses at higher pressures is that the adsorption capacity of
CO2 increases with pressure, which results in higher swelling
of the coal matrix, and larger decreases in fracture porosity
and permeability. The swelling and shrinkage of coal matrix
induced by adsorption and desorption of gases are unique
challenges to deriving accurate and complete gas diffusivities
in coals.

Figure 14 shows the effective macropore diffusivities of
each component versus gas composition in the gas phase,
predicted by the MS diffusion model under the conditions of

Stage 34 (similar results were obtained for Stage 17): the
effective meso-/macropore diffusivities of CH4 and CO2

gradually increase with increasing molar fraction of the cor-
responding component in the gas phase. However, the varia-
tions in effective macropore diffusivities of each component
at Stage 34 are larger than those at Stage 17, which suggests
that the interaction between CH4 and CO2 in counter-diffu-
sion is stronger at higher pressure.

The effective micropore diffusivities of CH4 and CO2

under the condition of CO2 displacing CH4 at various pore
pressures were investigated using the MS diffusion model.
Typical results for Stage 17 are illustrated in Figure 15, and
show that the effective micropore diffusivities of CH4 and
CO2 in this binary gas system are functions of the surface
mole fraction of CH4. It can be seen that both CH4 diffusiv-
ity and binary diffusivity of CH4-CO2 increase with surface
molar fraction of CH4, while CO2 diffusivity and binary dif-
fusivity of CO2-CH4 decrease, with surface mole fraction of
CH4. These functions are similar to ones obtained by apply-
ing the model to Stage 34 shows a consistent trend. How-
ever, the predicted values for the micropore diffusivities of
gas components at Stage 34 are less than those at Stage 17,
which implies that the micropore diffusivities decrease with
increasing gas pressure. Moreover, the simulations indicate
that CH4 micropore diffusivity is about 10 times less than

Figure 15. Variations in elements of effective micropore
diffusivity matrix [Ll] vs. surface model frac-
tion.

Figure 16. CH4 mole fraction in gas production calcu-
lated by three diffusion models for Stage
17.

Figure 17. Fractional uptake calculated by three diffu-
sion models for Stage 17.

Figure 14. Variations in elements of effective macro-
pore diffusivity matrix [Lm] vs. gas composi-
tion in gas phase.
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CO2 micropore diffusivity. The predicted CH4 effective
micropore diffusivities are consistent with experimental
measurements.35

Comparison with other diffusion models

The MS diffusion formulation for describing gas diffusion
and flow dynamics was compared to two other diffusion
models, discussed later.

The first comparative model is that proposed by Krishna
and Wesselingh,19 named ‘‘single-file diffusion model’’. It is
actually a simplified form of the MS diffusion model.
According to this model, Eq. 12 can be simplified as below
for comparison with MS diffusion formulation19,36 giving

�
Bl
��1 ¼ D1V 0

0 D2V

	 

(23)

The other diffusion model used for comparison is a solid
diffusion model with a constant matrix of Fick diffusivities,36

which is widely used in most of commercial ECBM simula-
tors to describe coal gas diffusion kinetics. The diffusion
model is usually expressed as

@Cli

@t
¼ Di

@2Cli

@r2
þ 2

r

@Cli

@r

� �
(24)

where Di is the Fick diffusivity of component i, which is set
equal to the Maxwell-Stefan diffusivity at zero coverage. It
implies that the unsteady-state diffusion process within the
particle is taken into account in solid diffusion model, but on
a significantly simplified way, because the model treats Fick
diffusivities as constant.

It has been found that the MS diffusion model shows the
best agreement with experimental data (Figure 16); this may
be attributed to its ability to take gas counter-diffusion in
micropores into account. It also confirms that the Vignes
relation (see Eq. 22) can be applied in MS diffusion model
to provide improved gas displacement kinetics. Figures 16

and 17 also show the comparisons of predicted results by the
three-diffusion model. It can be seen that the differences in
the simulation results between the MS diffusion model, and
MS single-file model are minor, but the constant Fick diffu-
sivity model is generally not very successful in predicting
the gas displacement behavior. The methane desorption was
underestimated by the constant Fick diffusivity model and
carbon dioxide breakthrough in the produced gas was pre-
dicted earlier than shown in the experimental data. The dy-
namics of binary gas-diffusion using either the MS diffusion
or the single-file diffusion models seem provide a good
match and superior to the constant Fick diffusivity model.

Conclusions

Laboratory core flush experiments on large coal cores,
using binary gas counter-diffusion displacements, were incor-
porated into a complex dynamic multicomponent transport in
coal to simulate the CO2-sequestration enhanced coalbed
methane (ECBM) recovery process. The overall transport
model was built on three separate process models, in a linear
fashion: a Darcy flow model, a Maxwell-Stefan counter-dif-
fusion model, and a coal matrix swelling and shrinkage
model. The overall transport model also incorporated a rela-
tionship of fracture permeability and porosity with effective
stress described by the Shi and Durucan model. Our overall
transport model agreed very well with experimental data
from the core flush tests. The sensitivity of the model to
physical properties and diffusion kinetic parameters of coal
has been analyzed, yielding parameters that are partly opti-
mized from matching laboratory results. The use of the MS
diffusion model has been validated with the displacement
experiments and compared with two other diffusion models.
Our modeling results indicate that the MS diffusion theory is
superior to a constant Fick diffusivity model for describing
binary gas-diffusion dynamics. The predicted micro- and
macropore diffusivities show anticipated concentration de-
pendence under various experimental conditions, but also

Table 3. Knudsen, Molecular and Macropore Diffusivities used in Simulation

Stages Species Knudsen diffusivity (31026 m2/s) Molecular diffusivity (31026 m2/s) Macropore diffusivity (31026 m2/s)

29 He 8.37 5.33
CO2 2.57 2.19
He-CO2 14.70

17 CH4 4.00 2.48
CO2 2.57 2.34
CH4-CO2 26.60

34 CH4 4.00 2.28
CO2 2.57 1.73
CH4-CO2 5.32

Table 4. Parameter Values Determined by Fitting Experimental Data

Issues Parameters Values Standard deviation

Kinetic parameters for micropores DCO2
V (0) 8310210 m2/s 0.046

bi (i 5 1, 2, 3) 1.0, 20.63, 0.15
Sensitivity analysis Initial fracture porosity 0.01

Macropore and micropore tortuosities 1.5, 3.0 (Stage 17, 29) and
2.0, 3.0 (Stage 34)

Parameter c 0.049 (Stage 17, 29) and 0.014 (Stage 34)
D�

CH4V
(0) 0.10

Simulation results of Stage 17, 29 and 34 0.044, 0.025, 0.25
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sensitivity to operating pressure. The optimized values of ki-
netic parameters may be useful for future modeling of ter-
nary gas mixtures, which occur during flue gas injection
ECBM production.
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Notation

[Bm]5matrix of inverted Maxwell-Stefan macropore diffusivities, s/m2

[Bl]5matrix of inverted Maxwell-Stefan micropore diffusivities, s/m2

bj5 coefficients defined in Eq. 20, dimensionless
Cci5molar concentration of gas component i in open microfractures,

mol/m3

Cmi5molar concentration of gas component i in macropores, mol/m3

Cmi05 initial gas molar concentration of component i in macropores,
mol/m3

Ct5 total concentration, mol/m3

Cli5molar concentration of component i in micropores, mol/m3

Cli05 initial molar concentration of component i in micropores,
mol/m3

cf5 cleat-volume compressibility, 1/Pa
cm5matrix shrinkage compressibility due to methane desorption,

1/Pa
cki5differential swelling coefficients of component i

Dem05 initial effective macropore diffusivity, m2/s
Del05 initial effective micropore diffusivity, m2/s
DmiM5Knudsen diffusivity of component i, m2/s
Dmij5molecular diffusivity of binary pair i-j, m2/s
DiV5Maxwell-Stefan micropore diffusivity of component i, m2/s
Dij5 Maxwell-Stefan micropore counter diffusivity between compo-

nents i and j, m2/s
E5Young’s modulus, Pa
Ili5 adsorption isotherm

Jm-c,i5mass exchange rate between cleats and bulk coal per unit vol-
ume of coals, mol/(m2 �s)

Jm-l,i5 mass exchange rate between micropores and macropores, mol/
(m2 �s)

k, k05 fracture permeability and Initial fracture permeability, respec-
tively, mD

[Lm]5matrix of macropore diffusivities, m2/s
bLlc5matrix of micropore diffusivity, m2/s
[Nm]5matrix of molar fluxes in particles, mol/(m2 �s)
bNlc5matrix of molar fluxes in microparticles, mol/(m2 �s)

nc5number of components in the system
p5pressure, Pa

PLi5Langmuir pressure of component i, Pa
R5particle radial coordinate, m

Rm5 radius of particle, m
r5microparticle radial coordinate, m
rl5 radius of microparticle, m
ug5velocity of gas-phase, m/s
VLj5Langmuir volume of component j, mol/m3

yi5mole fraction of component i in gas-phase

Greek letters

asj5matrix shrinkage/swelling coefficient of component j
c5 ratio of diffusion rates in the micropores to that in the macro-

pores
[G]5matrix of thermodynamic factors

ec, ec05 fracture porosity and initial fracture porosity, respectively
em, el5Macroporosity and microporosity, respectively

yI5 fractional surface occupancy of species i
m5Poisson ratio
r5 effective horizontal stress, Pa

sm, sl5macropore and micropore tortuosity, respectively
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