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CO2 sequestration in coal seams is a relatively new technique to simultaneously
achieve enhanced coal bed methane production and reduced CO2 emission. In this ar-
ticle, we integrate understandings in individual research fields to provide improved
insight into the nature of this complex process. Our current overall model constructed
from a number of sub-models consists of mass transfer in four pore types, namely,
fractures, micro-, meso-, and macro-pores, all having pore size dependent characteris-
tics. Key parameters are estimated using well established methods from the general lit-
erature. Three mechanisms of coal swelling leading to permeability variations during
adsorption are proposed based on molecular simulations. The macroscopic level model
is validated using a true tri-axial stress coal permeameter, which provides previously
unpublished, accurate dynamic measurements of systems properties in three orthogonal
directions including changes to the coal matrix volume. The integrated model provides
a more complete and flexible representation for this complex system. � 2007 American
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Introduction

CO2 sequestration in coal seams is a relatively new tech-
nique to simultaneously achieve enhanced coal bed methane
(ECBM) production and reduced CO2 emission. The signifi-
cance and current status of this research area have been com-
prehensively reviewed in two recent review papers.1,2 In any
particular practical case feasibility, economics, and risk eval-
uation require the determination of a number of operational
conditions. Both theoretical analysis and experimental inves-
tigation are essential for the development of effective ECBM
strategies. A multidisciplinary approach is required, covering
a number of challenging scientific areas such as multi-com-
ponent transport in porous media, coal characterization, geo-
physics, and geochemistry. In spite of an extensive recent lit-
erature in relevant areas, significant gaps in knowledge can

still be identified because of the complexity and broad scien-
tific coverage of the field, which are identified as follows.
1. The multiscale nature, which ranges from molecular inter-

actions in the length scale of nanometers and time scale of
micro seconds all the way to coal seam operations with
lengths of kilometers and performance analyzed in hours,
days, and even weeks. Significant research advances have
been achieved in both microscopic level using molecular
simulations, and macroscopic level studies through com-
mercialized software packages, for coal bed methane
(CBM) simulations. However, coupling these two scales
remains elusive as evidenced by the fact that the recent con-
ceptual advances achieved from fundamental studies are
scarcely incorporated into the large scale simulators. For
example, it can be shown that neglecting micro-pore size
distributions in CBM models leads to considerable errors. It
is necessary to develop adequate transition procedures to
bridge the micro- and macro-scale formulations.

2. A process can be described by many models with differ-
ent complexity and accuracy. We adopt the position of
Box and Draper3 that: ‘‘Essentially, all models are wrong,
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but some are useful.’’ They also emphasized that: ‘‘. . . the
practical question is how wrong do they have to be to not
be useful.’’ A model could be useful for a particular
application, but may fail for other purposes. A study on
model hierarchy could be an effective strategy for model
form selections based on applications. Unfortunately, no
systematic study on the hierarchical modeling of ECBM
processes has been reported in the literature. Guidelines
for model form selections for specified end-uses are yet to
be developed.

3. A significant number of modeling papers have relied on
the experimental data reported by other researchers for
model validation and parameter estimation. Because of
the complexity of coal characteristics, and possible incon-
sistency between experimental and simulation conditions,
the validation and estimation results may not be reliable.
It is highly desirable to integrate the theoretical study, nu-
merical simulations, and experimental investigations into
a unified research program.

4. Numerical values of important coal parameters reported
in some articles have lost their original physical signifi-
cance even though outcomes with acceptable accuracies
were obtained.4,5 For example, both pore and surface dif-
fusivities estimated in these articles, e.g. by back-fitting,
are many orders smaller than values computed in funda-
mental studies. There are two main reasons for the dra-
matic deviations between different estimation methods:
(1) model structures cannot adequately represent the real
physical systems, leading to the error accumulation in the
estimated parameters; and (2) estimation methods based
on macroscopic measurements are insufficient for the
unique determination of multiple parameters associated
with different mechanisms. The effective pore and surface
diffusivities estimated using the overall measurement data
have been called ‘‘pseudo diffusivities’’ by Yang.6 Modi-
fied modeling strategies should incorporate computations
based on the fundamental theory where appropriate, and
be able to provide convincing physical explanations about
discrepancies.

5. Although adsorption induced dimensional changes (swel-
ling and shrinkage) have been investigated extensively,7,8

the dynamic evolution of coal structures in CO2 seques-
tration processes have not been comprehensively studied.
An important consequence of coal swelling/shrinkage dur-
ing sorption processes is the permeability change, which
has attracted a considerable amount of research effort.
However, models developed for the prediction of this
phenomenon normally assume constant geophysical prop-
erties, such as constant volumetric swelling coefficient
and Young’s modulus, and negligible effects on adsorp-
tion and diffusion processes. There is strong evidence to
show that geophysical properties of coal change dynami-
cally and nonlinearly. For example, with increasing gas
adsorbed the smaller the volumetric swelling coefficient,
and the larger the Young’s modulus of fracture. Conse-
quently, some key parameters must be identified dynami-
cally. This involves dynamic optimization, which has not
been reported previously.
There are two popular dynamic modeling strategies for the

representation of transport phenomena in porous media,
namely, the pore network approach and the particulate

approach. In the particulate approach, macro-spheres are pro-
duced through the aggregation of micro-spheres of uniform
size. These macro-spheres are then packed in the sample cell
for the diffusion-adsorption studies. Since the system pro-
vides dual porosity and diffusivity, the model is named the
bi-disperse model. This technique was originally developed
for spherical catalysts and adsorbents with quite restrictive
mathematical assumptions, including negligible pressure gra-
dient and isotropic properties of the adsorbents.6 It has been
extended to coal technology in recent years.4,5,9 Because of
the limitations of the bi-disperse model, described by Yang,6

and the complexity of coal structures, its extension to coal
technology has led to the loss of physical significance of sev-
eral key parameters, such as pore and surface diffusivities.
The reported pore network approach reviewed by Tsotsis
et al.1 involves transport through the macro-pore and cleat
fracture networks, diffusion through the meso-pore and
micro-pore regions of the coal matrix, adsorption of CO2

onto, and de-sorption of CH4 from the surface of the micro-
pores. That is, macro-pore cleat fractures and the coal matrix
itself represent separate classes of transport paths in the sense
that each has its own distinct characteristics. In spite of the
scientific advances and practical significance of the two-path
pore network approach,10 it can be demonstrated through nu-
merical simulations that the mass transfer mechanisms in
each path are much more complicated than that incorporated
in the conventional models. For example, there is no justifi-
cation for the assumptions regarding negligible diffusive
mass transfer in macro-pores, and convective mass transfer
in meso-pores used in the development of the conventional
models. Furthermore, there are four experimentally distin-
guishable pore types in coals that have a role in dynamic
structural changes associated with the pressurized adsorption/
de-sorption processes. The lumping of macro-pores with
cleats leads to significant model errors. These issues should
be adequately addressed in modeling studies.

There are advantages and disadvantages associated with
both strategies. A comparative study between two approaches
will certainly lead to valuable insights. Methods to relax the
restrictive assumptions imposed on the particulate approach
to broaden its application areas is also an important research
topic. These may include the development of three dimen-
sional particulate models and studies on multisized particle
packing.

This article attempts to fill partly some of these gaps in
knowledge through the development of an integrated model-
ing approach to the dynamics of mass transfer in porous
media with particular applications to CO2 sequestration in
coal seams. The process under study can be depicted by a
spectrum of representations ranging between a very simple
black-box model based on input-output data only, and a
highly complex mechanistic model consisting of a large scale
partial differential equation (PDE) system with parameters
estimated through molecular simulations. Intermediate mod-
els, denoted as grey-box models, may be developed between
these two extremes to form a hierarchical tree. The selection
of model forms depends on the requirements of applications.
It is impractical to develop a pure mechanistic model
because of incomplete knowledge in a variety of relevant
fields. In this article, emphasis is placed on the development
of an upper-intermediate class model based on some physical
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understanding of the process. Our modeling strategy covers
the following areas.
1. Develop an overall model structure incorporating convec-

tive flow in cleats associated with aperture and permeabil-
ity computations, convective and diffusive flows in macro-
and meso-pores, adsorption/de-sorption and surface diffu-
sion in micro-pores. Micro-pore size distribution and pore
network correlations are incorporated into the overall
model.

2. Estimate key parameters using thermodynamic relation-
ships, molecular simulations, and reliable correlations.
On-line identification techniques using measurement data
are only used for the estimation of a minimum number of
parameters, which cannot be directly or independently
measured, or computed from theory.

3. Validate the macroscopic level model using a true tri-axial
stress coal permeameter (TTSCP), which provides accu-
rate dynamic measurements of gas flow-rates, composi-
tions, dimensional variations of specimens, temperatures,
and pressures in three orthogonal directions.

4. Study the mechanisms of coal swelling, leading to
dynamic permeability changes during adsorption, through
molecular simulations, which quantitatively show the
adsorption induced bond size and pore aperture extensions.

5. Investigate the effects of pore size distributions on fluid
flow and adsorption behavior. This is particularly impor-
tant for the mass transfer in micro-pores.
In this article, the Stefan-Maxwell analysis11 and computa-

tions of viscous flow12 are applied to the fluid phase inside
meso and macro-pores13 within the dusty-gas modeling
framework. In recent years, studies on Stefan-Maxwell equa-
tions for the adsorption and diffusion of pure components
and binary mixtures in zeolites and carbon nanotubes have
been carried out using molecular dynamics (MD) simulations
with promising results.14,15 The limitations of the reported
applications of Stefan-Maxwell analysis to the micro-pore
mass transfer are identified as: (1) The materials under study
consist of well defined micro-pore structures with thoroughly
characterized surface roughness; and (2) Studies have been
restricted to pure components and binary mixtures. Because
of the complexity of the coal structures, the first limitation
becomes a real hurdle for the extension of the reported MD
simulations to coal research. This implies that the validity of
Stefan-Maxwell analysis applied to multicomponent surface
diffusion in micro-pores within the coal matrix is yet to be
justified. We adopt the technique suggested by Wang and
Do16 based on the concept of hypothetical concentration to
address the surface diffusion for multi-component systems.
The pore networks for meso-pores are characterized by using
the EMT–SFA procedure. The pore size distributions in
micro- and meso-pores are incorporated into the mathematical
models and computer algorithms to replace the conventionally
used methods based on mean pore sizes. The adsorption and
desorption kinetics are investigated using experimental data
obtained in our laboratories with new representations in the
matrix format ready for the development of compact com-
puter codes based on matrix operations. The physical proper-
ties are computed dynamically within the integrated computa-
tional algorithm.

Compared with the models reported in the literature, the
newly developed model possesses the following advantages.

1. The integrated model consisting of four pore types with
six fluxes along each axis is more complete than conven-
tional dual or triple porosity models typically dealing with
three fluxes.

2. The model is more general because of the elimination of
several restrictive assumptions used in the development of
current conventional models. The eliminated assumptions
include the negligible pressure drop, isotropic, and homo-
geneous conditions for the development of bi-disperse
models,6 single mass flux, and unique pore size in each
pore type for the development of both bi-disperse and
pore network models.1,6

3. The model is more flexible because of dynamic computa-
tion of key model parameters using validated methods.
These include gas phase diffusivities and viscosities, and
the permeability of cleat, macro-, and meso-pores.
The shortcomings of the integrated model developed in

this work can be identified as follows.
1. It is difficult to measure directly the surface diffusivities,

micro-pore size distribution, pore-size dependent adsorp-
tion energies, and concentrations in the coal matrix with
consistent results.

2. The overall algorithm involves the solution of partial dif-
ferential-integral equations with symbolic differentiation
operations, which is more complicated than the numerical
schemes for solving the conventional models. Further-
more, numerical oscillations induced by step changes in
boundary conditions, known as the Gibbs phenomenon,
need to be accommodated.

3. Since deep coal seams are often below the water table,
the single phase fluid flow addressed in this article needs
to be extended to include water flow to provide a more
general result for ECBM operations.
Because of the complexity of ECBM operations, a staged

development of a model is inevitable to make the problem
tractable. The model and framework outlined here permits
incorporation of scientific advances or additional complexity,
as these become available.

Experimental Equipment and Procedure

Experimental equipment

A high pressure, true tri-axial stress coal permeameter
(TTSCP) is installed at The University of Queensland. The
normal maximum operating pore pressure in TTSCP is 14 MPa,
which replicates underground conditions up to about 1400 m
depth. At 14 MPa, CO2 is in supercritical condition. However,
many prospective coal seams suitable for CO2 sequestration are
much shallower than 1400 m, allowing operations at pressures
well below the CO2 supercritical point. As a prelude to further
studies on mixed phase and supercritical CO2 flows, we report
here normal single phase gas flow under pressures of 400–5000
kPa (much lower than the equipment limit). In most practical
situations the ground temperature is likely to be above the CO2

critical temperature (about 318C) and the normal condition will
be as a vapor. Nevertheless, we anticipate extension to more
general models dealing with multiphase and/or supercritical
fluid flows. The generalized process flow diagram of the TTSCP
is schematically shown in Figure 1. A variety of fluids may be
made to flow through a cubic coal sample under controlled pres-
sure conditions, while the specimen is subject to three independ-
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ently-set, mutually-orthogonal external compressive stresses. A
variety of coal specimen sizes can be accommodated up to the
maximum size of 200 mm side length cube. The coal specimen
size for most of the measurements is 80 mm cube. The three
dimensional strain changes under operational conditions are
measured using the strain gauges imbedded in the coal speci-
men. Details of the design features and measurement techniques
are available elsewhere.17

Experimental procedure

A typical experimental set consists of three steps, namely
setting up a standard initial condition, in which He flows
through the sample for an extended flushing period, replace-
ment of He by CH4, and CO2 sequestration. The complete
procedure is schematically depicted in Figure 2. Upon return-
ing to Step 1 after Step 3, the coal specimen can be reused
for another set of experiments.

The transient data include flow-rates, pressures, and tem-
peratures for inlet and outlet gas streams, outlet gas concen-
trations, three dimensional external stresses on the coal speci-
men, and the three dimensional strains. Exit gas concentra-
tions are measured using a gas phase chromatograph. Three
strain gauges are imbedded in the coal specimen for the
determination of strains in three orthogonal directions. The
dynamic data are recorded every 2 min by the computer data
acquisition system for offline analysis.

Coal specimen preparation and surface characterization

The coal specimen preparation consists of coal specimen
extraction from the coal seam, surface characterization, mer-
cury porosimetry, and helium pycnometry analyses on small
sub-samples, specimen cutting to the desired sizes, and sur-
face polishing. These procedures are described in detail by
Massarotto.17 The most frequently tested specimen size in

our laboratory is 80 mm cube, which is used in the simula-
tion studies. This 80 mm specimen size provides a conven-
ient compromise between what is large enough to be repre-
sentative and what is practically available. Typically 40 mm
cubes can be cut from standard cores and 80 mm cubes can
be cut from special large cores (which generally require spe-
cial, expensive drilling). We have also tested a small number
of 200 mm cubes, but these need to be individually mined
and present significant logistical problems in handling, trans-
port, and cutting. For a 200 mm cube, cut in a specific orien-
tation, a very much larger original block is required. Smaller
size samples, e.g. 40 mm, are easier to handle, but show a
much higher degree of heterogeneity between samples.

As an illustrative study on coal permeability, the perme-
ability of an 80 mm cube was first measured in the TTSCP
with the result of 5.3 mD. This was then cut into eight
40 mm daughters and the permeability of each of these
measured. The surface features and the measured permeabil-
ity of these sub-cubes are shown in Figures 3a, b. The fol-
lowing 10 cleat characteristics can be obtained from the sub-
specimens shown in Figures 3a, b:
1. Cleat frequency (density);
2. Cleat spacing distribution;
3. Cleat aperture distribution;
4. Cleat orientation/truncation;
5. Cleat length and height;
6. Cleat continuity;
7. Cleat connectivity;
8. Cleat filling (with minerals and clay);
9. Cleat tortuosity;
10. Cleat damage in sample preparation processes.
The significance of these characteristics can be analyzed as

follows using Figure 3. The sub-cube F2 with the highest
permeability (5.0 mD) had high cleat density, connectivity,
continuity, large cleat apertures, and low tortuosity. Although
the cleat density for the sub-cube F3 with the second highest

Figure 1. TTSCP.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 2. Experimental procedure.
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permeability (2.6 mD) is low, the connectivity, and continu-
ity for both face and butt cleats are high, leading to the
effective use of all cleat spaces. One main cleat in sub-cube
F4 was filled with silica because a part of the sample fell off
during the polishing process and was then glued back. Small
sections of the corners or edges on some sub-cubes required
repair after cutting, indicated in Figure 3. The continuity and
connectivity of the remaining cleats in this sub-cube are very
low and this leads to the lowest permeability (0.4 mD). The
effects of cleat orientation (truncation) on the coal permeabil-
ity can be clearly demonstrated using sub-cubes R1 and R2
with relatively low permeability (0.8 and 0.5 mD respec-
tively). A number of angular cleats in these two sub-cubes
became unavailable for vertical fluid flow because they dead-
end against the sides of the specimen holder. The bottle-neck
effect can be seen in sub-cube R3 with low permeability

(0.6 mD), in which several cleats were contracted into a sin-
gle point on the surface. Sub-cube R4 should possess higher
permeability than the measured value (1.0 mD) because of
large cleat apertures, low tortuosity, and reasonable values of
cleat density and connectivity. We believe this lower than
expected permeability was caused by technical problems in
the data acquisition system, providing a not entirely reliable
data set. Because the larger sample has significantly less
cleat damage, truncation induced cleat discontinuity and dis-
connections, and boundary effects; the mother specimen
should possess higher permeability than the individual sub-
specimens. Although seven out of eight sub-cubes possess
much lower permeability than the overall permeability, it can
be semi-quantitatively shown that if the effects of cleat dam-
age are removed, and the original continuity and connectivity
are recovered, it is reasonable that the permeability of the as-
sembly of the eight sub-cubes reaches the value of 5.3 mD.

Adsorption energy and pore characterization

Adsorption Energy. Adsorption energies for gases
adsorbed on various porous media are normally computed
using the Lennard–Jones potential energy equation or its
modified formats, such as the Steele equation.18 Figure 4
shows the adsorption energy in slit pores with different widths
using the Steele 10-4-3 potential energy equation, which is
described in Appendix A. The significance of adsorption
energy computations for coal specimens includes the determi-
nation of the parameters in adsorption isotherms and the esti-
mation of surface diffusivities which will be explained later.

The adsorption energies of N2 and CH4 depicted in Fig-
ure 4 are very close to that reported by Cui et al.,9 except
for the CO2 profile, which is significantly higher than they
reported (although the same potential energy equation was
used). Importantly, for micro-pores in the range of 0.36 < w
< 0.46 nm the adsorption energy of CO2 is always larger
than that of CH4. Our laboratory measurements using density
functional theory (DFT) indicate that a significant amount of
micro-pores do lie in this range. Also, the difference between
adsorption energies of CO2 and CH4 shown in is Figure 4 is

Figure 3. (a) Front four elements in the 80 mm cube
coal specimen; (b) rear four elements in the
80 mm cube coal specimen.

Figure 4. Adsorption energy in slit shape micro-pores.
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much larger than that reported by Cui et al.,9 who we believe
may have presented underestimated values.

Pore Size Distributions. Porosity in coal is composed of
micro-pores (5–20 Å), meso-pores (20–500 Å, macro-pores
(500Å–0.1 mm), and cleats (0.1 mm–2 mm). The size range
of cleats is very broad. The mean cleat aperture in the
unstressed coal specimen shown in Figure 3 is estimated as
110 mm, which is slightly higher than the most frequently
measured cleat size range of 0.1–50 mm reported by Gamson
et al.19 (suspected stressed samples). Since the Young’s mod-
ulus of the cleat is much smaller than that of coal matrix, the
cleat aperture reduces rapidly with increased external stress.
Consequently, the coal specimen used in the current study
represents the general situation reasonably well. A compre-
hensive literature review carried out by Massarotto17 presents
some commonly accepted coal data from the open literature.
Generally, the data reported by Levine20 and Gamson et al.19

are well regarded by other researchers. The relevant points
are summarized as follows. The total porosity of a coal is a
strong and nonlinear function of the rank of coal measured
by carbon content. It may vary from 4 to 18%. For high rank
coals, the total porosity could be in the range of 4–8%. We
adopt the following ratios for various pore types: cleats: 1–
5%, macro-pores: 10–15%, meso-pores: 5%, and micro-
pores: 70–80% of total pore volume.

Pore size distributions for meso-pores in a number of coal
specimens have been measured in our laboratory. The distri-
butions vary significantly for different coal specimens. How-
ever, the curve shapes of the distribution densities match log-
normal distributions well. Consequently, we use lognormal
distribution for meso-pores. The general representation of the
lognormal distribution with suitable parameter values are
explained in Appendix B.

There are no commonly accepted techniques for the accurate
determination of micro-pore size distributions. A number of
methods have been tested in our laboratory for micro-pore
characterizations. The micro-pore size distributions can be rep-
resented by lognormal or G-distributions based on the available
measurement data. The general representation of a G-distribu-
tion with suitable parameter values are also explained in Ap-
pendix B. It must be pointed out that the development of reli-
able experimental techniques for the determination of micro-
pore size distributions is a very important, yet underdeveloped
research area, requiring urgent research attention.

Conventional modeling strategy in coal research using
averaged pore size could be acceptable for large pores, but
lead to significant errors in small pores. This can be analyzed
as follows. Since Knudsen diffusion, which is strongly
affected by the pore size, is the dominant mass transfer
mechanism in meso-pores, accurate computational results
cannot be obtained without taking size distribution into
account. Figure 4 shows that adsorption energies change con-
siderably with minor variations of pore widths in the half-
pore size range from 3 to 5 Å. However, a significant amount
of micro-pores are in this sensitive size range as estimated
by Eqs. A2 and A3. The necessity for the study regarding
micro-pore size distribution will be further justified in the
Results and Discussion section. Macro-pores and cleats
where adsorption and Knudsen diffusion are negligible can
be characterized using the averaged pore sizes in the model
development with acceptably small error.

Pore Network Models. In this study, we adopt the pore
network approach to the fluid dynamics in coal specimens.
There are different definitions for the porosities. For exam-
ple, the porosity can be defined either based on the total sam-
ple volume or based on the remaining volume, which is the
total sample volume minus the summation of larger pore vol-
umes. The first definition is popular in the coal literature,
whereas the second definition could be better suited to pore
network computations. To make the definitions consistent
with the majority of the publications in the porous media lit-
erature, we adopt the following strategies:
(a) Separate cleats from other three pore types;
(b) Combine micro-pores with solid materials,21 and
(c) Exclude larger pore volumes in the determination of the

porosity of smaller pores.
Consequently, the total porosity does not include the cleat-

and micro-porosity, leading to the following definition:

et ¼ ema þ eme c ¼ ema þ ð1� emaÞeme

eme c ¼ ð1� emaÞeme ð1Þ

where et, ema, and eme stand for total, macro-, and meso-pore
porosities, respectively with the total porosity consisting of
macro- and meso-porosities only; eme_c is the alternative defi-
nition of meso-pore porosity adopted in the coal literature.
The advantage to combine micro-pores with solid materials is
as follows. Three key parameters for micro-pores, namely po-
rosity emi, tortuosity tmi and surface diffusivity Dpm, can nei-
ther be computed rigorously nor measured directly, and there-
fore require online identification. If the micro-pores and solid
materials are treated together, these three parameters are com-
bined together defining a composite surface diffusivity Dm

represented by Dm ¼ (emi Dpm)/tmi, significantly simplifying
the parameter identification problem. Probably, as measure-
ment techniques advance, micro-pores and solids can be
treated separately in the future providing improved accuracy
and physical understanding. Archie’s law is used to estimate
the tortuosities of both macro- and meso-pores22:

e
t
¼ ea (2)

where a is the parameter to be determined experimentally.
The range of a estimated by Sahimi22 is from 1.3 to 4. For an
activated carbon sample with the porosity ema ¼ eme ¼ 0.31
and measured tortuosity23 tma ¼ 4.70, the computed a is 2.32.
Because of the small coal porosities, this value of a leads to
very large totuosity values for macro- and meso-pores. It
seems that a for coals is in the lower part of the value range
suggested by Sahimi.22 For example, if we assume that the
range of a is from 1.3 to 2, the range of macro-pore tortuosity
is from 4 to 100, which seems plausible. A default value of a ¼
1.4 is used for both macro- and meso-pores as the starting
point of our simulations.

Since micro-pores are combined with solid materials, the
computation of the micro-pore tortuosity can be avoided.
The detailed modeling strategy will be described in next sec-
tion. The Effective Medium Theory coupled with the smooth
field approximation (EMT–SFA procedure) is employed to
address mass transfer in meso-pore networks.
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Development of integrated modeling framework

A simplified diagram of an element in the coal specimen is
shown in Figure 5. There are six mass fluxes in the coal speci-
mens. These are: convective fluid flow through cleats (Flux
1), bulk diffusions in macro and meso-pores (Fluxes 2 and 3),
viscous flows in macro and meso-pores (Fluxes 4 and 5), and
surface diffusion within microspores (Flux 6). A multiple one-
dimensional modeling strategy is developed in this work for
notational and computational simplicity. It can be easily
extended to multidimensional systems. We use the orthogonal
collocation on finite element (OCFE) method to solve the
model equations numerically. In the model development, we
mainly demonstrate the derivations of the governing equations
in the z-direction, and use averaged properties along the x-
axis. However, in the study of mass transfer between coal ma-
trix and face cleats, concentration gradients in the x-direction
are taken into account. It will be shown that the strategy of
the combination of multiple one-dimensional models is more
accurate than the pure one-dimensional models but much sim-
pler than the real multi-dimensional models.

The following eight assumptions are made for the model
development:
1. The fluid phase and the adsorbed phase are in local equi-

librium with each other at any time in the coal matrix;
however, fluid phase in cleats is not in equilibrium with
the adsorbed phase.

2. The effective medium theory coupled with the smooth
field approximation (EMT–SFA procedure) is an accepta-
ble approximation for the investigation of transport phe-
nomena in pore networks for meso-pores.24,25

3. The real gas law using the compression factor is applica-
ble to the fluid phase.

4. A slit pore structure is assumed for all the pore types.
However, certain analogies between slit and cylindrical
pores are also assumed in order to use the well-established
pore network models.

5. A pore size distribution for meso-pores is assumed as log-
normal, and that for micro-pores is assumed as either log-
normal or G-distribution.

6. A uniform pore length is assumed in the EMT-SFA proce-
dure.

7. The system is isothermal, but extendable to non-isother-
mal operations.

8. Water flow is neglected at this stage.
It should be pointed out that some of the assumptions

could be relaxed. For example, Assumption (1) can be elimi-
nated by the computation of the mass transfer rate between
the fluid phase and the adsorbed phase,16 Assumption (2) can
be replaced by more advanced characterization techniques
described by Sahimi22 and Adler26 for the determination of
Knudson diffusivities and permeability parameters in macro-
and meso-pores, and Assumption (5) can be modified by
using real measurement data. In fact, the generalized algo-
rithm for numerical simulations is developed in such a way
that the users are able to select proper pre-documented func-
tions based on particular applications. Because of the diffi-
culties encountered in the determination of some parameters
and functions, the more advanced techniques have not been
widely applied to coal systems. These parameters and func-
tions mainly include the mass transfer coefficients between
the fluid phase and the adsorbed phase, pore network geome-
try, and connectivity, pore length distribution, and micro-
pore size distribution. It can be seen that at this stage, the
bottleneck for the relaxation of the listed assumptions is the
lack of reliable measurement techniques rather than mathe-
matical difficulties. The assumption of negligible water flow
leads to significant errors for the prediction of mass transfer
in coal seams below the water table. However, it makes the
problem more tractable and forms a theoretical and computa-
tional foundation for further studies on multiphase fluid flow.

Fluid Flow in Cleats (Flux 1). Gilman and Beckie10

developed a mass balance model for flow in cleats by impos-
ing five assumptions. Two out of five assumptions are
impractical for CO2 sequestration processes. They are: [A1]
Methane is the only moving substance in the coal seam
(single component system is assumed); and [A4] Methane
behaves like an ideal gas and its viscosity does not depend
on pressure. These two assumptions are removed in this arti-
cle. The multicomponent fluid flow equation in matrix form
is given by:

qðefCfÞ
qt

¼ � qðefVCfÞ
qz

þmðz; tÞ

Cf ¼
Cf 1

..

.

Cf NC

2
664

3
775

m ¼
m1

..

.

mNC

2
664

3
775 ð3Þ

where ef is the fracture (cleat) porosity, Cf the vector of con-
centrations, Cf_i the concentration of the i-th component, i ¼
1, . . . , NC, NC the total number of components, m the vec-
tor of the blocks-to-fracture mass cross flow rate, mi theFigure 5. Element in coal specimen.
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blocks-to-fracture mass cross flow rate for the i-th compo-
nent, which could be either positive or negative, V the gas
velocity. Equation 3 can be converted into the partial pres-
sure representation as:

qðefPfÞ
qt

¼ � qðefVPfÞ
qz

þ ZmRTmðz; tÞ

Pf ¼
Pf 1

..

.

Pf NC

2
664

3
775 ð4Þ

where Pf is the vector of partial pressures in fractures, Pf_i is
the partial pressure for the species i, and Zm is the compres-
sion factor of the gas mixture. The total pressure is the sum-
mation of the partial pressures given by:

qðefPfÞ
qt

¼ � qðefVPfÞ
qz

þ ZmRT
XNC
i¼1

miðz; tÞ

Pf ¼
XNC
i¼1

Pf i ð5Þ

For the coordinate system defined by Figure 5 with gases
passing through specimens from the bottom to top, fracture
gas velocity is governed by Darcy’s law as follows:

efV ¼ � Ko

cmm

qPf

qz
þ grm

� �
¼ � K

mm

qPf

qz
þ grm

� �
(6)

where mm and rm are the viscosity and density for the gas
mixture, respectively, Ko is the overall permeability based on
the total cross section area of the specimen, K the permeabil-
ity of cleats, V the gas velocity, g the gravitational accelera-
tion, and c > 1 the correction parameter. The necessity for
the incorporation of the correction parameter c is that, the
Darcy flows occur not only in cleats but also in macro- and
meso-pores. Without accounting for the contributions of
other pore types to the permeability in addition to cleats, the
velocity in cleats will be over estimated. The overall perme-
ability in Eq. 6 is measured in our laboratory using the fol-
lowing approximation:

Ko ¼ QmLmm
ADP

(7)

where Ko is the overall permeability, Qm the volumetric gas
flow-rate at mean pore pressure, L and A the height and cross
section area of coal specimens, respectively, and DP the total
pressure drop.

The permeability can be estimated by using the following
correlation for slit shaped fractures:

K ¼ a2

12

e
t
¼ a3

12h

1

t
¼ w2

3

e
t

(8)

where a and w are the width and half width of slit fractures,
respectively, h is the distance between fractures. With the
application of the Archie’s law, Eq. 8 becomes:

K ¼ w2

3

2w

h

� �a

(9)

Since the tortuosity t of coal fractures is low, the parame-
ter a is at the lower end of the value range as described pre-
viously. We use a ¼ 1.4 as a representative starting point.

The apertures of the fractures change dynamically because
of adsorption induced swelling and the variations in external
stresses. Consequently, the permeability also changes dynam-
ically during CO2 sequestration operations. This issue will be
addressed in later sections.

A technique was proposed by Gilman and Beckie10 to esti-
mate single phase mass cross-flow rate with diffusion as the
only mass transfer mechanism. It can be extended for the
multicomponent systems with both of the diffusive and con-
vective mass transfer fluxes as follows:

mi ¼ Di;e

ZmRTl
2
ðPi � Pf iÞ þ Kc

mcml
2
ðPc � PfÞCi

¼ Di;e

l2
ðCi � Cf iÞ þ Kc

mcml
2
ðPc � PfÞCi

i ¼ 1; . . . ;NC ð10Þ

where Di,e is the effective diffusivity for the computation of
the diffusion mass transfer between the coal matrix and frac-
tures, Ci is the gas phase concentration in the coal matrix, the
subscript i ¼ 1, . . . , NC is the index for identifying the spe-
cies, Kc is the permeability of coal matrix in x-direction, Pc,

and Pf are the total pressures in the coal matrix and fractures,
respectively, mcm is the viscosity of gas mixture in the coal
matrix, and l is the half distance between fractures. This esti-
mation method is easy to understand and simple to use. How-
ever, the original authors10 could not explain the tremendous
differences between the experimentally measured effective
diffusivities and the Knudsen diffusivity. A rigorous mathe-
matical analysis will be carried out in the sub-section titled
Development of Effective Diffusivity for Model Simplifica-
tion to address the issue of the observed discrepancy.

Adsorption Induced Dimensional Changes. The three di-
mensional strains are measured using strain gauges imbedded
in coal specimens. There are two main inter-connected pur-
poses for strain measurements: (1) to investigate coal com-
pressibility in order to calculate the Young’s modulus; and
(2) to quantify adsorption/de-sorption induced coal swelling/
shrinkage. A curve indicating variations of compressibility
factor with average stress for a coal specimen is shown in
Figure 6. The compressibility factor is defined as the inverse
of the bulk modulus with the unit MPa�1

The compressibility factor in the lower stress zone is used
to estimate the Young’s modulus of coal fractures, Ef, whereas
that in the upper stress zone is used to estimate the Young’s
modulus of the coal matrix, E, using the following correlation:

1

Et

¼ 1

Ef

þ 1

E
(11)

where Et is the total Young’s modulus. An accurate estima-
tion of E/Ef is essential for calculations of adsorption/de-
sorption induced permeability variations, which will be
described in the following sub-section.
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It has been realized for some time that coal specimens
change sizes during adsorption/de-sorption processes, leading
to significant permeability variations. Selected coal swelling
data measured in our laboratory using the experimental rig
shown in Figure 1 are listed in Table 1. The parameter g in
Table 1 is defined as the volumetric swelling coefficient for
the computation of the volume change of coal specimens
using the following equation27:

DU ¼ gDS (12)

where DU and DS are changes of the specimen volume and
adsorbed mass, respectively for constant external stresses. It
can be seen that the dimensional changes take place in all of
the three directions. Consequently, the condition of negligible
lateral strain assumed by Gilman and Beckie10 cannot be
applied to our coal specimens.

Adsorption Induced Permeability Change. Gilman and
Beckie10 have developed a permeability model, which is pre-
sented in Appendix C. The model correlates the permeability
variations with changes of the fracture pressure DPf and the
mass of adsorbed gases DS. The model provides certain
physical insight and a starting point for further development.
However, the computed values based on the model deviate
from our measurement data significantly. Two main limita-
tions associated with the Gilman and Beckie model can be
identified as follows: (1) It is a static correlation without tak-
ing dynamic variations into account; and (2) The three main

parameters, namely, g, E, and Ef are treated as constants. We
will show that these parameters are strong functions of
adsorbed mass S, which should be considered in the modified
model.

Our experimental rig is designed in such a way that the
pressure in fractures can be controlled perfectly. Conse-
quently, the condition of DPf ¼ 0 can be assumed to simplify
the model. Using differential calculus, the Gilman and Beckie
model can be extended to the following more general format:

KðSÞ ¼ KðS0Þ exp
Z S

S0

� 3gðSÞE
ð1� nÞtfEfðSÞ dS

� �
(13)

where tf is the tortuosity of cleats. Equation 13 provides
more accurate prediction than the original model due to the
following (1) Operations are not normally started from zero
adsorption load; and (2) Both the Young’s modulus for frac-
tures Ef and the volumetric swelling coefficient are not con-
stants, but functions of the adsorbed gas. As S is small, Ef

could be very small leading to a large value of g. On the other
hand, Ef increases and g decreases with the increase of S,
leading to small variations of K as the system approaches
adsorption saturation.

The aforementioned qualitative analysis can be justified
using the measurement data shown in Table 1. The computed g
for the replacement of He by CH4 under the mean pressure Pm

¼ 2000 kPa is 2.5 � 10�4 (m3/kg gas adsorbed). However, that
for the replacement of CH4 by CO2 the value is only 1.3 �
10�4 (m3/kg gas adsorbed), indicating the dependency of g and
Ef on the amount of the adsorbed gases. The g values measured
in our laboratory (1.3–2.5 � 10�4) are within the literature data
range summarized by Van Krevelen.27

To compute permeability K using Eq. 13, it is necessary to
determine the Young’s moduli E and Ef in addition to g.
This can be done by measuring the compressibility factor of
coal specimens. The range of compressibility factor of coal
specimens is from 4.0 � 10�4–1.0 � 10�1 MPa�1 with a
typical curve shown in Figure 6. The median value is con-
sistent with the literature value of 2.1 � 10�4 MPa�1

reported by Van Krevelen.27 The lower and upper value sec-
tions are used for the estimation of Ef and E, respectively.
From the measurements of compressibility for a number of
coal specimens performed in our laboratory, the value range
of Ef/E is 0.01–0.07 depending the extent of adsorption. It
should be emphasized that for the dynamic processes, the
values of g and Ef/E must be changed dynamically according
to the total amount of adsorbed gases. For example, if con-
stant values of g and Ef/E are used to estimate the permeabil-
ity for CO2 replacing CH4 under 400 kPa, the computed per-

Figure 6. Variations of compressibility factor with aver-
age stress.

Table 1. Adsorption Induced Coal Specimen Swelling and Permeability Change

Property CH4 Replacing He CO2 Replacing CH4

Mean pressure Pm (kPa) 400 2000 400 2000
x-Direction strain (DLx/L) 0.0012 0.0019
y-Direction strain (DLy/L) 0.0010 0.0017
z-Direction strain (DLz/L) 0.0013 0.0020
Gas adsorbed (kg/m3) 4.6 14.1 39.6 70.5
Permeability (mD) 3.1–3.2 1.9–2.1 0.8
Average g (m3/kg gas ads.) 2.5 � 10�4 1.3 � 10�4

Literature range of g27 (m3/kg gas ads.) 1.0–3.0 � 10�4
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meability values differ from the real permeability (1.9–2.1
mD). This discrepancy can be effectively eliminated using
Eq. 13 with adsorption dependent g(S) changing from 2.0 �
10�4 to 1.3 � 10�4 (m3/kg gas adsorbed) and Ef(S)/E(S)
changing from 0.05 to 0.06.

An alternative technique for the determination of porosity/
permeability variations for single component systems is based
on the Palmer–Mansoori theory.28 The limitation of the
method is identified as: (1) It was originally developed for
single component systems; and (2) Constant model parame-
ters suggested in the original development lead to significant
errors and inconsistencies. Further work is needed to extend
the Palmer–Mansoori theory to multicomponent systems.

From the Gilman and Beckie model described by Eq. A4
with the assumption of negligible DPf, the dynamic model of
permeability is represented as:

dK

dt
¼ � 3gðSÞKðSÞE

ð1� nÞtfEfðSÞ
dS

dt
(14)

As for Eq. 13, K, Ef, and g are all functions of S, and
should also be estimated dynamically. The overall adsorp-
tion/de-sorption rate dS/dt is given by:

dS

dt
¼
XNC
i¼1

Mi

R L
0
miðz; tÞdz
L

þ Nin
i � Nout

i

 !( )
(15)

where Mi is the molecular weight for the i-th component, and
mi is the mole adsorption or de-sorption rate defined in Eq. 3
for the i-th component with either positive or negative sign,
Ni

in and Ni
out are the total molar fluxes of the inlet (z ¼ 0)

and outlet (z ¼ L) streams in z-direction for the species i con-
sisting of five sub-fluxes, which will be further explained in
the sub-section titled ‘‘Overall mass transfer model’’. Compu-
tations of the fluxes in z-directions will be described in the
subsequent sections. The permeability variations with time,
K(t), can be computed by solving the ordinary differential
equation system given by Eqs. 14 and 15. A large number of
measurement data have been obtained using the TTSCP in
our laboratory. An example of the dynamic behavior of CO2

replacing CH4 for a typical case will be shown later.
Fluid Phase Diffusion in Porous Media (Fluxes 2 and

3). The fluid phase diffusions in macro and meso-pores
consist of molecular diffusion and Knudsen diffusion. The
molar fluxes within the macro and meso-pores in the Dusty-
Gas model format with the porosities defined in Eq. 1 are
represented as:

Ndma ¼ � ema

tma

B�1
ma

qC
qz

� �

Ndme ¼ �ð1� emaÞeme

tme

B�1
ma

qC
qz

� �
ð16Þ

The general form for Stefan-Maxwell matrix B is given by:

Bði; iÞ ¼ 1

DE�F
ki;e

þ
Xnc
n6¼i
n¼1

yn
DE�F

in;e

; i ¼ 1; . . . ;NC;

Bði; jÞ ¼ � yi
DE�F

ij;e

; i; j ¼ 1; . . . ;NC; i 6¼ j: ð17Þ

The EMT–SFA is employed to address diffusion in meso-
pore networks. To simplify the computations, we assume a
uniform pore length. This is because the real pore length dis-
tribution cannot be measured, and a nonuniform pore length
distribution can be accounted for by adjusting the e/t value
in the parameter identification procedures. The proposed
methods can be extended to include pore length distribution
if known. For a network of uniform length pores, the EMT-
FSA Knudsen diffusivity for slit shape pores is given by:

DE�S
Ki;e ¼ 1

t
e Qi

hw3ie
hw2i

Qi ¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8RT

pMi � 10�3

r
ð18Þ

The EMT–FSA effective binary diffusivity in slit pores
takes the following form:

DE�S
ij;e ¼ 1

t
e Dij

hw2ie
hw2i (19)

In Eqs. 18 and 19, the effective average is defined as:

hqaie ¼
Z qmax

qmin

qa f ðqÞdq (20)

where f(q) is a distribution function such as the lognormal
and G-distribution functions given by Eqs. A2 and A3 in Ap-
pendix B, respectively, qmin, and qmax are the minimum and
maximum values of q, respectively. The arithmetic average
is represented as follows:

hqai ¼ 1

qmax

Z qmax

qmin

qa dq (21)

Viscous Flows in Porous Media (Fluxes 4 and 5). The
molar fluxes of viscous flows within the macro and meso-
pores are given by:

Nvma ¼ � ema

tma

Bma0ZmRT

mm

qC
qz

B�1
ma�maC

Nvme ¼ �ð1� emaÞeme

tme

Bme0ZmRT

mm

qC
qz

B�1
me�meC ð22Þ

The generalized form of the diagonal matrix L is given
by:

�ði; iÞ ¼ 1

DE�F
ki;e

; i; j ¼ 1; . . . ; nc;

�ði; jÞ ¼ 0; i 6¼ j: ð23Þ

Equation 23 is applicable to both macro and meso-pores
with respective Knudsen diffusivities. The permeability pa-
rameters Bma0 and Bme0 in Eq. 22 are computed using:

Bma0 ¼ 1

3

hw4
maie

hw2
mai

Bme0 ¼ 1

3

hw4
meie

hw2
mei

ð24Þ
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Surface Diffusion Model (Flux 6). We separate cleats
from other pores and combine the micro-pores with the solid
phase. Consequently, the total porosity is only contributed by
macro- and meso-pores defined by Eq. 1. We also imbed the
tortuosity of micro-pores into the surface diffusivity to make
it consistent with the majority of publications in the adsorp-
tion literature. The local surface flux of each species can be
written respectively in terms of the hypothetical and the
adsorption concentration as16:

Jm;iðwÞ ¼ �Dm;iðwÞCm;iðwÞ
Chy;i

XNC
j¼1

qChy;i

qCm;jðwÞrCm;jðwÞ (25)

where Chy,i and Cm,i are the hypothetic bulk concentration
and adsorbed phase concentration for component i, respec-
tively. The representation of Chy,i was developed by Wang
and Do16 based on the extended Langmuir isotherm. How-
ever, since the coal surfaces are not uniform, it may be better
to use the extended hybrid Langmuir–Freundlich equation
explained by Yang6 in adsorption studies for coals. Conse-
quently, the hypothetic bulk concentration becomes:

Chy;i ¼ 1

biðwÞ
Cm;iðwÞ

Cms;i �
PNC
j¼1

Cm;jðwÞ

2
6664

3
7775
1=Zi

(26)

The derivation of Eq. 26 is shown in Appendix D. In
Eq. 26, Zi, i ¼ 1, . . . , NC, are additional parameters in the
extended hybrid Langmuir–Freundlich equation, which will
be described later, and the pore size-dependent parameter bi
is defined as:

biðwÞ ¼ kadsðiÞ
kdesði;wÞ exp

Eði;wÞ
RT

� �
¼ bffiffiffiffiffiffiffiffiffi

MiT
p exp

Eði;wÞ
RT

� �
(27)

In Eq. 27, kads and kdes are adsorption and de-sorption rate
constants, respectively, E is the adsorption energy, and pa-
rameter b is assumed to be solid specific and independent
with respect to adsorbate. The surface diffusion model is
then formulated as:

qCm;iðwÞ
qt

¼ 1

zs
q
qz

zsDm;iðwÞCm;iðwÞ
Chy;i

XNC
j¼1

qChy;i

qCm;jðwÞrCm;jðwÞ
 !

(28)

where s is defined as the geometric factor with values of s ¼
0, 1, 2 for slab, cylinder and sphere, respectively; and the
adsorbed phase diffusivity DmI(w) is given by:

Dm;iðwÞ ¼ D0
mi;1 exp � aiEiðwÞ

RT

� �
(29)

In Eq. 29, a is the ratio of activation energy for surface
diffusion to adsorption energy,16 Dm,?

0 is the surface diffusiv-
ity at zero loading and infinite temperature. Both a and Dm,?

0

are normally treated as fitting parameters. The equilibrium
adsorption is computed by using the extended hybrid Lang-
muir-Freundlich equation6 expressed as:

Cm;iðwÞ ¼ Cms;i
biðwÞCZi

i

1þPNC
j¼1

bjðwÞCZj
j

(30)

where Cms,i is the adsorption capacity for component i with
the following temperature dependent form:

Cms;i ¼ Cms0;i exp½diðT � T0Þ� (31)

in which Cms0,i and di represent adsorbed capacity at refer-
ence temperature (273 K) and temperature dependent coeffi-
cient of adsorption capacity, respectively, for species i. Equa-
tion 30 can be rewritten in the matrix model format as:

JmðwÞ ¼ �ð1� etÞDmðwÞ qChy

qCT
m

ðwÞrCmðwÞ (32)

where the total porosity et is defined in Eq. 1 without count-
ing the micro-porosity, and Dm(w) is a diagonal matrix
defined as:

DmðwÞ ¼
Dm;1ðwÞ Cm;1ðwÞ

Chy;1
0 0

0 . .
.

0

0 0 Dm;NCðwÞ Cm;NCðwÞ
Chy;NC

2
664

3
775 (33)

and the vector differentiation is given by:

qChy

qCT
m

ðwÞ ¼

qChy;1

qCm;1ðwÞ � � � qChy;1

qCm;NCðwÞ
..
. . .

. ..
.

qChy;NC

qCm;1ðwÞ � � � qChy;NC

qCm;NCðwÞ

2
664

3
775 (34)

Overall Mass Transfer Model. The mass transfer model
within coal blocks consisting of five mass fluxes is developed
as:

et
qC
qt

þ ð1� etÞ qhCmie
qt

¼ � 1

zs
q
qz

zs Ndma þ Nvma þ Ndme þ Nvme þ Jm
� �

e

� 	
 ��m

ð35Þ

where vector m is defined in Eq. 3. The overall mass transfer
model consists of the submodel for fluid flow (Flux 1) in
cleats described by Eq. 3 and the mass transfer sub-model
within coal blocks represented by Eq. 35. The five mass
fluxes in coal blocks (Fluxes 2–6) are defined in Eqs. 16, 22,
and 32 respectively. The major advantage to combine the
mass transfer in micro-, meso- and macro-pores together is
the elimination of the computation of the mass transfer
between the micro-pores and other two pore types. The time
derivative term of Cm in Eq. 35 is given by:

qhCmie
qt

¼ qCm

qCT

� 

e

qC
qt

(36)
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where

qCm

qCT

� 

e

¼
qCm1ðwÞ
qC1

� � � qCm1ðwÞ
qCnc

..

. . .
. ..

.

qCmncðwÞ
qC1

� � � qCmncðwÞ
qCnc

2
664

3
775

* +

e

(37)

Consequently, the overall mass transfer model described
by Eq. 35 becomes:

etIþ ð1� etÞ qCm

qCT

� 

e

� �
qC
qt

¼ � 1

zs
q
qz

fzs½Ndma þ Nvma þ Ndme þ Nvme þ hJmie�g �m

ð38Þ

where I represents an identity matrix. The effective average
is defined by Eq. 20.

Ni
in and Ni

out in Eq. 15 are the summations of the five
fluxes for component i at the two boundaries (z ¼ 0 and z ¼
L), which can be readily computed using the boundary con-
ditions of Eq. 38 without the necessity to add additional
terms in the model.

Development of Effective Diffusivity for Model Simplifica-
tion. There are three types of diffusivities in the system,
namely diffusivities in micro- and meso-pores, and surface
diffusivity. A very common practice is the development of a
unique effective diffusivity to replace all three diffusivities.10

It should be pointed out that the effective diffusivity devel-
oped for the combination of different diffusivities is different
from the effective EMT-FSA diffusivity defined by Eqs. 18
and 19. Normally the effective diffusivities are estimated
using the experimental data. In general, they are many orders
of magnitude less than Knudsen and molecular diffusivities.
They are sometimes denoted as ‘‘pseudo diffusivities.’’6

There are no convincing physical explanations for the tre-
mendous discrepancies between the effective and mechanisti-
cally based diffusivities. This inconsistency is analyzed rigor-
ously as follows.

Without losing generality, we demonstrate the derivation of
the effective diffusivity for a single component system con-
sisting of two pore types, namely micro- and macro-pores for
notational simplicity. The overall mass balance is given by:

et
qC
qt

þ ð1� etÞ qCm

qt
¼ et

t
D
q2C
qz2

þ ð1� etÞDm
q2Cm

qz2
þ � � �

(39)

Partial derivatives of Cm are derived as:

qCm

qt
¼ qCm

qC
qC
qt

q2Cm

qz2
¼ qCm

qC
q2C
qz2

þ qC
qz

q
qz

qCm

qC

� �
ð40Þ

Substitute Eq. 40 into Eq. 39, after algebraic operations,
we obtain:

qC
qt

¼
et
t Dþ ð1� etÞ qCm

qC Dm

et þ ð1� etÞ qCm

qC

q2C
qz2

þ
ð1� etÞDm

q
qz

qCm

qC

� �
et þ ð1� etÞ qCm

qC

qC
qz

þ � � �

(41)

Consequently, the effective diffusivity should be defined
as:

De ¼
et
t Dþ ð1� etÞ qCm

qC Dm

et þ ð1� etÞ qCm

qC

(42)

Since the total porosity et is defined by Eq. 1 without
counting the micro-porosity, it is very small for coal speci-
mens. We may use et ¼ 0.03 to perform illustrative computa-
tions. The effective diffusivity could be in the range of 10�10

to 10�13 m2/s for the proper combinations of the values of et,
t, and qCm/qC. The concentration (or partial pressure) de-
pendency of the effective diffusivity is partly accounted for
through the derivative term qCm/qC. However, the possible
change of the connectivity because of pressure variations
suggested by Gilman and Beckie10 has not been justified
experimentally. The experimentally determined effective dif-
fusivities lead to reasonable predictions of diffusion proc-
esses in coal with certain sacrifice in physical insights.

Through the development of the effective diffusivity, the
diffusion processes in three pore types are reduced to a sin-
gle diffusion processes, leading to a significant model simpli-
fication. The overall effective diffusivity can be estimated
using Eq. 42 without purely relying on experimental meas-
urements. We use effective diffusivity described by Eq. 42
only in the computation of mass transfer between coal matrix
and cleats. To keep the mathematical rigor and numerical ac-
curacy, individual diffusivities are used in mass transfer com-
putations within the coal matrix.

The effective diffusivity represented by Eq. 42 should be
used with caution since the embedded simplifications may
introduce errors that are not negligible. The method should
be compared with 2D and 3D models that include rigorous
computations of the individual flux in various directions to
verify its applicability for particular systems.

Mechanisms of coal swelling in adsorption processes

It has long been recognized that adsorption in porous
materials is accompanied by adsorption deformation.8 We
show in the previous section that this deformation affects
coal permeability significantly, a result suggesting increased
research in the relevant areas for CBM and ECBM processes.
In spite of the advances achieved in the areas of sorption
induced deformation, the mechanisms leading to this practi-
cally important phenomenon are only known very approxi-
mately. Based on previous research, including comprehensive
mechanistic studies carried out at The University of Queens-
land, we propose three major mechanisms in this section.

Adsorption Induced Carbon Bond Extension: Basal Plane
Enlargement. Through molecular orbital theory calculations
using the software package Gaussian 98, Zhu et al.,29 have
observed carbon-carbon (C��C) bond extensions during
hydrogen adsorption processes. In that work, three types of
adsorption sites on single layer graphite are investigated: (1)
the ‘‘on-top site’’ directly above a carbon atom (called t site);
(2) the ‘‘bridging site’’ above a C��C bond (called b site);
and (3) the ‘‘middle hollow site’’ above a hexagon (called m
site). These different sites are graphically shown in the origi-
nal article.29 The following two models were proposed in the
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previous study: model 1-A has an odd electron number with
an open-shell electronic state, and model 2-B has an even
electron number with a closed-shell electronic state. A very
important and consistent observation is that the adjacent
C��C bond of the anchoring carbon of model 1-A has
extended from ca. 1.42 Å before H adsorption to ca. 1.51 Å
after H adsorption. This implies about 7% C��C bond exten-
sion in the H adsorption process. Of course, the single C��C
bond extension does not completely contribute to the overall
coal size enlargement. Because of the complexity of graphite
and pore arrangements in coals, only a minor part of the
bond extension is shown in the overall coal size enlargement
because of space confinement and energy dissipation. How-
ever, there is no doubt that the C��C bond extension during
adsorption is an important mechanism for the adsorption
induced coal dimensional change. It should be noted that the
C��C bond extension is mainly along the basal plane. The
edge-site plane deformation will be explained in the next
section.

Adsorption Induced Solvation Pressure Variation: Edge-
Site Plane Deformation. Ustinov and Do8 believe that the
solvation pressure due to adsorption of fluids in porous mate-
rials is the cause of elastic deformation of an adsorbent.
Such a deformation contributes to the Helmholtz free energy
of the whole adsorbent-adsorbate system due to accumulation
of compression or tension energy by the solid. It means that
in the general case the solid has to be considered as not
solely a source of the external potential field for the fluid
confined in the pore volume, but also as a thermodynami-
cally non-inert component of the solid-fluid system. They
presented analysis of nitrogen adsorption isotherms and heat
of adsorption in slit graphitic pores accounting for the
adsorption deformation by means of non-local density func-
tion theory (NLDFT). The solvation pressure ps is defined as
follows:

ps ¼ DP� pb ¼ �ss þ�sf ��0 � pb (43)

where pb is the bulk pressure, P0 the initial pressure at zero
loading acting between pore walls separated by an initial dis-
tance H0, Pss the pressure acting between pore walls at non-
zero loadings with pore size variations, and Psf the pressure
acting on pore walls by fluids. Although the analysis was
carried out for idealized systems at low temperature (77 K),
the single pore deformation data reported by Ustinov and
Do8 are very useful for the study of the mechanisms of
adsorption deformation. We assume that the Young’s modu-
lus of coal matrix is 3 GPa. There is about 13% pore size
enlargement for a pore with initial width of 6.1 Å. The de-
formation is more pronounced for larger pores with the same
Young’s modulus. For example, 21% pore size enlargement
for a pore with initial width as 8.4 Å is estimated based on
the computations carried out by Ustinov and Do.8

Through a comparative study between basal plane and
edge-site plane deformations, it can be shown that although
the latter is more significant than the former, the extension
along the basal plane is far from negligible.

Adsorption Induced Carbon-Metal Bond Extension. There
are a significant number of metal atoms adsorbed on the
inner surfaces of coals. It has been demonstrated experimen-
tally30 that the Pt-C bond is reduced from 2.62 Å to 2.02 Å

after the removal of the atomically adsorbed hydrogen in the
interface between the metal particles and the carbon support.
The change is as big as 30%. It can be surmised that this
also happens to other metal-carbon bonds resulting in simi-
larly significant dimensional changes. Further studies are nec-
essary in this area and we are pursuing detailed studies on
metal-carbon bonds using the ab initio method to obtain
accurate predictions of metal-carbon bond lengths.31

The three mechanisms coexist, playing different roles. We
speculate that the adsorption induced carbon bond extension
quantified by the authors29 could be the dominant mechanism
for coal permeability variations. Edge-site plane deformation
due to the solvation pressure change8 and the carbon-metal
bond extension30,31 in adsorption processes may mainly
affect mass transfer in micro-pores with relatively small
effects on cleat permeability. We reason as follows: (1) The
length of the basal plane is larger than that of the edge-site
plane, leading to the broadened stress transmission and strain
propagation; (2) Because of the softness of the edge-site
plane and carbon-metal bonds, deformation may cause poros-
ity relocations within the coal matrix before reaching the
cleat zones. In contrast to the edge-site plane, the stiffness
and high density of the basal plane provide relatively smaller
opportunity for the deformation to be tolerated within the
coal matrix.

It should be pointed out that microscopic level studies
on adsorption deformations are carried out to explore the
deformation mechanisms. The quantitative values above
cannot be directly applied to macroscopic level coal swel-
ling/shrinkage in sorption processes because of the com-
plexity of coal structures. However, the mechanistic under-
standing of adsorption induced coal size changes will cer-
tainly help us to develop physically based models in the
near future.

Physical properties and numerical scheme

Computation of Physical Properties. In this work, the
physical properties are computed dynamically as part of the
simulation objectives rather than pre-specified parameters or
averaged values. The main physical properties of gases are
estimated using methods and working equations recom-
mended and detailed in Reid et al.,32 which are briefly
explained in Appendix E. There is no rigorous method for
the computation of surface diffusivities without carrying out
molecular simulations for idealized systems.33 However, it is
very interesting to note that the surface diffusivity in a cylin-
drical pore without accounting for the effects of porosity and
tortuosity is in the same order of magnitude as the self diffu-
sivity (10�9 to 10�8 m2/sec). Consequently, self diffusivities
can be used as the starting point for the estimation of Dm?

0 .
A simple method for the computation of the self diffusivity
was developed by Mathur and Thodos,34 which is also pre-
sented in Appendix E.

Numerical Scheme. Because of the complexity of the
problem, the numerical scheme covers a broad range of com-
putational techniques. These mainly include the reduction of
partial differential equations (PDE) with moving front into
ordinary differential-algebraic equations (DAE); solution of
large-scale, stiff DAE systems; operations of multi-dimen-
sional arrays with up to 4 argument (k, l, i, j) where k, l, i,
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and j indicate the spatial location, pore size, species i and
species j, respectively; symbolic differentiations; computa-
tions of physicochemical properties; and parameter identifica-
tion using dynamic optimisation algorithms. A detailed ex-
planation on each of the method exceeds the main scope of
the current contribution. Only the most important ones are
briefly described in this section.

The matrix form partial differential equations (PDE) in the
mathematical model are discretised by using the method of
orthogonal collocation on finite elements (OCFE) to form a
set of ordinary differential equations with nonlinear algebraic
constraints. This numerical scheme has been well explained
by Finlayson,35 as well as Villadsen and Michelsen.36 The
method can be briefly described as division of the spatial do-
main into a number of finite elements followed by a further
discretisation of each element by using the orthogonal collo-
cation method. We use a simplified matrix model to demon-
strate the method. Assume that the matrix model is described
by:

qx
qt

¼ 1

Bs
q
qB

BsB�1 qx
qB

� �
þ 1

Bs
q
qB

ðBsVxÞ þ R (44)

where x and R are column vectors with NC elements in each
vector representing component concentration and mass gener-
ation rate, respectively, B is a square Stefan-Maxwell matrix
with NC rows and columns, and z is the dimensionless spa-
tial variable defined in [0,1]. In each finite element, the spa-
tial interval must be converted into [0,1] in order to apply
the orthogonal collocation method. Using the notation IB to
replace B�1, the ordinary differential equation (ODE) for the
i-th component in the k-th collocation point is represented
by:

dxiðt; BkÞ
dt

¼ 1

BsB
Ak

Bs1IB1ði; 1 : NCÞqxqB
���
k

..

.

BsnIBnði; 1 : NCÞqxqB
���
k

2
66664

3
77775þ V

Bs1xiðB1Þ
..
.

BsnxiðBnÞ

2
664

3
775

8>>>><
>>>>:

9>>>>=
>>>>;

þ Rðt; BkÞ ð45Þ

where n is the number of collocation points, Ak, k ¼ 1,2,
. . . , n are the k-th row in the collocation matrix A, IBk rep-
resent the matrix IB at the k-th collocation point, the notation
‘‘1:NC’’ represents ‘‘from the column 1 to the column NC’’,
and the spatial derivative at the k-th collocation point can be
computed by using:

qx
qB

����
k

¼
Akx1

..

.

AkxNC

2
664

3
775

xj ¼
xjðB1Þ

..

.

xjðBnÞ

2
664

3
775; k ¼ 1; 2; . . . ; n

j ¼ 1; 2; . . . ;NC
ð46Þ

The spatial derivatives in the boundary conditions can also
be formulated using the collocation matrix A. Although the

actual mass balance equations, consisting of molecular and
Knudsen diffusions as well as viscous flow within macro-
and meso-pores, and surface diffusion in micro-pores, are
much more involved than this simple example, the mathe-
matical principles used in the numerical computations are the
same.

In numerical computations, IB is treated as a three-dimen-
sional array with k ¼ 1,2, . . . n, to indicate spatial location,
and i, j ¼ 1,2, . . ., NC to identify components. It should be
pointed out that computations of mass transfer in micro-pores
involve the handling of 4-dimentional arrays with the argu-
ment (k, l, i, j) defined previously. For example, if we identify
CH4, CO2, and N2 as the first, second and third component (i,
j ¼ 1, 2, 3), respectively, then Cm(2, 3, 1, 1:3) provides the
following information: location specification, which is at the
2nd collocation point; micro-pore size specification, which is
in the 3rd size class; component specification, which is for
the species CH4; and interaction specification, which interacts
with 3 components (including itself). The same strategy is
used for Jm computations.

The resulting differential-algebraic (DAE) system for the
actual process is of the general form as follows:

MðxÞ dx
dt

¼ FðxÞ (47)

where M(x) is a singular, sparse and state-dependent mass
matrix; and F the vector function. The large-scale DAE sys-
tem is solved by using ode15s.m in MATLAB.

It should be pointed out that there is a discontinuity at the
inlet boundary due to the step change of the CO2 concentra-
tion. Numerical difficulties are encountered by using the
fixed boundary OCFE methods for large step changes. There
are two ways to solve the problem, namely (1) increase the
number of finite elements; and (2) using special numerical
methods for solving problems with moving fronts, described
by Finlayson.37 Compared with method (1), the moving front
approach leads to a smaller model order. The method
requires the determination of the location of the mass front
in the coal matrix. This can be done by using Darcy’s law in
the coal matrix represented by Eq. 6 with appropriate values
of the permeability computed using Eqs. 8 or 9. As soon as
the moving boundary is located, the coal specimen can be di-
vided into two zones before and after the moving front. For
small step changes, such as to step up the CO2 mole fraction
from 0.8 to 1.0, two fixed-size finite elements can be used
for the solution of the problem without leading to severe
Gibbs oscillations.

Results and Discussion

Dynamic variations of permeability

The dynamic permeability variations during a CO2 replac-
ing CH4 process at the mean pressure as 400 kPa are
depicted in Figure 7. The experimentally measured dynamic
behavior is compared with simulation results based on two
different models, namely the mechanistic model and the
black-box ARX (Auto-Regressive Exogeneous) model. The
mechanistic model is defined as the model described by Eqs.
14 and 15, and the single input, single output black-box
ARX model is given by38:
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yðtÞ þ a1yðt� 1Þ þ � � � þ anayðt� naÞ
¼ b1uðt� 1Þ þ � � � þ bnbuðt� nbÞ þ eðtÞ ð48Þ

where u and y are input and output variables, respectively, e
is the disturbance, a and b are time varying coefficients iden-
tified online, na and nb are defined as prediction and control
horizons.

From Figure 7, it can be seen that both mechanistic and
black-box models predict the trend very well. However, the
measurement data show significant oscillations before reach-
ing the final steady state, which are not predicted by the
mechanistic model. The oscillations could be caused by the
following three mechanisms: (1) the concept of the relative
permeability because of different properties of CH4 and CO2;
(2) damped mechanical vibrations around the equilibrium
position; and (3) locally higher adsorption densities near the
cleat areas. Further work is needed to justify the oscillation
mechanisms and to incorporate these mechanisms into the
mechanistic model.

Since the black-box ARX model described by Eq. 48 is a
linear modeling strategy, and the measured dynamic behavior
shows certain nonlinearity, two different ARX model struc-
tures are used in the time intervals 0–25 and 25–
60 min, respectively. Although multiple black-box models
are able to predict the oscillation behavior, the parameters in
the models do not possess clear physical significance. The
reasonable prediction results are obtained from proper data
training algorithms. Consequently, if the main purpose of
model simulations is to gain physical insights regarding the
process, mechanistic models are obviously preferred.

The dramatic permeability drop shown in Figure 7 is
caused by large E/Ef ratio incorporated in Eqs. 13 and 14. At
early adsorption stage, the Young’s modulus of fractures, Ef,
is about two orders of magnitude smaller than that of the coal
matrix. Consequently, very fast dynamics can be observed.

Fluid flow in cleats

Simulations on fluid flow in cleats are performed using
the mass balance model described by Eqs. 3–6, and 10 to-

gether with the model accounting for the permeability varia-
tions during adsorption/de-sorption processes represented by
Eqs. 14 and 15. There are two ways to address the mass
transfer between coal matrix and the in-cleat fluid stream,
namely pure distributed parameter model and hybrid distrib-
uted-lumped parameter model. In the hybrid distributed-
lumped parameter model, the fluid flow in cleats is repre-
sented by the distributed parameter model and the adsorbed
gas variations in the matrix are described by the lumped pa-
rameter model as suggested by Gilman and Beckie.10 Com-
pared with the pure distributed parameter model, the hybrid
modeling technique reduces computational load consider-
ably with the sacrifice of physical insights. The effective
diffusivities should be adjusted based on the measurement
data. We display selected simulation results using the pure
distributed parameter model to show the main characteris-
tics of fluid flow in cleats. The downstream mole fractions
for both CH4 and CO2 are shown in Figure 8 for experiment
in which CO2 is displacing CH4. It can be seen that the
simulated results agree with the measured data reasonably
well. Although the hybrid distributed-lumped parameter
model is also able to predict the dynamic behavior with ac-
ceptable error tolerance, two main advantages for the use of
the pure distributed parameter model can be identified as:
(1) the effective diffusivities can be computed using Eq. 42
without the incorporation of adjustable parameters; and (2)
the dynamic variations of CH4 and CO2 in the coal matrix
can be investigated in detail, which could be important for
the development of improved operational conditions.

Two 3D diagrams for CH4 and CO2 variations in cleats
are depicted in Figures 9a, b, respectively. These figures
indicate that the variations of gas concentrations with time
are much more significant that with spatial locations. This
implies that the fluid flow in cleats can be classified as a pro-
cess with fast dynamics. On the other hand, the fluid flow
and molecular diffusion in macro- and meso-pores can be
classified as processes with medium dynamics, and the sur-
face diffusion within micro-pores is very slow. This will be
demonstrated and analyzed in nest section.

Figure 7. Dynamics of permeability variations.

Figure 8. Variations of down stream mole fractions.
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Mass transfer in coal matrix

Comprehensive numerical simulations have been carried
for the investigation of mass transfer in coal matrix based on
the model described by Eqs. 16–38. We only report the
results for a typical coal specimen under the conditions of
mean pressure, 400 kPa and temperature, 258C. The nominal
values in the adsorption-diffusion model are listed in Table 2.

In contrast to fast dynamics depicted in Figures 8 and 9
for fluid flow in cleats, mass transfer processes in the coal
matrix are slow. In particular, the lower the residual CH4

remaining in the coal specimen, the slower the mass transfer
rates. In order to take a close observation of the concentra-
tion variations within the coal matrix at later stages, we carry
out simulations with the initial conditions set as yCH4 ¼ 0.20
and yCO2 ¼ 0.80, and the upper stream boundary condition
as yCO2 ¼ 1.0. Two 3D diagrams of CH4 and CO2 variations
within the coal matrix are shown in Figures 10a, b, respec-
tively, for 1 h of operation. From these two figures, it can be
seen that even after 1 h, there is still a long way to go to
complete the CO2 sequestration process. In addition to slow
dynamics, another notable feature of the concentration within
the coal matrix is the high non-uniformity. There are tremen-

dous differences between the concentrations in the upstream

and downstream halves of the specimen. This implies that

the hybrid distributed-lumped parameter model using aver-

aged properties within the coal matrix suggested by Gilman

and Beckie10 may lead to significant errors without adjust-

ments of model parameters. Although we are unable to mea-

sure the concentration profiles inside coal specimens at this

stage, the predicted time scales agree with the overall mea-

surement data very well.
Simulations for longer operating times were carried out,

which provide additional physical insights to the process.

Mole fraction surfaces of CH4 and CO2 in the coal matrix

for 2 h operation are depicted in Figures 11a, b, respectively.

Note that at the down stream boundary, the mole fraction of

CH4 does not decrease monotonically with time. It increases

first followed by a gradual decrease. A consistent trend can

be observed for CO2 trajectory in the opposite direction,

decreasing initially, followed by a gradual increase. This

phenomenon has also been observed in our laboratory. The

existence of an interior maximum or minimum point is nor-

mally caused by two opposing factors. It can be shown that

the gas phase diffusion and viscous flow within macro- and

Figure 9. (a) Three-dimensional diagram for CH4 dynamics in cleats; (b) three-dimensional diagram for CO2 dynam-
ics in cleats.

Table 2. Default Values in Adsorption-Diffusion Model

Gas Property CH4 CO2

Compressibility factor 0.95 0.76
Self diffusivity Ds (m

2/sec) 3.51 � 10�8 4.65 � 10�9

Surface diffusivity Dm (m2/sec) 3.31 � 10�12 1.60 � 10�13

Knudsen diffusivity in Meso-pores DK (m2/sec) 6.27 � 10�6 3.79 � 10�6

Binary diffusivity DAB for CH4��CO2 (m
2/sec) 4.81–7.87 � 10�6

Saturated adsorption concentration Cms (mol/m3) 2.44 � 103 2.12 � 103

Langmuir parameter b (MPa�1) 0.27 1.45
Parameter Z in Langmuir–Freundlich equation 0.89–1.0 0.91–1.0
Mean-size adsorption Energy E(hwi) (J/mol) 1.30 � 104 1.80 � 104

Pore Property Micro-Pores Meso-Pores Macro-Pores

Half-width w (m) 4.5 � 10�10 6.5 � 10�9 4.0 � 10�8

Porosity e 0.13 0.01 0.02
Pore size distribution f(w) Lognormal or G Lognormal

a in e/t ¼ ea (Eqn. 5) 1.4 1.4
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meso-pores due to partial pressure gradients promote z-direc-
tion transport of CO2. On the other hand, because of different
affinities to graphite walls possessed by CH4 and CO2 ‘‘coun-
ter-adsorption diffusion’’ can be observed in micro-pores.
The counter-adsorption diffusion prevents the fast transport
of CO2 along the z-direction because of the replacement of
the adsorbed CH4 by CO2 in micro-pores, leading to the
slowed down dynamics of CO2 transport. As an overall result
of these two opposing factors, the dynamic trajectories with
interior extreme points at the down-stream boundary, as
shown in Figure 11, are developed.

Two 3D diagrams for the variations of CH4 and CO2

fluxes in coal matrix for the 2 h operation are shown in Fig-
ures 12a, b, respectively. The much higher CO2 flow rate
shown in the figures was clearly due to the inlet boundary
conditions, in which CO2 and CH4 mole fractions were 1 and
0, respectively. The two figures also show that CH4 flow rate

increases along the z-direction, whereas CO2 flow rate
changes in the opposite direction. This verifies the counter-
sorption theory. Because of the relatively higher adsorption
affinity of CO2, CH4 molecules originally adsorbed on the
coal surface were gradually replaced by CO2, leading to the
adsorption of CO2 and de-sorption of CH4. The simulation
results for various molar fluxes can be well explained physi-
cally, providing an improved insight into the counter-sorption
phenomena.

The fractional uptake for species i at time t is defined as:

friðtÞ

¼ etCiðtÞþð1�etÞ
�
CmiðtÞ

�
e

� 	� etCið0Þþð1�etÞ
�
Cmið0Þ

�
e

� 	
etCi

�
tf
�þð1�etÞ

�
Cmi
�
tf
��

e

� 	� etCið0Þþð1�etÞ
�
Cmið0Þ

�
e

� 	
ð49Þ

Figure 10. (a) Three-dimensional diagram for CH4 Dynamics in coal matrix (1 h operation); (b) three-dimensional
diagram for CO2 dynamics in coal matrix (1 h operation).

Figure 11. (a) Three-dimensional diagram for CH4 dynamics in coal matrix (2 h operation); (b) three-dimensional
diagram for CO2 dynamics in coal matrix (2 h operation).
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for adsorption and

friðtÞ

¼ etCi
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�þð1�etÞ
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for de-sorption. In Eqs. 49 and 50, tf stands for the final time of
operation, C and Cm are the spatially averaged concentrations
in the gas phase and adsorbed phase, respectively. The frac-
tional uptakes for CH4 and CO2 are depicted in Figure 13. The
curves show nearly linear fractional uptake dynamics in the
specified operational range. From Eqs. 49 and 50, it can be
seen that the fractional uptakes should be bounded by 0 � fr �
1. However, Figure 13 shows that at early de-sorption stage, fr
may slightly greater than 1 for CH4. This is caused by numeri-

cal oscillations near the discontinuous points of the boundary
conditions, also known as the Gibbs phenomenon.39

Significance of pore size distributions

Compared with models based on mean pore sizes, the
incorporation of pore size distributions into dynamic models
described in the previous section may lead to about 10 times
longer computing times. It is therefore important to analyze
the necessity to adopt the pore size dependent methods. A
comparative study is carried out between the simplified
approach using the mean micro-pore size and the effective
averaging strategy based on distribution density functions.
Selected computational results are shown in Table 3. It can
be shown that both approaches provide similar results for the
adsorption energy, E, and the adsorbed phase concentrations,
Cm. However, tremendous differences are identified in com-
putations of Langmuir parameters bi for both gases, and the
surface diffusivity Dm for CO2. This is because that both b

Figure 12. (a) Three-dimensional diagram for CH4 flux in coal matrix (2 h operation); (b) three-dimensional diagram
for CO2 flux in coal matrix (2 h operation).

Figure 13. CH4 and CO2 uptake dynamics.

Table 3. Values Based on Mean Micro-Pore Size
and Size Distributions

Property CH4 CO2

Cm(hwi) (mol/m3) 49.3 7.36 � 102

hCm(w)i (mol/m3) 47.1 6.92 � 102

(Cm(hwi)-hCm(w)i)/hCm(w)i
� 100% 4.8% 6.4%

E(hwi) (J/mol) 1.30 � 104 1.80 � 104

hE(w)i (J/mol) 1.32 � 104 1.75 � 104

(E(hwi)-hE(w)i)/hE(w)i
� 100% �1.5% 2.8%

b(hwi) (mol/m3)�1 6.36 � 10�4 2.73 � 10�3

hb(w)i (mol/m3)�1 2.13 � 10�3 1.83 � 10�2

(b(hwi)-hb(w)i)/hb(w)i
� 100% �70.1% �85.1%

Max{b}/b(hwi) 25.2 37.8
Dm(hwi) (m2/sec) 3.32 � 10�12 1.60 � 10�13

hDm(w)i (m2/sec) 3.30 � 10�12 2.03 � 10�13

(Dm(hwi)-hDm(w)i)/hDm(w)i
� 100% 0.6% �26.9%
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and Dm are exponential functions of E as shown in Eqs. 27
and 29, respectively, and E is very sensitive to micro-pore
sizes as depicted in Figure 4. It can also be seen from Table
3 that the ratios of Maximum {b} over b(hwi) for both CH4

and CO2 are very large. Consequently, it can be concluded
that if a significant amount of micro-pores lies within the
size range from 3.2 to 4.2 Å correlated to the peaks of the
adsorption energy curves, any simplified methods based on
mean sizes could lead to unacceptable errors.

It is interesting to note that although the pair {b(hwi),
hb(w)i} are very different from each other, Cm(hwi) and
hCm(w)i are reasonably close to each other. This is because
the processes are operated under a high pressure (400 kPa),
leading to error cancellation when the Langmuir isotherm
given by Eq. 30 is applied. However, in low pressure opera-
tions, unacceptable inconsistency will be observed for Cm

computations using different approaches. Under any pres-
sures, the pair {Dm(hwi), hDm(w)i} are very different. The
necessity for the incorporation of pore size dependent com-
putations can be justified on this basis.

Prospective industrial applications of the integrated
model

The integrated modeling framework has far reaching
implications in industrial applications. A few application
examples are listed as follows.
1. Prediction of the dynamic behavior of CO2 sequestration

processes.
2. Improved process design through the determination of

optimal operational conditions.
3. Optimal control for accelerated methane residual recov-

ery.40

4. Process diagnosis through identifying likely causes for
quality problems and process deviations.

Conclusion and Recommendation

Through comprehensive simulation and experimental stud-
ies, the following conclusions can be drawn.
1. An integrated modeling approach to the dynamics of mass

transfer in porous media with particular applications to
CO2 sequestration in coal seams is developed in this work.
The process under study can be depicted by a spectrum of
representations ranging between a very simple black-box
model based on input-output data only, and a highly com-
plex mechanistic model consisting of several sub-models
described by a large scale partial differential equation
(PDE) system with adequate parameter identification tech-
niques. The development of an upper-middle class model
is described in detail in this paper. The model is repre-
sented by a system of matrix partial differential equations
incorporating the Stefan-Maxwell analysis, online compu-
tations of physical properties, determination of pore size
dependent parameters, and the EST-SFA procedure.

2. The overall model integrates key sub-processes repre-
sented by a number of sub-models. These include fluid
flow in cleats, dynamic coal permeability-dimension varia-
tions induced by gas adsorption, fluid flow and diffusion
in macro- and meso-pores, adsorption and surface diffu-
sion within micro-pores. Furthermore, parameter estima-

tion is done through thermodynamic computations, molec-
ular simulations, and online identification. Most important
parameters are computed using well established equations
with a minimum of empirical curve-fitting. Consequently,
the overall model, which has been constructed from litera-
ture based sub-models, provides a more complete and
flexible representation.

3. Three main mechanisms of coal swelling and pore size
changes during adsorption and de-sorption processes are
analyzed through molecular simulations and thermody-
namic computations. We speculate that the adsorption
induced C��C bond extension is responsible for the dimen-
sional changes of the basal planes, which could be the
dominant mechanism for permeability variations, and the
interactions between adsorbate and adsorbent molecules
are the driving forces leading to the dimensional variations
of the edge-site planes. Notable C-metal distance changes
during adsorption/de-sorption processes may lead to
dimensional variations of both basal and edge-site planes.

4. The macroscopic level model is validated using a true tri-
axial stress coal permeameter (TTSCP), which provides
accurate dynamic measurements of gas flow-rates, compo-
sitions, temperatures and pressures in three orthogonal
directions.

5. Misleading results could be obtained using the mean size
based approximations for micro-pores due to highly non-
linear characteristics of the functions connecting pore size
with adsorption energy, adsorption energy with Langmuir
parameters, and adsorption energy with surface diffusivity.
Consequently, the simplified methods based on mean
micro-pore sizes must be used with caution.
The following comments summarize the key challenges in

the ECBM modeling areas, which are recommended for
future work.
1. The deep coal seams available for CO2 sequestration are

normally below the water table. Consequently, studies on
multiphase flow and effects of moisture contents on gas
adsorption characteristics should be given high priority in
the future work.

2. The 2D and 3D integrated models should be developed based
on the current multiple 1D model. Limitations of the effec-
tive diffusivity based methods can hopefully be eliminated.

3. The issue of variations of adsorption characteristics with
external stress changes has not been adequately addressed
in the literature, which requires further research efforts.

4. A number of model parameters cannot be determined rig-
orously. These mainly include the surface diffusivities Dm,
tortuosities of various pore types, and adsorption parame-
ters bi and b. More accurate estimations could be possible
through molecular simulations and advanced experimental
investigations.

5. An experimental validation of the 3D concentration surfa-
ces within coal matrices shown in Figures 10 and 11 is
yet to be performed using a modified design of TTSCP.

6. Micro-pore size distributions affect adsorption and surface
diffusion processes significantly as shown in Table 3.
Unfortunately, commonly accepted methods for the accu-
rate measurement of micro-pore size distributions have
not appeared in the literature. Further work along this line
will certainly lead to the improved understanding of the
transport phenomena in micro-pores.
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7. Permeability measurement data show substantial scale dif-
ferences between 40 mm cube sub-samples and a parent
80 mm cube specimen, due mainly to the higher probabil-
ity of cleats being truncated and dead-ending into speci-
men holder side walls, for small sample sizes. This
implies that the experimental results using small speci-
mens may not represent the real permeability of large
scale coal seams. It is necessary to confirm that 80 mm
cube samples are adequately representative of bulk seam
properties. From a practical perspective 80 mm samples
are the largest that can be obtained from the largest cylin-
drical 146 mm cores.

Notation

a ¼ aperture of slit fractures, m;
ratio of activation energy to adsorption energy, dimensionless

ai-an ¼ parameters in ARX model
A ¼ cross section area of coal specimen, m2

A ¼ collocation matrix, dimensionless
b ¼ parameter in Langmuir or Langmuir-Freundlich isotherm, m3/

mol
bi-bn ¼ parameters in ARX model

B ¼ macro- and meso-pore permeability, m2

B ¼ Stefan-Maxwell matrix, s/m2

Ci ¼ gas phase concentration for species i, mol/m3

C ¼ vector of gas phase concentration, mol/m3

D ¼ diffusivity, m2/s
D ¼ diffusivity matrix, m2/s
e ¼ error in ARX model
E ¼ adsorption energy, J/mol
E ¼ Young’s modulus, MPa
f ¼ probability density function
fr ¼ fractional uptake, dimensionless
g ¼ gravitational acceleration, m/s2

h ¼ cleat spacing, m
I ¼ identity matrix

IB ¼ inverse of matrix B, m2/s
Jm_i ¼ molar flux in micro-pores for species i, mol/(m2 s)
Jm ¼ vector of molar flux in micro-pores, mol/(m2 s)
K ¼ permeability, m2

kads ¼ adsorption rate constant, s�1/(N/m2)
kdes ¼ de-sorption rate constant, s�1/(N/m2)
L ¼ length of coal specimen, m
mi ¼ block-to-fracture mass cross flow rate for species i, mol/(m2 s)
m ¼ vector of block-to-fracture mass cross flow rate, mol/(m2 s)
M ¼ molecular weight, kg/mol
M ¼ mass matrix for matrix representation of differential algebraic

equations
Ni ¼ molar flux for species i, mol/(m2 s)
N ¼ vector of molar flux, mol/(m2 s)

NC ¼ number of component, dimensionless
pb ¼ bulk pressure, N/m2

ps ¼ solvation pressure, N/m2

P ¼ total pressure, N/m2

Pi ¼ partial pressure for species i, N/m2

P ¼ vector of partial pressure, N/m2,
Q ¼ volumetric gas flow rate, m3/s
Qi ¼ function defined in Eq. 18, m/s
R ¼ ideal gas constant, J/(K mol)

DS ¼ change of adsorbed mass, kg/m3

t ¼ time variable, s
T ¼ temperature, K
u ¼ input variable in ARX model

DU ¼ relative volume change per unit volume of specimen, m3/m3

V ¼ gas velocity, m/s
w ¼ half-width of slit pore, m
x ¼ spatial coordinates, m
y ¼ mole fraction, dimensionless; output variable in ARX model
z ¼ spatial coordinates, m
Z ¼ compression factor, dimensionless

Greek letters

a ¼ parameter in Archie’s law, dimensionless
b ¼ adsorption affinity of adsorbent, (K kg/mol)1/2/ (mol/m3)
g ¼ volumetric swelling coefficient, m3/kg
e ¼ porosity, dimensionless
z ¼ dimensionless spatial variable defined in [0, 1]
Z ¼ parameter in Langmuir–Freundlich isotherm, dimensionless
l ¼ half distance between two fractures, m
L ¼ diagonal matrix defined by Eq. 23, s/m2

m ¼ viscosity, (N s)/m2

n ¼ Poison ratio, dimensionless
P ¼ pressure acting between micro-pore walls, N/m2

r ¼ gas density, kg/m3

t ¼ tortuosity, dimensionless
c ¼ correction parameter in Darcy’s law, dimensionless

Subscripts

c ¼ coal matrix; convection; critical value
d ¼ diffusion
e ¼ effective
f ¼ fracture

hy ¼ hypothetic
i ¼ species i
ij ¼ binary pair i-j
K ¼ Knudsen diffusion
m ¼ mean value; gas mixture
ma ¼ macro-pore
me ¼ meso-pore
r ¼ reduced property
t ¼ total value
m ¼ micro-pore
ms ¼ adsorption saturation

Superscript

E-F ¼ effective medium theory with the smooth field approximation
s ¼ geometric factor

Mathematical symbols

h•i ¼ arithmetic average
h•ie ¼ effective average
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Appendix A: Steele 10-4-3 Potential Energy
Equation

The Steele 10-4-3 potential energy equation18 is given by:

Uðz;wÞ ¼ 5

3
U0

2

5

s10sg
ðwþ zÞ10 þ

s10sg
ðw� zÞ10

" #(

� s4sg
ðwþ zÞ4 þ

s4sg
ðw� zÞ4

" #

� s4sg
3Dð0:61Dþ wþ zÞ3 þ

s4sg
3Dð0:61Dþ w� zÞ3

" #)

U0 ¼ 6

5
prsesgs

2
sgD ðA1Þ

In Eq. A1, z is the distance from the central plane of the
pore, w is the half width of slit-shaped pores, F0 is the mini-
mum interaction energy between a gas molecule and a single
lattice layer of the adsorbent, rs is the number of lattice mol-
ecules per unit volume, D is the spacing of lattice layers, esg
and ssg are the cross potential well depth and the effective
diameter for the adsorbate-adsorbent molecule atoms. These
cross parameters are calculated using the Lorentz-Berthelot
rules as follows: esg ¼ (eseg)

1/2, and ssg ¼ (ss þ sg)/2. The
pair (es, ss) and (eg, sg) are the Lennard-Jones parameters for
a surface atom and a gas molecule, respectively.

Appendix B: Lognormal and G-Distribution
Functions

The general representation of the lognormal distribution is
given by:

f ðwÞ ¼ 1

wsð2pÞ1=2
exp

�½logðw=mÞ�2
2s2

( )
(B1)

where f is the probability density function, also known as
the distribution function, the parameters m and s are median
and standard deviation, respectively. The computed distribu-
tion function with s ¼ 0.6 and m ¼ 65 Å is very close to
the measured one for meso-pores in a number of coal speci-
mens.

The general representation of a G-distribution is described
as:

f ðwÞ ¼ ðw=bÞc�1½expð�w=bÞ�
bGðcÞ

GðcÞ ¼
Z 1

0

expð�uÞ uc�1du ðB2Þ

where b and c are denoted as the scale and shape parameters,
respectively. The lognormal and G distributions for micro-
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pores in coal specimens with s ¼ 0.6, m ¼ 4.5 Å, c ¼ 2,
and b ¼ 1 are reasonably close to the measured distributions.

Appendix C: Gilman and Beckie Permeability
Model

The Gilman and Beckie10 permeability model is described
as:

DK
K

¼ 3n
ð1� nÞ

DPf

Ef

� 3gE
ð1� nÞ

DS
Ef

(C1)

Based on Eq. C1, they developed a constitutive equation
for permeability represented as follows:

K ¼ K0 exp
3n

ð1� nÞ
DPf

Ef

� �
exp � 3gE

ð1� nÞ
DS
Ef

� �
(C2)

In Eqs. C1 and C2, K0 is the initial permeability, and DPf

is the pressure variation in fractures.

Appendix D: Derivation of Eq. 26

The adsorption rate ra,i and de-sorption rate rd,i are
described by:

ra;i ¼ kads;iC
Zi
i Cms;i �

XNC
j¼1

Cm;j

" #

rd;i ¼ kdes;iCm;i ðD1Þ

Equation D1 is the modified format of the equation origi-
nally proposed by Wang and Do16 through the incorporation
of the parameter Zi. At equilibrium, the following equation
can be obtained from Eq. 6:

C
Zi
i ¼ Cm;i

bi Cms;i �
PNC
j¼1

Cm;j

" #

bi ¼ kads;i=kdes;i ðD2Þ

From Eq. D2, we directly obtain:

Chy;i ¼ 1

bi

Cm;i

Cms;i �
PNC
j¼1

Cm;j

2
6664

3
7775
1=Zi

(D3)

Since bi is a constant, after combining bi with 1/Zi for
notational simplicity, Eq. 26 is developed.

Appendix E: Computations of Physical
Properties

The main physical properties of gases are estimated using
methods and working equations recommended and detailed
in Reid et al.32 Diffusion coefficients for binary gas systems
at low to moderate pressures are predicted using a working
equation based on the Chapman-Enskog theory32 [Ref. 32,
p. 582, Eqs. (11-3.2)]. The pure gas viscosities with effects
of intermolecular forces are computed by incorporating the
Lennard–Jones potential function into the Chapman-Enskog
equation32 [Ref. 32, pp. 392–393, Eqs. (9-3.9) and (9-4.3)],
while the Wilke method32 is used for the determination of
viscosities of gas mixture [Ref. 32, p. 407, Eqs. (9-5.13)–(9-
5.15].

Since the processes operate under high pressures, it is nec-
essary to account for the effects of pressure on physical
properties. The diffusivity variations with pressures can be
quantified by using the Takahashi correlation32 [Ref. 32,
p. 592, Eqs. (11-5.1)–(11-5.5)], showing non-trivial pressure
effect. For the pressure range in our studies (5.0–70.0 bar),
the error could be up to 30% using the popular correlations
for low to moderate pressures without corrections. The vis-
cosity of a gas is a strong function of pressure near the criti-
cal point and at reduced temperature of about 1 to 2 at high
pressures. Since the critical values for CO2 are: Tc ¼ 304.1
K and Pc ¼ 73.8 bar, dramatic viscosity changes could hap-
pen to CO2 rich mixtures. However, most of our experiments
are carried out below 50 bar, the pressure effect on gas vis-
cosities can be ignored for the moment.

There is no rigorous method for the computations of sur-
face diffusivities without carrying out molecular simulations
for idealized systems.33 However, it is noteworthy that the
surface diffusivity in a cylindrical pore without accounting
for the effects of porosity and tortuosity is in the same order
of magnitude as the self diffusivity (10�9–10�8 m2/sec).
Consequently, self diffusivities can be used as the starting
point for the estimation of Dm?

0 . A simple method for the
computation of the self diffusivity developed Mathur and
Thodos34 is given by:

Ds ¼ 3:67� 10�5 T
5=6
c T3:5

r

M1=2P
2=3
c P0:10

r

(E1)

This approximation will be replaced by more rigorous
computations in the future.
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